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iii. ABSTRACT OF THESIS
[Reference nos. cited in abstract are candidate’s bibliography of 29 papers]

Physical, chemical, and neurophysiological processes responsible for fabric-evoked discomfort,
itch and prickle sensation, and skin rash have been defined"****®, Microneurographic recording
from identified sensory fibres during itching in human subjects evoked by histamine
iontophoresis characterized neural and sensory correlates **. Noxious transcutaneous electrical
stimulation (TENS) evoked prickle, or pain, neurogenic inflammation and rash®*®. Algorithms
defined fabric properties most likely to generate discomfort, with predictive value for the textile
industry.

Laser Doppler velocimetry (LDV) measured neurogenic inflammation evoked by transcutaneous
electrical skin stimulation and iontophoresis of vasoactive compounds in human skin™*"*"*",
Cutaneous electrical axon reflex and microvascular responses are reduced in human diabetes
mellitus®™ with endothelial function also impaired in streptozotocin diabetic rats™*. The

13,15

impairment depended on the duration of diabetes, being partly reversed by insulin treatment

Primary sensory nerves in skin have nicotinic acetylcholine receptors'".Systemic nicotine
exposure for 7-14 days enhances cutaneous axon reflexes'®'®;maternal nicotine exposure,
whether gestational or lactational, enhances cutaneous axon reflexes in neonatal rat'”. Sensory
denervation impairs cutaneous microvascular function and significantly prolongs blister healing

time in rat hind paw'"".

On normal skin acute capsaicin evokes concentration-dependent inflammation and pain®.
Repeated capsaicin-treatment (0.05% 3-4x daily for 5-6 days) desensitized skin for up to 4
weeks® and attenuated axon reflexes, but not autonomic responses®. In post-herpetic neuralgia
repeated capsaicin variably desensitized affected dermatomes®? ,affording >60% of patients
worthwhile pain reduction® which did not correlate with the extent of desensitization measured

by thermal threshold testing®*.



Simultaneous comparisons between infrared photoplethysmography or laser Doppler
velocimetry (LDV), and absolute skin blood flow using radioactive-labelied microspheres,
showed linear correlation' and functional compartmentalization of skin microvasculature®.

Infrared laser wavelengths longer than 780nm penetrated epidermis more deeply®.

In patients with diabetes mellitus, severity of autonomic neuropathy (measured by oesophageal
and gastric emptying times) and cutaneous neurovascular dysfunction (electrical axon reflexes)
was generally concordant®. Similarly, there was correspondence between the severity of the
somatic sensory neuropathy (thermal perceptual thresholds) and autonomic neuropathy®.
Vibration exposure and smoking may result in impaired neurovascular responses® and may be
confounding factors for the assessment of neurovascular function®”. These non-invasive
techniques have potential as clinical measures of small nerve fibre and microvascular function
in many types of neuropathic disorders®*, and for investigation of Raynaud’s phenomena and
conditions such as scleroderma®.

(367 words)
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VL. SERATLA

ESSAY

"Studies of nociceptive afferents in the skin and their microvascular interactions:

A review."

This essay reviews cutaneous sensory receptors and their nerves. Attention will focus on
nociceptors and mechanisms involved in nociception, pain sensations, neurogenic
inflammation and nocifensor (motor) functions of primary sensory nerves. Mechanisms of
prickle, itch and capsaicin desensitization of nociceptive afferents are also considered.
Clinical tests of neurovascular function are discussed including skin blood flow
measurements, iontophoresis of vasoactive substances, and microvascular function.
Measurement of sensory nerve and microvascular dysfunction in diabetes mellitus and

other neuropathic states are also reviewed.

1. Cutaneous nerves and sensory receptors

Human cutaneous nerves contain many myelinated nerve fibres ranging in diameter from
about 1-16pm and about five times as many non-myelinated fibres which are less than
2um in diameter. For example, the human sural nerve has approximately 8,500 myelinated
and 43,000 unmyelinated fibres (Dyck, Gutrecht et al., 1968). The myelinated fibres,
termed A fibres, are subdivided into Aa,f (6-16um) and Ay,8 (2-6um) groups, while
unmyelinated fibres are C-fibores. One should note that the terms A and Ay are
controversial when used with skin nerves (Gasser, 1960). All fibres have their parent cell
bodies in dorsal root ganglia, and terminate peripherally in the skin and subcutaneous
structures (Lance & Mcleod, 1981). The sensory receptors in the skin may be
encapsulated nerve-endings such as Meissner’s or Pacinian corpuscles, specialized nerve
endings such as Merkel's discs, or simple free nerve endings. Specialized and
encapsulated nerve endings are concentrated in body regions which are particularly
sensitive, such as finger tips, lips, breast areolae and genitalia. Cutaneous receptors are
slowly or rapidly adapting. Many exhibit stimulus specificity and via their myelinated
afferent fibres convey information about light touch and pressure, joint position sense,
vibration sense, temperature sense both cold and warm, prickle, itch and pain (lggo,

1965). Some free nerve endings have a high mechanical threshold and respond to painful
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stimuli only; others have a much lower threshold and are believed to play an important role

in discriminative sensations (Bessou & Perl, 1970).

Figure 1 illustrates diagrammatically the various classes of nerve fibres and their functions.

The peripheral nervous mechanisms of pain involve both small myelinated A and
unmyelinated fibres and their nociceptors (Zotterman, 1939; 1959). It seems to be
necessary to activate Ad and C-fibres in order to evoke pain sensation (Clark et al., 1935;
Collins et al.,, 1960), although these fibre groups also play an important role in the
transmission of other sensory modalities. It has been suggested that Ad fibres are
responsible for the initial ‘sharp’ sensation of pain and C fibres for the persisting ‘dull’
sensation. The unmyelinated sensory C-fibres in skin are involved in warm and all the non-
discriminative sensations of prickle, itch and pain (Douglas & Ritchie, 1959; Zotterman,
1972; Iggo, 1977). C-nociceptors also have an essential role in the perception of heat pain
and the development of hyperalgesia that develops after cutaneous injury (LaMotte R H,et
al., 1983).

2. Pain and other sensations

Nociception is the process by which activity in particular sensory receptors, afferent
pathways and their relays is able to alter awareness at a cortical or subcortical level
to produce unpleasant or pain sensations and which trigger appropriate adaptive
behaviour, often accompanied by affective responses. Usually, but not invariably,

pain sensation is initiated by noxious stimulation of nociceptors.

The presence of many different types of sensory receptors in skin (Iggo, 1965; 1977)
poses the question of how all the various neuronal messages are selectively processed
to facilitate passage of pertinent stimuli but retard the awareness of the background
sensory activity (Lance & McLeod, 1981). Thus we may become largely unaware of the
touch of clothing, the pressure of footwear or firm seats, and normal vegetative functions

of viscera. Some of the processes which participate in this sensory selectivity include:

(1) Adaptation of sensory receptor end-organs to maintained stimuli (Douglas &
Ritchie, 1959).



(2) Presynaptic inhibition of adjacent neurones by collaterals from active neurones.
This occurs at many levels of the nervous system to ensure priority passage of
signals, as distinct from noise (Eccles, 1964). The gate-control theory of pain
(Melzack & Wall, 1962) arose from observations that activity in fibres from
cutaneous mechanoreceptors may inhibit that in fibres from nociceptors. However,
the original views have required modification to accomodate more recent findings
(Schmidt, 1972; Handwerker et al, 1975; Nathan, 1976)

(3) Modulation of transmission through sensory nuclei is mediated by supraspinal
descending paths (Handwerker et al, 1975) and from cortex by cortico-spinal
pyramidal ftract fibre collaterals to cuneate, gracile, trigeminal nuclei and
ventrobasal thalamus (Phillips & Porter, 1977) which enables voluntary suppression
of sensory input or involuntary suppression during movement.

4) Alteration in the state of awareness at a cortical or subcortical level. The final
perception is thus dependent on the activity of peripheral receptors, relay pathways,
and complex cortical connexions, as well as the individual's emotional state
(Nathan, 1977).

(5) Apart from the mechanisms already mentioned there are processes for pain control
involving endogenous opioids (Hughes & Kosterlitz, 1977).

6) Mechanisms of pain generation in pathological states or after nerve injury are
considered elsewhere (Wall & Devor, 1985; Roberts & Fogelsong, 1986).

3. Nociception and neurogenic inflammation

The peripheral vasodilator (motor) effects of activity in nociceptive afferents were first
described by Bayliss (1901) and later elegantly elaborated by Sir Thomas Lewis (1927).
The protective functions of nociception involving the primary sensory neurone were first
proposed as a damage-control system by Lewis (1931). In this review the original axon
reflex of Bayliss (1901) and Lewis (1927) has been re-examined as part of a more general
nocifensor or damage control system (Lembeck,1983) and the involvement of peptidergic
nerves in this system has been considered (Hokfelt T, et al., 1980; Kenins et al, 1984).
Nocifensor functions have been reviewed recently by Kumazawa (1990).

In addition to the original observations on skin, neurogenic inflammation and its
accompaniments has been demonstrated in most tissues, including skeletal muscle (Hilton

& Marshall, 1980), bladder and gastrointestinal mucosa (Szolcsanyi, 1988) and even
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sensation, and was enhanced by skin wetness.



operates to modulate blood flow in the pia-arachnoid at spinal dorsal root entry zones
(Westerman, 1988a).

Figure 2 illustrates the skin nocifensor system in schematic summary.

4. Mechanisms of prickle and itch sensation

Certain fabrics with fibre ends, including wool and brushed nylon, when worn sometimes
evoke discomfort and sensations of prickle or itch (Garnsworthy et al., 1985). The
underlying physiological mechanisms and the physical, chemical, and neurophysiological
processes responsible for fabric-evoked discomfort and skin rash have been explored by
Westerman et al., 1984. The prevailing view of this fabric evoked discomfort and rash was
that it occurred mainly in hypersensitive or allergic individuals, particularly those with any
evidence of ‘atopy’ such as asthma, hayfever, eczema, allergic rhinitis, etc. Populations
of atopic and non-atopic subjects identified by a consultant dermatologist were tested and
compared; subjects with atopy who wear wool fabric are not significantly more likely to
experience fabric-evoked skin discomfort or rash (Garnsworthy et al, 1985). The physical
stimulus for itch and prickle sensations was identified by Garnsworthy and co-workers
(1985, 1988a, 1988b) as mechanical excitation of polymodal nociceptors, together with
slowly adapting type Il mechanoreceptors. In the case of C-polymodal receptors an
adequate mechanical stimulus may be as low as 150-200mg force applied by a von Frey
hair. This confirmed findings by Adriaensen et al.(1983) about nociceptors with low
threshold for mechanical stimuli. The key requirement was a minimum dimension and

stiffness of the fibres comprising the fabric.

Figure 3 explains schematically the mechanical excitation of nociceptors to evoke prickle

sensation.

lontophoretic application of histamine was used as a controllable itch stimulus to enable
measurement of itch sensation under various conditions (Magerl et al., 1990). Factors such
as body region, gender and season were found to be significant sources of variability in
response to the same chemical stimulus (Magerl et al, 1990). The technique used was a
significant improvement on previous electrical (Tuckett, 1982) and chemical methods

(Keele & Armstrong, 1964) of evoking itch and permitted microneurographic recordings

10



from identified sensory fibres during itching in human subjects (Handwerker et al., 1987).
In this way the sensory correlates and the neural basis of the fabric-evoked sensations
were identified using microneurography (Garnsworthy et al.,, 1988a). Understanding the
neural mechanisms resulting in these less discriminative sensations, then led to the
development of algorithms defining those properties of fabrics which are most likely to
generate discomfort (Garnsworthy et al, 1985). This had considerable predictive value for

the textile industry and the same techniques are still in use for this purpose.

Finally, the effects of transcutaneous electrical stimulation of fine epidermal nerve fibres
were defined (Garnsworthy et al., 1988b). These techniques of transcutaneous electrical
stimulation, iontophoretic application of vasoactive chemical stimuli to skin, and the
sensitive, non-invasive techniques of laser Doppler flowmetry to measure relative changes
in cutaneous microvascular flux appear to have potential value as clinical indicators of
small nerve fibre and microvascular function. This will be further elaborated.

5, Capsaicin desensitization of nociceptive afferents

Capsaicin, (4-6-vanillyl nonen-amide), which is an octopeptide neurotoxin with specific
effects on primary sensory fibres, has been studied for its potential as a topical
desensitizing agent for post-herpetic neuralgia (Bernstein et al, 1986; Watson et al., 1988;
Westerman et al., 1989). Acute effects of capsaicin on cutaneous axon reflex flare in man
was studied: capsaicin actions on all small nerve fibres in human skin appeared confined
to peptidergic sensory nerves, with no effects on cutaneous sympathetic nerves (Roberts
et al., 1992). The first report on the treatment of post-herpetic neuralgia with topical
capsaicin was by Bernstein et al.(1986). Subsequently, its action in reducing the cutaneous
hyperalgesia and allodynia in post-herpetic neuralgia was demonstrated (Watson et al,
1988; Westerman et al., 1989; Roberts et al., 1991). Unlike Bernstein or Watson,
Westerman et al. (1989) and Roberts et al.(1991, 1992) also measured warm and cold
thermal thresholds in the affected dermatome using a microprocessor controlled Peltier
device, the Medelec TTT. When carried out before and after topical treatment, this
monitored the extent of skin nociceptor desensitization by the 4 times daily topical

application of capsaicin.
Capsaicin has also been described as effective in alleviating burning sensations often

present in amputation stumps (Rayner et al., 1989), post-mastectomy pain syndrome (Dini

et al, 1993) and some painful diabetic polyneuropathy (Ross & Varipapa, 1989; Scheffler
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et al., 1991), but these have not been examined further in the present study.

6. Clinical tests of nociceptive functions

Until recently, in clinical neurology and neurophysiology the functions of nociceptors and
their sensory-motor afferent nerve fibres have been tested only semi-quantitatively.
Pinprick acuity and the size of the flare induced by intradermal histamine injection, are the
commonly used tests of pricking pain sensibility (Holmes, 1960) and of neurogenic
inflammation (Wallace, 1970), respectively. Clinical testing of pinprick acuity is only semi-
quantitative at best, but in the hands of skilled clinicians both tests have the advantage of

being rapid and useful as screening tests.

To evoke pain, radiant heat has also been used as a stimulus (Hardy et al. 1952). More
recently a Peltier heating device (Fruhstorfer et al., 1976a,b) and a mechanical device to
produce pain have been used in threshold studies (Lynn & Perl, 1977). Chemical
stimulation of nociceptors by substances producing pain and itch has been difficult to
quantify (Keele & Armstrong, 1964). All these techniques are beset by the many difficulties

attending subjective pain assessment (Le Quesne & Fowler, 1986).

Koltringer et al.(1988; 1989) has described a hyperthermal laser Doppler test of autonomic
function in polyneuropathies, but this appears to measure a blood flux increase to a barely
noxious warm stimulus where metabolic and local and reflex vascular changes also

contribute to the magnitude of the final response and confound the interpretation.

7. Skin blood flow measurements

Blood flow changes in skin such as accompany neurogenic inflammation have been
indirectly measured in chronic pain states using emission thermography (Roberts &
Fogelsong, 1986). Because of the expense and complexity of the equipment required for
precise measurement, and many difficulties in interpreting temperature asymmetries, this
technique has been more useful in research (Westerman et al., 1990). More direct
measures of skin blood flow include ™*Xenon clearance, microsphere flowmetry, optical
plethysmography, electromagnetic flowmetry, oximetry, and laser Doppler velocimetry. Not
all are applicable for clinical use, nor are all convenient and accurate (Westerman et al.,
1988a).

12



The evaluation of laser Doppler velocimetry as a sensitive, non-invasive measure of
cutaneous blood flux was undertaken in order to better define what this technique
measures (Westerman et al., 1988a; Hales et al., 1989; 1992). In preliminary
communications there was some evidence of the usefulness of this technique in various
situations: the responses of peripheral skin to temperature change, exercise and the
induction of hypnosis; responses to transdermal iontophoresis of vasoactive drugs
(Westerman et al.,, 1988a); comparison of skin blood flux measured by different
wavelengths of red light (Hales et al., 1989; 1992). Further, direct evidence was obtained
for the existence of postganglionic sympathetic active vasodilator nerves (Westerman et
al.,1986). The utility of skin blood flux measurement non-invasively during a fun run
provided evidence of profound circulatory changes in exercise-induced hyperthermia
(Hales et al., 1986). In using any non-invasive technique of blood flow, inevitably a
number of assumptions are made in arriving at an end-measurement. In using laser
Doppler velocimetry (LDV) one assumes that the measured flux is largely, if not totaily

derived from the movement of red blood cells in the most superficial skin vessels.

Although numerous papers have used this technique, there are no serious published
attempts to define the vascular bed(s) examined by LDV. The recent collaborative study
with Hales, Roberts et al.(1992) provides evidence that the laser Doppler velocimeter (633-
810nm) or photoplethysmographic wavelength (845nm) used may affect the apparent
blood flux derived from LDV and other similar techniques (Hales et al., 1989; 1992). Thus

there is an important caveat attached to the use of these methods.

8. lontophoresis of vasoactive substances.

The techniques used by both Le Quesne and Westerman employ a Periflux laser Doppler
(with visible red helium-neon laser of 633nm) as a sensitive indicator of relative changes
in cutaneous blood flux at the test site. Subsequently near infrared wavelengths of 780-
810nm have also been used (Westerman et al.,, 1990 ; 1992b; 1992c). However, the
chemically evoked axon reflex flare of Le Quesne requires a larger chamber, from which
the neurogenic inflammation must spread across at least 3-4 nociceptive receptive fields.
To achieve this, a rather large total iontophoretic charge must be passed (1mA for 5
minutes, ie. 300mC), which corresponds to about 10°mmol Ach. This is almost two orders

of magnitude larger than used by Westerman et al (1988). Such a supramaximal total

13



charge (ACh dose) has the disadvantage that it can only demonstrate plateau or maximal

responses, but not the more subtle information of threshold and dose-response shifts.

By contrast, for the modified iontophoretic tests of Westerman et al.(1988a), good dose-
response curves were obtained with total iontophoretic charge transfer of 1,2,4,8,16 mC.
The largest doses of ACh are 32mC, equivalent to about 10 mmol ACh (Westerman et al.,
1988a). Various agonists and antagonists of acetylcholine (ACh) were also tested,
including methacholine, carbaminoylcholine, nicotine and atropine, pirenzepine,
hexamethonium, tubocurarine respectively (Westerman et al., 1988a; 1988c; Grunfeld et
al., 1991; Carr et al., 1993). This led to confirmation that nicotinic not muscarinic receptors
excite polymodal sensory receptors and nerves. The parameters and caveats associated
with using transdermal iontophoresis of polar drugs as a micropharmacological tool were
defined (Westerman et al., 1988a).

9. Neuropeptides and microvascular function

Excitation of primary sensory neurons results in release of neuropeptides (Kenins, 1981)
and initiates the neurovascular inflammatory flare (Hagemark al., 1978; Foreman et al.,
1983; Kumazawa, 1991). The subsequent events result from a cascade of nocifensor
processes involving cellular, humoral and microvascular responses to noxious stimulation
(Lembeck, 1983, 1988; Kenins et al, 1984; Kumazawa, 1991).

Because the skin flare depends on the cutaneous vascular reaction, dysfunction of any one
of the serial components of the microvascular dilator cascade could result in a reduced
axon reflex dilator response (Westerman et al., 1987, 1988a, 1988b, 1988c; Parkhouse et
al.,, 1988a). For this reason it is necessary to measure the direct local reaction (Lewis,
1927) which is non-neurogenic. This reaction can be produced in a variety of ways, it is
confined to the skin area stimulated, and will reveal any intrinsic vascular dysfunction such
as may be associated with microangiopathy or occlusive vasculopathy. Le Quesne et al.
used Pilocarpine or ACh iontophoresed for five minutes from the central well of their
chamber immediately underneath the laser Doppler probe (1987, 1988a,b). By contrast,
Westerman et al. measures the endothelium-dependent vasodilatation evoked by very
small doses, eg. 1,2 or 4 mC of acetyl-beta-methacholine or acetylcholine iontophoretically

applied directly onto the skin under the probe (Westerman et al., 1988a, 1990; Low &
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Westerman, 1989). This dilator response is influenced only slightly by functioning
nociceptive C-fibres and is reduced when the microvascular endothelium is impaired
(Westerman et al., 1988a, 1990; Low & Westerman, 1989) .

The final test is of vascular smooth muscle reactivity. This invoives iontophoretic
application of a directly acting nitrodilator such as sodium nitrite or sodium nitroprusside
and laser Doppler measurement of the vasodilator response induced (Westerman et
al.,1990). It has been recently shown by Tare,Parkington et al.(1990) that these
nitrodilators do not involve the endothelial response, but act on the microvascular smooth
muscle to release nitric oxide which evokes vascular relaxation in a manner similar to that

produced by endothelium releasing its relaxing factor EDRF.

Notable advances during this period were:
(i) to measure relative changes in blood flux of skin and other tissues sensitively using

laser Doppler velocimetry (Westerman et al., 1986, 1988a; Magerl et al., 1987).

(i) to develop the method of noxious transcutaneous electrical stimulation and
iontophoretic application of vasoactive drugs as controllable stimuli to elicit neurogenic
inflammatory flare (Westerman et al.,1986; 1987; 1988a; 1988b; 1988c).

(i) to demonstrate the clinical applicability of these non-invasive measures of
neurovascular function in patients with diabetes mellitus (Westerman et al., 1987; 1988a;
1988b; 1990; 1992).

(iv) these non-invasive techniques allowed serial measurements to be made in animal
studies, carried out in parallel with the human measurements. This established the
endothelium-dependence of the axon reflex flare (Low & Westerman,1989; Westerman et
al.,1990). It also led to the demonstration of reversible neurovascular dysfunction in
Streptozotocin diabetic rats at different stages of the disease (Westerman et al., 1988a,
1990; Low & Westerman,1989). This was shown using single insulin injections, and also
longer term therapy. Here both of the aldose reductase inhibitors Sorbinil and Ponalrestat

were effective.

(v) chronic nicotine treatment, either by repeated injections or implanted osmotic pumps,
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has been shown to produce marked enhancement of cutaneous axon reflex flares evoked
by ACh (Grunfeld et al, 1991, 1993; Westerman et al, 1994). This may reflect significant
sensitization of nociceptive afferents, and may have important implications for both the
sensory (pain perception) and motor (neurogenic inflammation, wound healing) functions

of these peptidergic nerves (Westerman et al., 1994).

10. Measurement of small cutaneous sensory nerve and microvascular function.

The quantitative measurement of various peripheral sensory modalities has become
increasingly important in improving diagnosis and management of peripheral neuropathy
of various types. This section of the review mainly deals with the development and
validation of techniques for measuring disturbances of small cutaneous sensory and

autonomic nerves.

With advances in electrophysiology and in methods for sensitively measuring changes in
superficial microvascular blood flow, there have been new tests developed as more
sensitive clinical tools, and for research purposes. These methods embraced under the

heading of quantitative testing (Consensus Statement,1988) include :

1. Electrical axon reflex (Westerman et al, 1986; 1987)

2. Chemical axon reflex (Westerman, 1988a; 1988b; Benarroch & Low, 1991)

3. Thermal thresholds for noxious heat and cold (Fruhstorfer et al, 1976a;
1976b)

4. Mechanical algometry (Keele, 1954; Jensen et al., 1986; Kohlloeffel et al., 1991)
Sympathetic skin potential (Shahani et al, 1985; Knezevic & Bajada, 1985;
Solveni et al., 1987).

Axon reflex sweat testing in diabetics induced by acetylcholine (ACh) iontophoresis (Low
et al.,1983) led Le Quesne to develop this as a measure of peripheral nociceptor C-fibre
function (Parkhouse & Le Quesne, 1987; 1988a, 1988b). Contemporaneously, Westerman
et al.(1986, 1987) and Magerl et al.(1987) developed the electrically evoked axon reflex
flare, and a modified chemically evoked axon reflex (Westerman et al., 1988a, 1990,
1992a,b,c) as quantitative tests of nociceptor C-fibre function. This technique was based
on the classical observations concerning antidromic vasodilatation (Bayliss, 1901) and
neurogenic inflammation (Thomas Lewis, 1927, 1931, 1935; Chahl, 1988)). Westerman
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and colleagues (1986; 1987; 1992c; Magerl et al, 1987) use noxious TENS at a current

strength sufficient to excite C-afferent fibres and evoke an axon reflex flare.

To test the clinical usefulness of this technique, two groups of patients with diabetes
mellitus, ie, with and without clinical signs of neuropathy, were compared with normal
volunteers and a marked reduction of the neurogenic flare response was found
(Westerman et al., 1987; 1988c). A similar reduction of neurogenic flare responses in
fingers of subjects exposed for longer periods to hand-arm vibration, and the distal
extremities of persons with hereditary sensory radicular neuropathy (Denny-Brown, 1951)
was also discovered (Westerman et al., 1992a, 1992b). These non-invasive techniques are
now in continuous use in the clinical testing of patients with Hand-Arm Vibration Syndrome
at the Karolinska Sodersjukhuset (Lindblad, Personal Communication, 1992).,

This technique provides a useful new test for detecting the presence of and measuring the
extent of neuropathy involving the smallest fibres (Westerman et al., 1986, 1987, 1988,
1990). It also enables the prospective gathering of epidemiological data on the incidence
of small fibre neuropathy in diabetes mellitus and other conditions (Westerman et al., 1986,
1987, 1990, 1992a).

11. Clinical applications of measuring neurovascular function
11.1 Sensory nerve and microvascular dysfunction in diabetes mellitus

In diabetes mellitus both small fibre neuropathy (Westerman et al., 1990b, 1992a), and
microvasculopathy (Yue et al., 1990, 1992) or reduced microvascular reactivity (Flynn &
Tooke, 1992) have been shown to occur. This could involve either the endothelium or
smooth muscle of the microvessels (Westerman et al.,1990a). Furthermore, acute changes
in sensory nerve function with changes in blood glucose and insulin levels have been
demonstrated. Until recently, it has been difficult to measure neural function other than
conduction velocity of the larger myelinated sensory and motor nerve fibres. Because of
this, and the possible co-existence of microvascular dysfunction in diabetic neuropathy, the
strategy of testing the serial elements of the axon reflex flare is particularly appropriate
(Westerman et al., 1990, 1992a). Recently, newer treatments such as using aldose
reductase inhibitors have the potential to reverse or significantly improve early neuropathy.
For the measurement of small fibre function during prolonged trials of such treatment, the
non-invasive techniques discussed in this essay are an important complement to the

classical clinical neurophysiological methods of measuring large fibre function (Lance &
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McLeod, 1981). Finally, these quantitative techniques have identified other
pathophysiological mechanisms contributing to small sensory nerve fibre dysfunction
(Delaney et al., 1994a,b).

Thus diabetes mellitus is the initial clinical area in which the quantitative measures of small
cutaneous nerve fibres and microvascular function have been tested (Westerman et al.,
1990, 1992a), but the value of measuring small fibre neuropathy in diabetes mellitus is just
becoming recognized (Benarroch & Low, 1991). If these techniques are to be used to best
advantage, confounding factors must be defined (Westerman et ai., 1992a), and the test

equipment and protocol must be further simplified.

11.2 Other neuropathies /neurovascular syndromes

Other clinical disorders in which measurement of neurovascular dysfunction has proved
helpful include hereditary sensory radicular neuropathy (Westerman et al., 1992b), reflex
sympathetic dystrophy (Westerman et al., 1992c), and Raynaud’s syndromes (Westerman
et al., 1992b), either primary or secondary.

However, notwithstanding the drawbacks of these techniques in their present high-
technology form, they have already added a new dimension to the clinical assessment of
neurovascular dysfunction.

3800 words
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SUMMARY OF THE FINDINGS REPORTED IN THE 29 PAPERS SUBMITTED FOR THE
DEGREE OF DOCTOR OF MEDICINE.

SECTION |. SMALL CUTANEOUS SENSORY NERVE FUNCTIONS: MECHANISMS OF
PRICKLE AND ITCH SENSATION.

1. Certain fabrics with fibre ends, including wool and brushed nylon when worn, sometimes
evoke discomfort and sensations of prickle or itch. The physical, chemical, and
neurophysiological processes responsible for fabric-evoked discomfort, itch and prickle

sensation, and skin rash have been identified and defined"2343¢,

2. ltch sensation was measured under various conditions using iontophoretic application

2,36

of histamine as a controllable itch stimulus®°. This is a significant improvement on

previous electrical and chemical methods of evoking itch.

3. Microneurographic recording from identified sensory fibre during itching in human

subjects was performed and sensory correlates obtained®*.

4. The neural basis of fabric-evoked sensations was identified using microneurography *.

5. The effects of transcutaneous electrical stimulation of fine epidermal nerve fibres was

defined in respect of sensation, neurogenic inflammation and rash>*°,

6. This new understanding of the neural mechanisms leading to these less discriminative
sensations, enabled definition of those fabric properties most likely to generate discomfort.
This has predictive value for the textile industry and the techniques are still in use by

CSIRO personnel for this purpose.
SECTION II: MEASUREMENT OF SMALL CUTANEOUS SENSORY NERVE AND
MICROVASCULAR FUNCTION.

.1 STUDIES IN HUMANS.

1. Transcutaneous electrical skin stimulation which excites nociceptor activity and laser
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Doppler velocimetry were used to measure the neurogenic inflammatory function of

primary sensory nerve fibre in human skin”®",

2. The electrical axon reflex dilator responses in skin, an index of the nocifensor actions

of primary sensory nerves, are reduced in diabetes mellitus®™,

3. Laser Doppler velocimetry has been used to measure the relative changes in cutaneous
microvascular blood flux after iontophoretic application of vasoactive chemical stimuli to

epidermis’, or noxious electrical transcutaneous stimulation''.

4. These techniques have potential as clinical measures of small nerve fibre and

microvascular function in many types of neuropathic disorders.

.2 STUDIES IN ANIMALS.

1. Laser Doppler flowmetry, noxious electrical transcutaneous stimulation and iontophoretic

application of vasoactive compounds were used to assess neurovascular function in the

rat hind-paw'**.

2. Non-invasive tests of neurovascular function were used to demonstrate reduced axon
reflex responses, and impaired microvascular endothelial function in streptozotocin diabetic

rats''®. The impairment was dependent on the duration of diabetes and partly reversible

by insulin treatment™ ",

3. The acetylcholine receptors on primary sensory nerves in rat skin have been identified

as nicotinic cholinoceptors™®".

4. Exposure to systemically injected nicotine for periods of 7-14 days enhances cutaneous

axon reflex responses in the rat'®".

5. Maternal nicotine exposure, whether gestational or lactational, enhances cutaneous

axon reflexes in the neonatal rat'®.

6. Sensory denervation impairs cutaneous microvascular function and significantly prolongs
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blister healing time in the rat hind paw'"".

7. An important role of nociceptive afferent nerves in epidermal repair has been confirmed
by using nicotine exposure to enhance cutaneous axon reflexes, blister healing and

substance P release evoked by nerve stimulation ™.

SECTION Ill: CLINICAL APPLICATIONS OF MEASURING NEUROVASCULAR
FUNCTION.
I1l.1 CAPSAICIN DESENSITIZATION OF NOCICEPTIVE AFFERENTS.

1. Topical capsaicin applied to normal skin evokes cutaneous axon reflex dilatation, acute
redness, heat, inflammation and pain which is capsaicin concentration-dependent?.

2. Repeated topical capsaicin application (3-4x daily for 5-6 days) desensitized the treated
skin for periods of up to 4 weeks®. In such capsaicin-desensitized skin, cutaneous axon
reflex responses were greatly attenuated, but not autonomic or microvascular dilator or

constrictor responses®.

3. Affected dermatomes in post-herpetic neuralgia show allodynia, hyperalgesia and
neuralgia. Prolonged thrice-daily application of capsaicin (0.05%) desensitized affected
dermatomes to a variable extent*®**'. Pain relief did not correlate with the extent of

desensitization measured by thermal perceptual threshold testing®*'.

4. Topical capsaicin cream proved to be a useful treatment for post-herpetic neuralgia with

approximately 60% of patients reporting worthwhile pain reduction?'.

5. A weaker (0.025%) topical capsaicin cream proved significantly more efficacious than
0.05% cream for the reduction of acute varicella zoster pain in the first 6 weeks of the
neurocutaneous eruption?'.

lll.2 SKIN BLOOD FLOW MEASUREMENTS.

1. Fun-runners who developed exercise-induced hyperthermia (rectal temperature

exceeding 40°C) were found to exhibit profound reduction of cutaneous microvascular
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perfusion, and cessation of sweating®, as well as red blood cell spher ing.

2. Laser Doppler flux (Periflux Pf1d) correlated linearly and significantly with cutaneous
microvascular flow measured using radio-labelled microspheres in the skin of

anaesthetized sheep™.

3. In using photoplethysmographic or laser Doppler velocimetry techniques to measure
cutaneous microvascular fluxes the emitted light wavelength was shown to determine the
particular skin microvascular beds which dominated the recorded flux**. The infrared

wavelengths longer than nm penetrated epidermis more deeply®.

4. Simultaneous comparisons between infrared photo plethysmography and laser Doppler
velocimetry, with absolute measurement of microvascular blood flow using radioactive
labelled microspheres, provided evidence of functional compartmentalization of skin

microvasculature®,

lll.3 DIABETES MELLITUS.

1. In patients with diabetes mellitus, there was general concordance between the severity
of autonomic neuropathy measured by oesophageal and gastric emptying, and cutaneous
neurovascular dysfunction assessed by axon reflex dilator responses evoked by

transcutaneous noxious electrical stimulation and measured by laser Doppler velocimetry®.

2. Similarly, there was general concordance between the severity of the somatic sensory
neuropathy measured by warm and cold thermal perceptual threshold tests, and the

autonomic neuropathy gauged from oesophageal and gastric emptying times?.

3. Cutaneous neurovascular function was measured in the fingers of healthy volunteers,
smokers, diabetic patients with neuropathy and workers exposed to repeated vibration with

and without reported Raynaud’s phenomena? .
4. Vibration exposure, particularly in subjects reporting Raynaud’'s phenomena and

smoking as well as diabetes may result in impaired neurovascular responses?. Thus these

risk factors may be confounding factors for the assessment of neurovascular function in
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diabetes mellitus® .
5. These non-invasive tests of neurovascular function are proposed as screening test for
workers with occupational vibration exposure, and for the investigation of Raynaud’s

phenomena and conditions such as scleroderma?.

lI.4 OTHER NEUROPATHIES.

1. Subjects with the autosomal dominant inherited condition called hereditary radicular
sensory neuropathy (HSRN) exhibit clinical features corresponding to loss of primary

sensory neurones, predominantly in the extremities®.

2. Non-invasive tests of neurovascular function and clinical neurological examinations were
performed on eight subjects with HSRN®®. Neurogenic inflammation was abolished or
severely impaired, but other vascular responses were largely unaffected”®. These tests
should be useful in screening offspring of HSRN-affected parents before clinical features

appear.

3. Neurovascular function was tested non-invasively in patients with the chronic limb pain,
loss of function, vascular, autonomic and dystrophic changes typical of reflex sympathetic
dystrophy®.

4. Microvascular responses, including cutaneous axon reflexes and responses to
iontophoretic application of autonomic agonists, were significantly altered in affected skin®.
Vascular responses were either enhanced or reduced , depending on the particular

sequence of agonist pre-treatment applied to skin test sites®.

5. Because of the complex neurovascular interactions between sympathetic and

nociceptive sensory and sympathetic nerves in this condition, more research is required

before neurovascular function tests become clinically useful in this intractable condition®.
(1104 words)
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INTRGDUCTION

Among the functions classically ascribed to small cutaneous nerve fibres
are sensations of prickling and itch (Bishop, 1960; Sinclair, 1981), two
of the most elusive forms of tactile discomfort experienced by man. The
sensation we refer to as prickle is different to sensations of pricking

“ and itching described by Sinclair (1981). Prickle is not a punctate

sensation - both the stimulus and the percept are extended. Even though
subjects have described the sensation of prickle as being like "gentle
touches with fine pins" or "pricking with many fine needles", multiple
pricking points will not evoke the sensation of prickle. It is most
readily evoked by application of coarse fabrics to the skin, but can also
be caused by some fine fabrics, arrays of closed wire loops and
sandpaper. Although the finger pads are usually the most sensitive areas
for touch sensations (Weber, 1835; Weinstein, 1968) prickle cannot be
felt on glabrous skin. To evoke the sensation of prickle the stimulus
surface must he gently moved, patted or pressed with varying pressure.
The sensation of prickle is enhanced by warmth and sweating and is more
rapidly detected by an experienced rather than naive subject, suggesting
some element of Tlearning. Apart from its intrinsic interest as a
sensation, prickle has economic importance for the textile industry, and
clinical importance to atopic patients who are reported to experience
more frequent and severe wool fabric intolerance (Rajka, 1975; Hambly et
al. 1978; Hanifin and Rajka, 1980).

Atopy 1is characterised by a personal or familial history of asthma,
allergic rhinitis or atopic dermatitis (eczema) (Schnyder, 1960; Hanifin
and Rajka, 1980). Many features of the disorder appear to be related to
elevated blood and tissue histamine (Cormia, 1952; Arthur and Shelley,
1958). Itch provoked by garments frequently accompanies the disorder,
and the symptom is assumed to be a result of mechanical stimulation of
mediator-sensitised nerve endings within the skin. Although the neural
basis for itch is at present unknown, erythema can be produced by
stimulation of sensory polymodal nociceptor C-nerve fibres (Celander and
Folkow, 1953; Kenins, 1981). Although these sensory units generally have
a high threshold to mechanical stimulation, sensitization can result in a
much lower threshold, so that touch can evoke a response (Bessou and
Perl, 1969). It is possible that some fabrics either by mechanical or
chemical means can sensitize nociceptors resulting in sensory discomfort
or erythema.
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For these reasons we have examined aspects of the sensations of prickle
and itch which throw light on the underlying physiological mechanisms.
These include :

1. the sensory nerve fibres which mediate prickle and itch sensations;

2. the physical dimensions of the adequate stimulus for prickle
sensations; and

3. the relationships between prickle-sensitive individuals and atopy.

METHODS AND RESULTS
1.  CUTANEOUS NERVE FIBRES WHICH MEDIATE SENSATIONS OF PRICKLE AND ITCH

In twelve consenting volunteers a total of 22 selective nerve blocks were
performed using ischaemia (16) and local anaesthetic (6). Ischaemia and
selective conduction block of large through progressively smaller nerve
fibres was achieved by maintaining a sphygmomanometer cuff inflated on
the upper arm at 270 mm Hg. The progress of the block was checked with
known stimuli of vibration,static touch, 1ight brushing, heat, cold, pain
and prickle. The vibration stimulus consisted2 of a Bruel and Kjaer
minishaker (frequency 100 Hz) . with a 4mm° probe and undamped
displacement 500um. In the order given Ebove the remaining stimuli were
: static touching with a hand-held 4mm< probe, Tlight brushing with 3
cotton wool wisp, touching with glass rod thermometers equilibrated to 45
¢ or 0°C, skin pinch with Spencer Wells forceps, and application of a 5 x
8cm rectangle of a standard coarse "prickly" fabric, respectively. These
stimuli were repeated sequentially as rapidly as possible, the complete
sequence occupying approximately 3 minutes and the subject's reported
sensations recorded. Touch sensations usually began to fail rapidly
after about 10 minutes and by 20-25 minutes all subjects reported that
vibration and static touch were already lost. Most strikingly at this
time there was vivid enhancement of prickle sensation evoked by fabric
application (Fig. 1A). Prickle :ensation disappears later at about the
time that Ad mediated cold sensation is confused or lost. At this same
stage the C-fibre mediated sensations of heat and pain are diminishing.
This sequence of dissociated sensory loss strongly suggests that the Ad
range of nerve fibres convey prickle sensation (Fig. 1A).

Local anaesthetic infiltration of the medial cutaneous nerve of forearm
was used to produce selective blockade of the smallest nerve fibres.
This was achieved by injecting 1% prilocaine (Cousins and Bridenbaugh,
1980) and the subject's sensations were recorded during recovery from
local anaesthesia of the anteromedial aspect of the forearm. During
recovery from prilocaine block of medial cutaneous nerve (Fig. 1B) return
of prickle sensations on the forearm only followad some return of pain
and thermal sensations. There was a variable enhancement of the
magnitude of fabric-evoked prickle sensation at times ranging from 12-20
min after the first return of pain and thermal sensibility, and a
distorted cold perception was often reported at this time.

Although the evidence so far obtained fis consistent with Ao
mechanoreceptors mediating the sensation of prickle, this remains to be
further tested by direct microneurographic recording using the techniques
of Vallbo and Hagbarth (1968) and Torebjork and Wallin (1978).
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Fig. 1 A. Indicates approximate time course of loss of prickle and

other sensations on forearm during ischaemic nerve conduction block at
the upper arm.
B. Indicates recovery of prickle and other sensations on forearm

during recovery from local anaesthesia of medial cutaneous nerve with 1%
prilocaine.

2. PHYSICAL CHARACTERISTICS OF THE PRICKLE STIMULUS

Because the sensation of prickle is similar to that produced by numerous
pricking points, most uninformed observers have assumed that prickle js
caused by sharp ends indenting the skin. Although sharp ends such as
shown in Fig. 2 are found in most fabrics they are completely unnecessary
for the generation of prickle sensation. Surfaces consisting of fine
wire loops with no protruding ends (Fig. 3) have evoked a sensation
described by each of 49 subjects so far tested as "prickly" or "sharp".
The percept of sharp ends experienced by these subjects ijs an illusion.

Coarse fabrics, sandpaper and wire loops all evoke a sensation of
prickle. One factor common to all is the random irregularity of their
surface topography. These stimuli are therefore 1ikely to produce an
extended random pattern of stresses in the skin with an approximate
periodicity of 0.5 to 5 mm on the skin, and this might be the necessary
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Fig. 2. Wool fabric and its negative impression.

A. Surface of wool fabric.

B. TImpression of wool fabric on polished plasticine, load 1.5
Nem=2.  Arrows indicate pits left by protruding fibre ends. The dark

hair is a fibre pulled from fabric during impression. Scale divisions 1
;..
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Fig. 3. Side views (upper) and vertical views (lower) of stainless
steel wire loops embedded in plaster of paris with no protruding ends or
roughness. At left, 35um diameter wire; at right, 8lum diameter.
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stimulus. More artificial surfaces are being made to test this
hypothesis. However, none of these stimuli alone are sufficient, and the
further conditions which must be satisfied are discussed below.

Prickle cannot be felt when the stimulus is moved across the skin.
Subjects report that it feels rough but not prickly, suggesting that
prickle is inhibited by activity in the large diameter rapidly-adapting
cutaneous receptors. This is supported by the observation that a thin
film of water on the skin enhances fabric-evoked prickle. The effect of
water occurs even with fabrics that cannot absorb water or change their
mechanical properties when wet. The effect occurs immediately after
water is placed on the skin, and so is too prompt to be explained by a
mechanical modification of the skin. It is possible that the effect of
water is too slow, or prevents the movement of fabric hairs and loops,
thereby reducing activity in the rapidly adapting cutaneous receptors.
This effect of water-induced enhancement is reduced when activity in the
large diameter sensory nerves is blocked by ischaemia.

Prickle cannot be felt on skin exposed to air cooler than about 15°C, but
the sensation 1is enhanced if the subject is uncomfortably warm or
sweating. Similar inhibitory convergences have been suggested by Kerr
(1975) and by Kumazawa and Perl (1978).

These observations suggest that prickle depends on a balance between
excitatory activity in Aj mechanoreceptors caused by particular patterns
of skin stress, and inhibitory activity in thermoreceptors and large
diameter rapidly adapting mechanoreceptors.

3. ATOPY, PRICKLE AND ITCH

Atopy
We first identified and characterized the atopic status of a test
poputation. These atopy assessments were always performed by a

specialist dermatologist (P. Fergin), and 158 students, academic and
technical staff ranging in age from 19 to 59 years were tested and
classified as atopic, non-atopic or latent atopic individuals.
Classification was based on the following criteria:

(a) history - personal or direct family history of asthma, eczema or hay
fever (rhinitis); .

(b) examination - any overt signs of asthma, hay fever or eczema
(Hanifin and Rajka, 1980); any associated signs of atopy, e.g.
Dennie-Morgan folds, hyperlinear palms, facial pallor, geographic tongue,
etc.;

(c) intradermal skin testing (prick test) - for specific IgE activity
was undertaken with common inhalant allergens including 7 mixed grass
pollens (10,000 U/m1, CSL) and D. pterinissinus (10,000 U/ml, CSL), wool
extract (1:1000, Ho11ister—$teer? with histamine (1:1000), and HS
albumin-saline as positive and negative controls respectively.

The diameter of each wheal and erythema flare was measured and recorded.

In addition, wool fabric was applied to the elbow flexures and any
rashes, redness or vasomotor reactions were recorded.
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Prickle

The physical characteristics of a stimulus that cause it to evoke prickle
are unknown. To quantify this sensation we developed the following
scale, wusing 6 experienced observers. Six fabrics (in 5 x 8cm
rectangles) were selected, one that was smooth, soft and non-prickly to
all observers and one that was coarse and prickly to each of the six.
The four additional fabrics were selected such that they formed an
ordered approximately equisectional scale as judged by our 6 experienced
subjects (Gescheider, 1976). These fabrics were then numbered from 1 to
6 in order of increasing prickliness and tested on our 158 subjects.

Each subject was instructed to place a distinctly prickly fabric (more
prickly than test fabric 6) on the inside of the forearm and without
prompting asked to describe the sensation. Typically, words such as
“sharp", "prickling" or "like fine pins" were used by the majority of our
subjects. Those few (9) that did not give an accurate description of
prickle were assumed to be attending to the other sensations evoked by
the fabric and not prickle, and so were excluded from further testing.
Two sets of the 6 test fabrics were then presented in order, face down to
the subject, to find both an ascending and descending prickle threshold.
Subjects were not informed that the second series of 6 fabrics was the
reverse of the first series. Care was taken to ensure that there were no
extraneous cues in the presentation or in the appearance of the test
fabrics. The average of the ascending and descending thresholds, as a
number from 1 to 6, was taken as the subject's threshold of prickle.
This is justified as the fabrics were chosen to form an equisectional
scale. If no prickle was felt for fabric 6 the subject was arbitarily
assigned the number 7.

The subject was also asked to estimate the number of pricking points in
the standard prickly fabric. 5 x 8cm rectangular photographs of random

dot arrays (10, 30, 100, 300 and 1,000 dots) were presented as an aid to
estimation.

Transcutaneous stimulation of small-diameter peripheral nerve fibres

From theoretical considerations discussed later, and from the work of
others (Bishop, 1943; Edwards et al. 1976), we considered that it should
be possible to assess human susceptibility to prickle and itch by
transcutaneous electrical nerve stimulation (TENS). A constant current
stimulator device was developed which was used to apply transcutaneous
electrical stimuli of sufficiently low intensity to excite only the most
superficial epidermal nerve fibres, presumably unmyelinated.

With the present TENS device (Fig. 6), a hand-held teflon probe contains
a pair of etched tungsten needle electrodes 5 mm apart just contacting
the skin surface, and delivers constant current through the skin for as
long as the probe is held on the skin. For accessibility we have tested
the anterior aspect of the forearm. However, it must be noted that
different regions of human skin exhibit widely different sensory acuity
as indicated by two point discrimination thresholds and other sensory
discrimination tests (Weber, 1835; Weinstein, 1968).

A forced choice paradigm was used in which subjects had to choose bstween
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probe "on" and "off" responses at the end of two immediately consecutive
15 second test intervals. The typical strategy most often used by
subjects was to move the probe from place to place on the forearm, each
contact lasting about one second. The first current producing 25%
incorrect responses was scored as the threshold stimulus level.
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Fig. 4. Fabric-evoked prickle threshold vs. atopic status. The ordinate
represents the average of the ascending and descending rank order for
fabric-evoked prickle sensation threshold. There is no gross difference
between the thresholds for. atopic subjects compared to non-atopic
subjects.  However, there s a trend towards slightly lower average
thresholds 4.21 (n=86) for atopic subjects compared with 4.54 (n=37)
latent atopic or 4.36 (n=35) for non-atopic subjects.

Atopy and fabric-evoked cutaneous discomfort

Fig. 4 shows that there is no obvious difference between the averaged
ascending and descending thresholds of prickle sensation evoked by the 6
graded . fabrics in atopic individuals compared with non-atopic.
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standard fabric was applied and manipulated.

Nevertheless, there is a trend towards slightly lower averaged ranked
fabric thresholds, 4.21, for the 86 atopic subjects compared with 4.54
for 37 latent atopic individuals and 4.36 for 35 non-atopic subjects

(Fig. 4). There is no evidence that these subtle differences are
statistically significant.

Fig. 5 shows magnitude estimates of the number of pricking points felt by
subjects during the application and manipulation of a standard prickling
fabric on the forearm. The estimates are plotted on the ordinate on a
logarithmic scale, against fabric threshold number on the abscissa.
Fabric number 1 was not perceived as prickly by any subject. Within the
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individual response variability, a roughly linear relationship can be
discerned between increasing magnitude estimate and decreasing fabric
threshold number. This result suggests that subjects most Tlikely to
experience prickle sensation from finer fabrics also estimate Targer
numbers of prickling points, i.e. a more intense prickle sensation from
the standard prickling fabric. Surprisingly there was not a close
correlation between the number of short ends on a fabric surface as
estimated from the polished plasticine negative image, and the intensity
of prickle sensation it evokes. The results obtained using an artificial
fabric from embedded wire loops (Fig. 3) in which there are absolutely no
protruding ends support the conclusion that short fibre ends are not the
only stimulus characteristic evoking prickle.

Fig. 6.  Transcutaneous electrical nerve stimulator (TENS). PHotograph
shows subject applying the teflon probe to the anterior aspect of
forearm, the digital meter indicating current flow. During experimental
testing of subjects a partition is placed to screen the instrument and
experimenter from view. There are no auditory or visual cues to signal
whether probe current is on or off during each series of forced-choice
trials, :
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Temperature and mechanical masking effects on fabric-evoked cutaneous
discomfort

The effect of temperature was measured by testing the sensation evoked by
prickly fabrics applied to the forearm in a water bath in five
prickle-susceptible subjects. If the subject is uncomfortably warm,
prickle sensation is enhanced. If the temperature is below 15°C it is
difficult to detect fabric-evoked prickle.

Two other experimental results provide evidence that activity in large
rapidly-adapting cutaneous receptors could be inhibitory to prickle.
First, prickle cannot be felt when the fabric is moved along the skin -
subjects report that it feels rngh but not prickly. Only very slow
movement (approximately 1 cm sec™' or less) allows prickle to be felt.
Secondly, a thin layer of water on the skin enhances the sensation, and
the effect of water is reduced®when large diameter nerve fibres are
blocked with ischaemia.

Selective electrical stimulation of cutaneous nerve fibres

This has been achieved with our TENS device at current intensities of
105 to 10-7 amperes. The threshold sensation most frequently evoked by
the TENS probe applied to the anterior aspect of the forearm as in Fig. 1
ijs a fine pricking itch, and we believe this may qualitatively differ
from the prickling sensation evoked by coarse fabrics. At greater
current intensities distinct sharp pricking pain is felt, and at even
greater intensities other sensations are reported which resemble those
evoked by various mechanical stimuli (Gibson, 1968; Grimnes, 1983; Reilly
and Larkin, 1983). An urgent need now is to identify by direct recording
which types of epidermal sensory nerve fibres are excited by such
transcutaneous electrical stimuli. We believe these to be small diameter
intraepidermal C-fibres, some of which have been shown by
immunofluorescence to contain substance P (Helme and Fletcher, 1982).
Recruitment of nerve fibres as stimulus intensity is increased generally
proceeds from largest to smallest. It is only possible to reverse this
order if there is deliberate and precise positioning of stimulating
electrodes near small fibres and remote from large fibres. With
transcutaneous electrical stimulation of cutaneous nerves, geometric bias
towards small nerve fibres is only possible if small fibres terminate
most superficially within the skin. Transcutaneous electrical
stimulation can preferentially engage the superficial C-fibres if needle
surface-electrodes are used to ensure that the electrical current density
within the skin falls rapidly with depth below the surface. Because of
the insulating properties of the stratum corneum, the electrical current
will channel its way through this layer and only then start spreading.
This makes the geometric advantage of the small nerve fibres even greater
since at least some terminate just beneath the stratum corneum.

Duration of the transcutaneous current pulse is also important if one
wishes to preferentially stimulate small nerve fipres. Ranck (1981)
shows that durations should be much greater than 107~ second, and, in the
present studies, durations of the order of 1 second have been used. With
current pulses of this duration, current thresholds for neural
stimulation are at the "rheobase" Jlevel (Ranck, 1981) and largely
independent of duration. The distribution of electrical thresholds for
our 158 subjects classified for atopic status is shown in Fig. 7. Of
these, 84 were atopic (54%) and exhibited one or more of the features
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which make up the atopic diathesis (Rajka, 1975; Hanifin and Rajka,
1980), 37 were classified as latent atopics (23%) and 35 subjects with no
evidence or family history of atopy were classed as non-atopic (22%).
These figures are biased by selection of volunteers from a medical school
and hospital staff population and do not reflect the prevalence of atopy
in the community, which is 8.3% in Sweden (Hanifin and Rajka, 1980). The
coincidence of skin erythema or rashes to wool fabric, or positive skin
test to wool extract was slightly higher in the atopic group 7/86 (i.e.
9%) than in non-atopic subjects (2/35, i.e. 6%) and their threshold for
electrically evoked cutaneous irritation was slightly less. Although the
range of threshold currents was slightly greater for atopic than
non-atopic subjects (Fig. 7), the number of subjects in each group was
disparate.

340



GENERAL DISCUSSION

Our results do not confirm established opinions concerning the
relationship between atopy and susceptibility to prickle and itch
(Hanifin, 1982). There was no evidence to support the widely held belief
that atopic individuals have a lowered threshold to fabric-induced
discomfort. Nor did they have a lowered threshold to our electrical
stimulus. However, subjects with a Jow threshold to fabric prickle
estimate more pricking points and thus probably experience more intense
prickle discomfort whether or not they are atopic.

Although the stimuli for evoking prickle and itch are unknown, short
stiff fibre ends are not the only important parameter, as shown by our
experiments with loops. Temperature also has an effect and there is
evidence for mechanical masking. Itch sensation and its provocation by
fabrics are often associated with sweating (Edwards et al. 1976).
Substances with bradykinin-1ike activity appear both in sweat and in
subdermal perfusates when sweat glands are stimulated by heat {Keele and
Armstrong, 1960). Evidence that activity in large rapidly-adapting
cutaneous receptors could be inhibitory to prickle is provided by the
observation that prickle cannot be felt when the fabric is. briskly moved
along the skin. Furthermore, a thin layer of water on the skin enhances
the sensation, and the effect of water is reduced when large diameter
nerve fibres are blocked with ischaemia. Consistent with this it was
noted that active sweating, in addition to lowering itch thresholds, may
also increase prickle discomfort as soon as there is sufficient moisture
on the skin.

Evidence to support A4 mediated inhibition from touch receptors comes
from the work of Kumazawa and Perl (1978) who showed just such a system
acting on the small Ad fibres. Our work with nerve block experiments
supports the idea of prickle being mediated at 1least in part by a5
fibres, and from the study of Adriaensen et al. (1983) who measured the
threshold of human AJ receptors, we would predict that the most likely
candidates are the Ao mechanoreceptors because it is most unlikely that

fabrics can generate the amount of force (22.5mN) required to exciteAd
nociceptors.

The result of comparing our data on atopic and non-atopic subjects'
thresholds to fabric, electrical skin stimulation and to magnitude
estimates was unexpected. Although there is a widespread belief among
dermatologists that there 1is an association between atopy, and prickle
and. itch susceptibility (Hambly et al. 1978; Hanifin and Rajka, 1980),
this is not evident in our results. This suggests that atopy is not a
necessary predisposing factor for fabric-evoked tactile discomfort, and
that fabric-evoked prickle threshold is not a predictor of atopic status.

SUMMARY

Prickle and 1itch are often introspectively distinct sensations. The
present study suggests that they are mediated by different kinds of
small-diameter afferent nerve fibres. Sensory mechanisms and stimulus
parameters for prickle have been examined and while some fabrics can
cause prickle, for most people fabric-evoked itch may be restricted to
those whose thresholds are lowered by atopy or sweating. It s hoped
that these findings will lead to new fabric surface treatments for

reducing tactile discomfort.
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The measurement of fibre-evoked prickle thresholds and electrical
thresholds and their correlation with the atopic status of the tested
population suggests that atopy or allergy is not a necessary or major
predisposing factor for fabric-evoked tactile discomfort. Conversely,

fabric-evoked tactile discomfort thresholds do not indicate atopic
status.
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Discussion

Handwerker - Due to your excellent and stimulating talk I am now
feeling prickly all overl

Lawson - It's the psychological effect that 1s the problem!

Westerman - You are quite right. I did mention the learning aspect.
The question {s where do we feel and where do the psychophysical
phenomena occur? The psyche is very heavily 1involved - 1t 1is not
Just physicsl

Handwerker - This makes 1t very difficult. You mentioned
microneurography. Van Hees tried very hard to find the substrate of
itching. First Van Hees tried intracutaneous injection of histamine,
which didn't work because of pain from the pricking etc. His second
approach was to use common European nettles because they contain
acetylcholine and histamine and when applied to the skin they produce
reddening and wheals.

Westerman - The other plant which may be used is cowage.

Handwerker - We had no cowage. It is an American plant, I think. We
used nettles and in fact either nothing would happen or the subject
would say this 1s not {itching, 1t 1is burning. And this raises
another difficulty. Al1 of these sensations are very difficult to
separate from each other. Van Hees found a few polymodal C fibres
firing at low frequency with this stimulus of the nettles but 1t was
not convincing because we know that low frequency firing of a few C
fibres from polymodal nociceptors does not produce any sensation
under other circumstances. So we must have a very powerful gating
mechanism in our central nervous system for these sensations, which
1s much more effective than that for pain.

Westerman - I think some evidence to support that would be the effect
of water which produces a most vivid enhancement of the sensation of
prickle.

Handwerker - Yes. So finally we didn't find any conclusive evidence
on which type of fibre transmits this kind of sensation.

The last point I want to mention {s that of language. In fact there
does not exist in German any word for "prickle". We use the same
word as that used for "scratching".
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SYNOPSIS

Some fabrics evoke unpleasant pricking-itch-like sensations when worn
agalnst the skin. For wool fabrics, the irritation is shown to result from
mechanical stimulation of pain nerve fibres that terminate just beneath the
dry keratinous outermost layer of skin. The mechanical responsiveness of
the nerve fibres changes with hydration of the layer and is of a form that
indicates that the major irritant features of a wool fabric are protruding
fibre ends capable of bearing loads of approximately 100 mg or more. A
replication technique sensitive to these fibre ends has been developed and
is being used for the objective measurement of fabric prickliness.

INTRODUCTION

Some fabrics evoke unpleasant prickle sensations when worn against the
skin. Prickle evokes a desire to scratch and is often described as having
pricking-itch-like qualities. The degree of discomfort depends strongly on
the individual, and, in severe cases, can be followed by skin inflammation.
With the current trend to casual wear, skin irritation from wool worn

against the skin is of some concern.

Sensory physiologists have long ascribed sensations of pinprick and
iteh to nerve fibres that are involved in painful sensations, but, until
now, prickle has received no such attention. Clinicians have thought it
unlikely that pain nerve fibres could be mechanically excited by fabrics,
and many have invoked immunological factors to help explain the skin
irritation observed with some wools. Examples of this thinking exist in:
the belief of allergy to wool, the use of commercial wool extracts for
allergy testing, and the association of wool with atopy (a state of

generally increased allergic sensitivity).
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The lack of understanding of the physiological mechanisms of skin
irritation from wool has also made it difficult to identify fabric surfack
features responsible for skin irritation. Fibre coarseness is the only

feature so far identified with any certainty‘.

This paper describes measurements performed to elucidate the
physiological mechanisms involved in prickle and in skin inflammation. The
paper also shows how this information is being used in the development of
objective test procedures for fabric prickliness, and in the definition of
methods for controlling the skin-irritation problem. A short introduction
to sensory physiology follows first to acquaint the reader with the

subject.

BASIC PHYSIOLOGY OF SKIN NERVES

There are numerous sensations which can be experienced as a result of
stimulating the skin, and three categories of sensory nerve are generally
agreed to cover them all: the touch group of pressure and vibration, the
thermal group of warmth and coolness, and the pain groupz. In each case,
there is a transducer, usually called a receptor, close to the surface of
the skin, and a nerve fibre connecting the receptor more or less directly
to the brain. In most cases, the structure of the receptor is unknown, but

input-output characteristics are well documented.

The receptors of the touch group respond to mechanical displacement of
the skin and of hairs on the skin. Some respond only to time-varying
displacements, while others, in addition, respond to steady displacements.
The transmission of information from the receptors to the brain is via
large-diameter rapidly-conducting nerve fibres. The touch senses have
excellent spatial and temporal discrimination, and are capable of exquisite
sensitivity: vibrations with an amplitude of one micrometre can be
detected3. The assessment of fabric ‘texture depends on information

gained by this group of senses.

The receptors of the thermal group maintain steady background levels
of activity in their associated nerve fibres under ambient temperature
conditions. There are two distinet kinds of receptor: "warm" receptors
whose neural activity increases with increasing temperature, and "cold"

receptors whose neural activity decreases with increasing temperature.
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Information is transmitted from the receptors to the brain via small-
diameter slowly-conducting nerve fibres. The group exhibits spatial
summation, and temperature changes as small as 0.05°C can be detected if

large areas of skin are involvedn.

The receptors of the pain group are responsible not only for
sensations of frank pain, but also sensations of pinprick and itch. This
group is the least well understood. Receptors respond variously to tissue
damage and to potentially damaging mechanical, thermal and chemical
stimuli. However, it is not known whether pain, itch and pinprick are the
result of particular patterns of stimulation of the receptors, or whether
there are separate receptors within the group for each 3ensation.
Information is transmitted along small-diameter slowly-conducting nerve
fibres, and 1s subject to considerable processing and filtering within the
central nervous system. The group exhibits spatial and temporal summation,
and a stimulus which is too mild to produce pain may do so if it is
repeated in time or duplicated at nearby locations. Minor forms of skin
irritation such as itch can be masked by simultaneous activity set up in

the touch group of nerve fibres by, for example, scratching or rubbings.

In.addition to the transmission of information to the central nervous
system, some pain receptors also release chemicals including a peptide -
Substance P - into the superficial skin 1ayers6. Substance P is a potent
dilator of blood capillaries, and quickly produces an inflammatory

response called axon reflex.

PHYSIOLOGICAL EXPERIMENTS

Preliminary Observations on Prickle and Skin Inflammation

Unlike texture assessments, such as roughness, which can be made
quickly, there is usually a delay of several seconds between the time when
suitable fabric is placed on the skin and when prickle is felt. Prickle is
an elusive sensation, and may fluctuate in intensity over a period of
seconds. It is experienced most readily when suitable fabric is gently
patted or pressed onto hairy skin, such as the forearm, but not on the
glabrous skin of the fingers or palm. Prickle cannot be felt if: the
fabric is rubbed or wiped over the skin, the skin is uncomfortably cold, or
the skin contact area 1s smaller than about one one square centimetre.

Moisture on the skin greatly increases the magnitude of the sensation.
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In those rare instances when skin inflammation is observed, the
response is consistent with axon reflex7. As seen earlier, this implies

the excitation of pain nerves,

Nerve Group Mediating Prickle

Considerable progress towards the identification of nerve fibres
mediating a particular sensation can be derived from nerve block
experimentsz. Two agents, pressure and local anaesthetic can be used,

but only the former will be considered here,.

Pressure blocks are produced either by a compression cuff around a
limb or by direct pressure exerted on an accessible nerve trunk. 1In such
blocks, the large—diameter nerve fibres fail before the small—diameﬁer
fibres, and by monitoring changes in sensation as the block proceeds it is
possible to assign a particular. sensation to one or other of the nerve
groups. The procedure is controllable, reproducible, and completely

reversible. Recovery from a block occurs rapidly,

In twelve volunteers a total of sixteen pressure-block experiments
have been performed using, in each case, a blood-pressure cuff inflated on
the upper arm at 270 mm Hg (Fig. 1). The progress of each block was
checked on the forearm with known stimuli of vibration, statie touch, 1light
bfushing. heat, cold, pain (forceps pinch) and prickly fabrie. Touch
sensations usually began to fail rapidly after about 10 minutes, and by 20-
25 minutes all subjects reported that vibration and static touch were lost,
Most strikingly at this time there was vivid enhancement of prickle
(Fig. 1). Prickle sensation disappeared later at about the same time that

sensations of heat, cold and pain were diminishing.

This sequence of dissociated sensory loss determines that small-
diameter nerve fibres mediate prickle sensation, and that activity in
large-diameter fibres may have an inhibftory affect. Small-diameter nerve
fibres are involved in both thermal and painful sensations, but it is only
the pain group that is known to mediate uncomfortable sensations which have
qualities similar to that of prickle (for example, pinprick and iteh).
Thus, 2 reasonable working hypothesis based on the pressure-block

experiments is that prickle sensation is mediated by nerve fibres of the
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pain group. Prickle and skin inflammation are then both the result of
pain-nerve excitation.
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Fig. 1. Approximate time course of loss of prickle and touch sensations
on forearm during nerve pressure block at the upper arm.

Confirmation of the working hypothesis has been sought in animal and
human experiments in which electrical recordings have been made from nerve
fibres of the pain group during manipulation of suitable fabric on the skin
(Fig. 2). Figure 2 shows the electrical activity set up in a human pain
nerve fibre during manipulation of prickly fabric on both dry and wet skin,
The amplitude of the impulses carries no information, only their
distribution in time. The presence of activity in pain nerve fibres during
fabric manipulation, together with its increase when the skin is wet,

matches the subjective observations and greatly strengthens the working
hypothesis,

Excitation of touch receptors was also routinely observed during the

electrical recordings, but in no case was any change in neural activity
observed upon hydration of the skin.
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Fig. 2. Electrical recording from single pain nerve fibre during
application of prickly fabric to the forearm.

Pain-Nerve Excitation

Measurement of mechanical excitation thresholds for pain receptors in
animal skin has been performed using glass fibres of diameter similar to
that of wool fibres. Thresholds of apprcximately 100 mg have been found
for end contact. No change in threshold was observed when individual wool
fibres were used, and it can be reasonably assumed that wool acts purely

as a mechanical stimulus.

No such experiments have yet been performed with human subjects and
recourse has been made to estimatlon of mechanical thresholds based on
measurement of the depth within the skin of the pain receptors. A
technique for measuring the depth on the forearm was developed using
electrical stimulation from the skin surfaces. The ‘geometry chosen was
one in which the stimulating current was made to channel through the dry
keratinous outermost layer of skin (the stratum corneum) and then to spread
uniformly and rapidly. This enabled the depth of the pain receptors
beneath the stratum corneum to be derived. Considerable variation was
found between individuals, the average value being approximately 5 um. The
average stratum corneum thickness on the forearm is 15 ums, and is thus
the major component of the pain receptor depth in most individuals.
Assuming a depth for the pain receptors beneath the skin surface of 20 um,

a continuum mechanics model of the skin was used10 to compute mechanical
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excitation thresholds as a function of diameter of a stimulating probe
(Fig. 3). Even though the model makes use of a number of simplifying
assumptions, there is general agreement with the animal work for probe

diameters similar to that of wool fibres.

The above work suggests that the major prickle stimulus of a fabric
will be protruding fibre ends capable of bearing loads of approximately 100
mg or more. Fibres which contact the skin over larger areas, such as by
lying along the surface, could not support the very high forces then
required to excite the pain receptors. Such fibres will only excite the
much more sensitive receptors of the touch group.
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Fig. 3. Computed threshold force for pain nerve activity
as a function of probe diameter.

TEXTILE EXPERIMENTS

Objective Measurement of Fabric Prickliness
A 'skin model' has been devised which provides a measure of the number

of high-load bearing fibre ends on a fabric surface and their load
distribution (Fig. 4). This model consists of a thin film of PIFE tape
stretched across a microscope slide. The fabric sample is pressed against
the PTFE film at a pressure of i gcm"2 which is considered to be near the
upper limit of typlcal clothing pressures at which prickle 1s sensed.
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TYPICAL CLOTHING PRESSURE

FABRIC

THIN
PTFE
LAYER

GLASS /

SLIDE
INDENTATIONS PRODUCED BY
SURFACE HAIRS OF FABRIC.

Fig. 4. Replication method used in the objective measurement
of fabric prickliness.

Fibre ends supporting loads greater than 40 mg form an impression, as
a crater, which remains because of the poor elasticity of PTFE. The form
of the impression, as viewed under a microscope using alternately incident
light inclined to the plane of the slide and transmitted light, provides an
estimate of the load supported at the fibre end. By this procedure the -
high-load bearing ends are selectively identified and classified into four
load groups (40-80, 80-120, 120-200, >200 mg). The method has been applied
to a range of fabrics and the results correlated with subjectively assessed

prickle,.

Correlation coefficients of 0.15 and 0.77 were obtained between the
mean subjective rankings of six fabrics in ascending order of prickle
intensity by eighty judges and the density of fibre ends supporting loads
>H0 mg and >120 mg respectively. In another subjective test, mean
magnitude estimates of the prickle intensity of seven fabrics by twenty-
four judges were plotted against the density of fibre ends carrying loads
>80 mg and >120 mg to give correlation coefficients of 0.52 and 0.76
respectively. The second of these plots is shown in Fig. 5.

Thus the density of fibre ends supporting loads of 120 mg or more

correlated best with subjectively assessed prickle indicating these are the
main prickle stimuli. This finding is in good agreement with the animal
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Fig. 5. Correlation of the mean magnitude estimate of prickle jintensity
of seven fabrics by twenty-four judges with the density of fibre ends

supporting loads >120 mg. The psychophysical ?ower law of S.S. Stevens
was used to fit the data' 5

studies and the continuum mechanics model which suggest that threshold
loads are in the order of 100 mg.

CONCLUSIONS

The physiological mechanisms involved in prickle and in skin
inflammation have been identified. The major irritant features of a fabric
are mechanical and comprise protruding fibre ends capable of bearing loads
of approximately 100 mg or more. These fibre ends can be selectively
counted using replication techniques. To increase the skin comfort of wool
fabric 1t is imperative that irritant fibres be decreased in number, and
that the skin be kept comfortably dry. Irritant fibre numbers might be
decreased, for example, by decreasing fibre rigidity, by increasing fibre
length, and by decreasing fibre-fibre interactions within the fabric. The
skin can be kept reasonably dry by treating fibres chemically to give
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hydrophilie surfaces, and by using fabrics with good heat and moisture

transport. Work is in progress to evaluate these approaches.

1.

10.
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Introduction

The progress of sensory physiology in the last decades has led to a better understanding
of the nervous apparatus subserving almost all sensory modalities of the skin. One notable
exception, however, is the sensation of itch, for which a quantitative analysis is still lacking.
Itis even unknown whether itch is elicited by a specific subgroup of “itch” receptors or bya
_ particular patten of input from afferent nerve fibers subserving other sensations (e.g.,
pain).- B

A strong obstacle to a better understanding of this sensation is the lack of reliable stimuli
which provoke itch sensations graded with stimulus strength. Thus a psychophysics of itch
comparable to that worked out for pain sensations by Hardy et al. (1952) and by other labo-
ratories is lacking. In pain research, psychophysical studies with rigidly controlled stimuli
have been very useful in the search for and the characterization of the peripheral nervous
elements mediating pain. !

The aim of this study was threefold: (1) to find a quantifiable itch stimulus, (2) to estab-
lish the relationship between this stimulus and the itch sensations of healthy subjects, and
(3) to find out which type of afferent nerve fibers might meet the requirements for a nervous
- apparatus mediating ifch sensations.”

Methods

Histamine was brought into the skin of healthy volunteers by iontophoresis. To this pur-
pose 1% histamine (in the form of histamine dihydrochloride) was dissolved in a gel of
2.5 % methylcellulose in aqua bidest. This jelly was placed in the cavity of an acrylicapplica-
tor having a diameter of S mm and a volume of 50 pl. A silver-silver chloride electrode in this
applicator served for current delivery, a larger one (3 x 3 cm) in a sponge soaked with tyrode
was used as reference. No air bubbles were allowed in the gel or between gel and skin, since
they were found to interfere with the reliability of the stimulation. .

Constant current pulses (10 s) from an isolated stimulator (WP1/305 B) were used. Cur-
rent strength was varied from 0.01 to 3 mA for the application of different quantities of hista-
mine. Stimulus strength is proportional to the product of current and time, i.e. to the charge.

These stimuli usually induced a wheal and a flare reaction developing slowly after termi-
nation of the stimulus. Both wheal and flare were marked with pens 10 min after each stimu-
lus and redrawn on translucent paper for planimetric evaluation. To assess time courses and
the relative increases in blood flow in the course of the flare reaction, a laser Doppler flow-
meter (Periflux/PF1) was used.

Itch sensations evoked by these stimuli usually started within 20 s afier termination of
the stimulus and lasted for several minutes. They were assessed by the subjects on a hori-
zontally placed visual analogue scale. The left and right ends of the scale were defined as
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“threshold” and as “maximal imaginable itch” respectively. In some preliminary experi-
ments a further mark at one third of the scale was defined as “itch strong enough to induce
scratching” Ratings of the actual strength of itching were made by the subjects on acoustic
signals at 10-s intervals for 10 min.

Differential blocks of superficial radial nerves were performed at the right forearm by
two dangling weights of 5 kg via a sleeve pressing the nerve to the radius bone (Torebjork
and Hallin 1973). Two states of block were distinguished: one in which only the sensitivity to
low von Frey hair (0.1 N force) stimulation was abolished in the skin field innervated by the
nerve (block of A fibers), and another one in which also the cold . sensitivity failed (block of
AP and A8 fibers). In both states C fibers were still conducting, shown by the persisting sen-
sitivity to pin pricks.

Six skin fields (20-50 cm?) at the inner sides of the forearms of four subjects were desen-
sitized with capsaicin. To this purpose the respective skin areas were painted first with
dimethylsulfoxide (DMSO) followed by a solution of 1 % capsaicin in 85 % ethanol at inter-
vals of 2-3 h. This treatment had to be repeated at least 10 times until capsaicin no longer
provoked a buming sensation. (Method communicated by J. Szolcsanyi, who also served as
a subject. The other subjects participating in the capsaicin experiments were coauthors of
this study.)

Microneurography was performed followmg standard routines described elsewhere
(Gybels et al. 1979). o

Data evaluation was accomplished at the Computer Center of the University of Heidel-
berg using the Statistical Analysis Systems (SAS) package.

Following the declaration of Helsinki all subjects were informed about the risks of the
respective experiment in which they participated and gave their consent.

Results

Correlations of Itch Sensations thh Physnologlcal Reactions to
Histamine - -

In a pilot study on 48 subjects (27 male, 21 female) in which the stimuli were applied to
the inner side of the forearm, the correlations between the stimulus size (charges), the
radius of the wheal (RWH), the radius of the flare (RFL), and different parameters of the
subjective itch responses were evaluated. The correlation coeflicients between the two
physiological parameters (RWH and RFL) vs the logarithm of charges were 0.88 each
(p<0.0001). The thresholds for both reactions were 0.04 mC (flare) and 0.05 mC (wheal).
Figure 1 shows specimen records from one experiment. The figure indicates a strong corre-
lation of the wheal size, the flare size, and the increase in blood flow (flux) to the subjective
itch responses.
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A 0.5mC wheal and flare
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Fig.1A-C. Specimen recordings from an experiment with histamine iontophoresis applied tothe inner
side of the forearm. Three different charges were applied to different skin sites. Upper traces: ratings of
the intensity of itching given by the subject on a visual analogue scale at 10-s intervals. Middle traces:
relative increases in blood flow in the flare region measured with a PERIFLUX laser Dopp-
ler lowmeter. Lower traces: duration and magnitude of current application. The sizes of the wheal and
flare reactions are shown at the right side of the figure
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In a more carefully designed study in 22 subjects (12 female, 10 male) these results were
corroborated. Five stimulus levels (0, 0.156, 0.625, 2.5, and 10 mC) were applied in random-
ized order to the inner side of the forearm. As in the pilot study, the subjects were blind with
respect to the stimulus magnitude, In this second study, again the correlation coeflicients of
the logarithms of the charges with RWH were 0.88. The respective correlations between the
logarithms of the charges and mean fluxes were 0.72. The RWH parameter, for example,
seems Lo be a better predictor of itching than the stimulus level. When itch responses were
standardized on the basis of a first training stimulus of medium size, the correlation coefTi-
cient of RWH and itch was as high as 0.66 (p <0.0001).

Time courses of the mean itch responses to a given charge are characterized by maxima
occurring approximately 1 min after the end of the current application. The responses de-
clined exponentially with time constants of 155-205 s.

Eight percent of the stimuli elicited no itch (9 of 110). These misses occurred at difTerent
stimulus levels.

The Influence of Nerve Blocks and of Capsaicin Pretreatment

Differential blocking of nerve fibers is one approach to identily those fibers which trans-
fer the itch signals.

A pressure block of the superficial radial nerve was performed in 16 subjects (9 male,
7 female). The average values of the blood fluxes in the Nare region and of the itch re-
sponses obtained in the course of this procedure are shown in Fig. 2.

None of the small changes in average responsiveness observed in the course of the block-
ing experiment were statistically significant. A first control stimulus delivered to the back
of the right hand induced a somewhat smaller flux and an itch response which declined
more slowly. Itch responses obtained during the blocking procedure were rather similar in
the skin field at the right hand undergoing the blocking and in the contralateral field. We
have also tested whether the itch sensations did change qualitatively in the course of the
blocking. Some subjects (5 of 16) reported an increase of burning sensations under blocking
conditions. It was, however, hard to discriminate whether this burning was induced by the
pressure block itself or by the histamine stimuli, in particular since more prominent burning
* sensations in the course of the experiment were reported by those subjects who also exhib-
ited block-induced afiersensations for some days. The majority of the subjects (11 of 16) had
no block-induced aftersensations. When their data were analyzed separately, a small de-
crease of the itch response was found (p < 0.05) under total A-fiber blockade.

It is well established that a subgroup of afferent C fibers containing neuropeptides is
characterized by a selective sensitivity to capsaicin (methyl-vanillyl-nonenamide) (for a
review see Szolcsanyi 1985). We tried to block the receptive endings of capsaicin-sensitive C
fibers by repetitively painting skin fields with this agent. It has been shown previously that
C fibers sensitive to chemical stimuli can be temporarily blocked by this treatment. Painting
was repeated until the substance no longer induced burning in the treated skin area, a stage

reached after 2-3 days. Allowing some time for the subsidence of the signs of inflammation,
thic ckin firld chawed a ctranslv increaced threchald ta heat stimnli whereas the sensitivity
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Fig. 2. Mean itch ratings (upper diagram) and mean blood flux measurements in the erythematous
zone alter histamine iontophoresis obtained in experiments with pressure blocks of the superficial
radial nerve. VAS, visual analogue scale; V, Periflux reading in voltage
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Fig. 3 A-D. Itch reaction and the respective flare reaction (blood flux measured with the Periflux)
obtained from a skin site at the inner side of one forearm 2 weeks after capsaicin treatment (B, D) and

from the contralateral untreated forearm (A, C)VAS, visual analogue scale; IP, intervention point
(scratch); V, Periflux reading in voltages; S, stimulus (histamine)
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Fig. 4 A, B. Speci}ﬁén recordings [rom an experiment in a patient undergoing a stellatum blockade. A
Control recordings of itch and flux reactions. B Recordings obtained after development of the block
which is documented by the increase in blood flow documented by finger photoplethysmography in
trace C. a Ratings of itch intensity. IP, intervention point (scratch). b Blood fluxes through the skin
affected by histamine iontophoresis measured with a laser Doppler flowmeter. ¢, d Finger plethysmo-
grams from the middle fingers of both hands -

to cold and to Frey hair stimulation was not altered. Vasodilatation following transcuta-
neous electrical stimulation strong enough to excite C fibers was reduced to 5 % of control
values (Westerman et al. 1986). Histamine iontophoresis in a capsaicin-treated skin field no
longer provoked itch sensations. The flare was also abolished, whereas the wheal reaction
was unchanged. If the iontophoresis electrode was placed close to the border of the pre-
treated skin field (e.g., in a distance of 2-3 mm), a flare sometimes developed outside of the
capsaicin-treated area. In these cases itch was felt by the subject, and it was localized in the
flare region. Within 2 weeks after termination of the capsaicin treatment the itch response
to histamine iontophoresis recovered completely. However, the flare response remained
diminished for a longer period. Figure 3 shows an experiment conducted 2 weeks after cap-
saicin in a treated skin field and at the contralateral forearm. .

According to occasional clinical observations, pathological itch states may be relieved by
a block of the sympathetic chain. We were able to test three patients who had to undergo a
blockade of the ganglion stellatum, which temporarily interrupted the sympathetic outflow
to one arm. In none of these patients were we able to demonstrate a diminished itch
response to histamine after blockade of the sympathetic innervation, which was proven by
finger plethysmography revealing an increase in blood flow. Figure 4 shows an experiment
with sympathetic blockade.
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Microneurographic Recordings During Histamine Iontophoresis

A direct approach to the presumed “itch fibers” is by use of the microneurographic tech-
nique. We have tried to record impulse activity in dilferent types of nerve fibers from the
superficial radial nerves of volunteers and to apply histamine iontophoresis to the receptive
fields. Ideally, one should be able to compare directly impulse patterns of afferent C fibers
with subjective itch sensations, and thus to find the best candidates for the coding of itch.

We found, however, that under the conditions of microneurography itch is more rarely

induced by histamine iontophoresis than under the conditions of a purely psychophysical - --

experiment. We assume that this is due to the prolonged immobilization of the arm, which
may induce an altered responsiveness of central sensory neurones. Furthermore, the mani-
pulation of the nerve itself may induce a suppression of itch.

When recording from polymodal C fibers we were surprised that most of them did not
respond to histamine. In some others we found a bursting discharge of low frequency which
was hard to discriminate from background sympathetic discharges. Qur sample of afferent
C fibers (identified by the conduction delays to electrical stimulation in their receptive
fields) is still too small to estimate the exact percentage of polymodal C fibers which show
protonged afterdischarges - albeit of low frequency - after histamine iontophoresis. The
proportion of responding C fibers is, however, apparently less than 20 %. In a parallel study
on anesthetized rats with a similar iontophoresis technique we found an even lower respon-
siveness of polymodal C fibers in this species. Ten “polymodal” C units and four C mecha-
noreceptors were tested. None of them responded to histamine with prolonged after-
discharges. Figure § shows the discharge pattem of a polymodal C fiber (recorded in man)
to histamine iontophoresis in the receptive field. In the course of the recording additional
sympathetic activity was recruited. '

Another fiber group was much easier driven by histamine iontophoresis than the C
fibers: the slowly adapting mechanoreceptors (SA) with fast-conducting myelinated fibers.
Of 10 fibers tested, five showed regular (SA II units) or irregular (SA I units) discharges
lasting for several minutes after termination of the iontophoresis. Figure 6 shows such a
recording from an SA II fiber.

Discussion - - -

Histamine iontophoresis as used in this study induced predominantly the sensation of
itching. However, other sensory attributes, such as “burmning” and “stinging.” were also used
by the subjects to characterize the stimuli. It is noteworthy that the incidence of sensory
reports out of the semantic spectrum of pain (Mumford and Bowsher 1976) did not increase
with higher current densities within the chosen range of stimuli. Thus, itching apparently
does not turn to burning with stronger stimulation, in agreement with a report on electri-
cally induced itching (Tuckett 1982).
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Fig. 5. Discharge patterns of a polymodal C-fiber unitafter histamine iontophoresis, obtained in micro-
neurography and the respective blood flux increases measured with the Periflux laser Doppler flow-
“meter. The recordings of an identified afferent polymodal C fiber were contaminated at the end of the
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Fig. 6 A-C. Specimen recordings A ofan SA Il unit after histamine iontophoresis and B of the discharge
pattern of an SA II unit during and after histamine iontophoresis obtained in a microneurographic

experiment
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The primary objective of this work was a quantitative analysis of itching with an appro-
priate stimulus method. We found that the subjects were well able to distinguish between
different levels of itch in relation to the stimulus strength. The physiological reactions to the
histamine iontophoresis, wheal and flare, turned out to be good predictors of the intensity of
itching.

Another objective was to find the nervous elements mediating the sensations induced by
the histamine jontophoresis. The results of our blocking experiments indicate that C fibers
are the most relevant - if not the only - fiber group mediating the sense of itch. This is also
indicated by the experiments of Bickford (1938) using ischemic and cold blocks of skin
nerves. Furthermore the-experiments with capsaicin painting of skin fields have shown that
these C fibers are sensitive to this agent, a characteristic of peptidergic C fibers (Jancso et al.
1967, 1985; Lembeck and Gamse 1982). Among the different functional subgroups of C-
fibers, in particular the “polymodal” C fibers are sensitive to capsaicin (Szolcsanyi 1985),
i.e., those which are sensitive to strong mechanical stimulation, to heat, and to chemical sti-
mulation (Bessou and Perl 1969). It has been shown in animal experiments that some of

. these fibers are sensitive to close arterial bolus injection of histamine (Fjallbrandt and Iggo
1961; Juan and Lembeck 1974). However, histamine is far from being the most effective sub-
stance for driving this fiber group. No group of exclusively chemosensitive fibers has yet
been described in animal or in human experiments. One has to keep in mind, however, that

search stimuli in single-fiber experiments are more often mechanical than chemical stimuli.

Though the indirect evidence of our blocking experiments indicates that polymodal C
fibers are most probably the sensors for itch, little evidence was found in our microneuro-
graphy experiments for an excitation of C fibers by histamine iontophoresis. Similar weak
effects of histamine on polymodal C fibers have been observed previously in the cat (Fjill-
brandt and Iggo 1961). We ourselves have seen no clear C fiber afterdischarges in the rat
when a similar technique of histamine iontophoresis was used as in human psychophysics
and microneurography.

Since most of the polymodal C fibers do not respond at all, it is rather unlikely that itch is
mediated just by a weak excitation of the whole population of C fibers. It is much more
likely that a small subgroup of the C fibers mediates itch. Most probably these “itch fibers”
have their receptive endings in the most superficial Jayers of the epidermis (Shelley and
Arthur 1957; Keele and Armstrong 1964), since a sufficiently high concentration of hista-
mine is induced by the iontophoresis primarily in these superficial layers. It is well known
that injection of histamine into deeper skin layers with a vaccinating pistol induces not itch,
but pain (Lindahl 1961). _ ) - N

~ One side aspect of our microneurography experiments was the finding of the high sensi-
tivity of myelinated SA fibers to histamine iontophoresis. It is unclear whether these SA
fibers respond directly to the chemical stimulation or indirectly to the changed turgor of the
skin. Since the impulses of these SA fibers were most probably blocked in our pressure
block experiments, this part of the iontophoresis-induced input is lacking under blocking
conditions. This apparently does not change the itch sensation to a greater extent. It is asto-
nishing that this barrage of nervous impulses in a group of myelinated fibers seems to have
so little impact on the itch sensation.



472 H.0. Handwerker, W Magerl, F Klemm, E. Lang, and R. A. Westerman

Acknowledgements.  This work was supported by the Deutsche Forschungsgemeinschaft
and by the Wilhelm-Sander-Stiftung. We wish to thank these institutions.

We wish to thank C. Forster, who participated in the microneurography experiments and
was helpfulin the statistical analysis, and Prof. Szolcsanyi for his help in the capsaicin exper-
iments. Prof. Frosch kindly provided us with a laser Doppler flowmeter. We are grateful to
D. Bechtle and M. Weinrich for typing the manuscript and to all subjects who volunteered
for our experiments.

Note added in proof: .
The results on the lack of flare and itching after histamine application in capsaicin pre-
treated skin has been confirmed recently by Toth-Kasa et al. (1986).

TotH-Kasa I, JaNcso G, BoGNAR A,Husz S, OBaL F (1986) Capsaicin prevents histamine-
induced itching. Int J CIin__Phgm_lacol Res 6:163-169
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SUMMARY AND CONCLUSIONS

1. A high-voltage low-current transcuta-
neous electrical stimulating device was con-
structed and tested for its suitability to evalu-
ate fabric-evoked prickle sensitivity in a pop-
ulation of 162 subjects. The initial sensation
experienced by subjects with this device was
the unpleasant sensation of prickle.

2. Single-unit recordings from the rabbit
saphenous nerve established that at threshold
most unmyelinated cutaneous receptors,
both C low-threshold mechanoreceptive and
polymodal nociceptive, were activated by the
device,

3. Threshold measurements showed that
there was no relationship of electrical thresh-
old to atopic status, nor to fabric prickle
threshold. It was concluded that our device
preferentially excites unmyelinated afferents,
but is not useful as a screening device for
fabric intolerance.

INTRODUCTION

The use of electrical stimulation of the
skin to investigate cutaneous sensation has
been employed since the time of von Frey
[for a brief review see Gibson (9)]. More re-
cently, its possible role as a substitute sensa-
tion for visually and aurally handicapped
people has been explored (2, 19). The range
of sensations evoked by transcutaneous elec-
trical stimulation have varied from tactile
(touch, vibration, etc.) to pricking pain and
itch; thermal sensations, however, have
rarely been reported (1, 2, 4, 10, 14, 15. 17,
19, 20, 25). Often in these studies only very
small changes in stimulus parameters are
needed to convert tactile sensations to pain
and vice versa.
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Our interest in transcutaneous electrical
stimulation concerned the development of
an easily applied test for pricking pain sensi-
tivity that could be used as a screening test to
distinguish in a population of subjects those
that are fabric intolerant. Although others
have devised methods to measure cutaneous
electrical threshold (14, 20), that of Bishop
(4). who used the spark discharge from a ca-
pacitor to evoke sensations of pricking pain
rather than touch as a first sensation, seemed
an appropriate starting point. As recruitment
of nerve fibers during electrical stimulation
generally proceeds from largest diameter to
smallest, and all available evidence indicates
that, in man, pain is due to activation of thin
fibers (A6 for pricking pain and C fibers for
burning pain) this reversal of expected re-
cruitment order would seem to require some
anatomical advantage of the smaller-diame-
ter fibers in these experimental conditions.

This paper reports the development of a
transcutaneous electrical stimulation device
that preferentially evokes pricking sensations
and its testing in animal experiments. A ra-
tionale for preferential stimulation of small
nerve fibers is presented, with a mathemati-
cal model in the APPENDIX. The results of a
psychophysical study of 162 subjects (classi-
fied for atopic status by a consultant derma-
tologist) tested by this device are also pre-
sented. A preliminary report of some of these
results has already appeared (28).

METHODS

Human experiments

The transcutaneous electrical stimulation de-
vice (see Fig. 1) consists of a Teflon probe 2 cm in
diameter containing a pair of etched tungsten nee-
dle electrodes, S mm apart. The needles have a tip

0022-3077/88 $1.50 Copyright © 1988 The American Physiological Society
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FIG. 1. A: TENS stimulator. Probe at the bottom left is the one used in animal experiments, insert at the bottom
right is that used in human experiments. Adequate skin contact between the Teflon probe and the subject’s forearm
or animal’s skin is attained when the meter indicates current flow. Note that during testing a screen hides the
instrument from the subject’s view and auditory cues are excluded. B: circuit diagram of TENS device. For DC-DC
converter see Bird (3); 3.5 digit meter is Dick Smith model number K-3450.

radius of several micrometers and are arranged so  Electrical current is applied via the needles from a
that each point is just in contact with the skin constant-current device of 500-V compliance (see
surface when the probe itself rests on the skin. circuit diagram Fig. 1B). The wires to the probe



are kept as short as possible to minimize intro-
duction of stray capacitance effects. Ten resistors,
“R" in Fig. |B. in the range 12-6,400 MQ were
chosen such that at each successive step current
was half its previous value. Currents applied were
between 107 and 10~° A, and were chosen by
selecting the appropriate resistance.

Threshold of sensation on the forearm to ap-
plied current was estimated in each subject using a
“forced choice™ paradigm. The subject was placed
behind a screen and asked to place the probe
lightly on their forearm, with each contact last-
ing ~1-2 s. During each contact, current flowed
through the skin with its density decreasing with
increasing depth below the stratum corneum. The
subject was allowed a brief familiarization time,
then pairs of 15-s blocks of test times were al-
lowed, current flowing only in one block of each
pair. All extraneous cues were minimized or
masked as far as possible, and the subject was
asked to decide immediately after the second
block of each pair in which block current flowed.
Stimuli were varied in a pseudo-random manner
and a graph was constructed for correct responses.
The threshold value was found by interpolating
from this graph to the 75% correct score. Because
there is a widespread belief among dermatologists
that atopic status confers on people a heightened
sensitivity 1o cutaneous irritation. subjects were
also classified as to their atopic status by a consul-
tant dermatologist (Dr. P. Fergin). Standard clini-
cal assessment of atopy was used, based on exami-
nation, clinical history (12), and response to prick
testing with mixed grass pollens (10,000 U/ml;
Commonwealth Serum Laboratories), Dermato-
phagoides pterinissinus (10,000 U/ml; Common-
wealth Serum Laboratories), and wool extract
(1:1,000, Hollister-Steer). Histamine (1:1,000)
and human serum albumin-—saline were used as
positive and negative controls, respectively.

Animal experiments

Adult New Zealand white rabbits of either sex
were anesthetized by a dose of urethane (0.5 g/ml)
iv injected into the marginal ear vein. Once deep
anesthesia had been achieved the trachea was
cannulated and the left saphenous nerve was dis-
sected free in the upper thigh, cut centrally, and
prepared by standard nerve microdissection pro-
cedures to enable recording from single cutaneous
sensory nerve afferents. Conventional stimulation
and recording procedures were used. Single sen-
sory afferents were classified, using conduction
velocity (calculated from electrical stimuli applied
4 cm distally to the nerve trunk) and response to
mechanical and thermal stimuli using published
criteria (6), into the following groups: Af (hair
receptors, QA field receptors, SAI and SAIl), Ad
(hair and high threshold), and C (low-threshold
mechanoreceptive and polymodal high thresh-
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old). Chemical stimuli were not used. Once clas-
sified they were then tested with a modified TENS
probe (shown in Fig. 1) in which a negative polar-
ity single central needle was placed inside an outer
positive polarity brass barrel (3 mm diameter)
mounted on an X-Y micromanipulator. For a re-
cording to be accepted for analysis the receptor in
question had to have the Jargest action potential
in the nerve bundle under study and a signal-to-
noise ratio of at least 5 to 1. Results were recorded
on an FM tape recorder (Tandberg) and were an-
alyzed “off line" using a BAK window discrimi-
nation to trigger a Digital computer with 6809
microprocessor to produce instantancous fre-
quency plots.

Once positioned over the receptive field the
probe was lowered so that it just rested on the
skin. This probe design was chosen for the animal
experiments as it was a physically smaller system.
and the use of a single needle allowed more accu-
rate positioning of the active electrode on the re-
ceptive field. The design also led to a large reduc-
tion in stray capacitance effects from the pro_be
touching the skin blocking the action potential
recording amplifier.

Although the probe design was changed the es-
sential element was retained in both—the method
of applying current to the skin. The requirement
is for a negatively charged point source of current
with some return path to complete the circuit.
both probe designs retain this essential feature
using the same tungsten ncedles and height above
the skin. In preliminary experiments on human
subjects, it was found that varying probe shape or
separation of the two needles changed the abso-
lute threshold but did not alter the sensations once
threshold had been exceeded. This result was as
expected as the method of current application 1s
the same and only the resistance in the current
path to the return electrode is varied. Tests in
human subjects confirmed that essentially the
same pricking sensations were evoked by the ani-
mal probe as by the human probe.

RESULTS

Human experiments

In the human experiments the strategy
employed by the subjects using the TENS
probe was generally one of two types, but
sometimes a combination. Some subjects
would choose a particular spot on the fore-
arm, which they claimed responded with a
distinct prick and repeatedly tested the same
spot. Others would tap over a large area of
the forearm without any particular favorite
arca. Sometimes a particular spot or spots
was favored, but surrounding areas also
tested in any trial.
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All subjects reported that the initial sensa-
tion evoked by TENS was a pricking or itch-
ing sensation, localized to a small area under
the probe. This sensation increased in inten-
sity with increasing current, but only rarely
were other sensations (usually tactile) re-
ported. After-sensations of prickling or itch-
ing persisting for some seconds following
probe removal were sometimes reported at
higher current levels. At threshold, as deter-
mined by the forced-choice method, often no
clear definable sensation (neither prick nor
tactile) was present, even though the sub-
ject could accurately tell when current was
flowing.

A graph plotting TENS threshold for 162
subjects separated into three groups (atopic,
latent atopic, and nonatopic) is presented in
Fig. 2. As can be seen, although there is a
lower absolute range for atopic subjects,
there is no significant difference in the means
and standard deviations of these populations
indicating that determining electrical thresh-
old to our TENS device is not a useful
method to define atopic status. Fabric
prickle threshold, determined as previously
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FG. 3. Fabric-evoked prickle threshold vs. TENS threshold plotted on the ordinate (with current values also
shown). Both geometric mean and standard deviations are plotted. No obvious differences can be seen between
subjects with a fabric threshold of 2 (very sensitive) and those with a threshold of 7 (very insensitive).
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TABLE 1. Skin receptor response to TENS
No. Responding to
No. TENS at 5 uA

Receptor Type Tested or Less

Af Hair 8 0
Field QA 4 0
SAl S 0
SA Il 5 0

Aé Hair 8 0
High threshold 9 1

C mechanoreceplor 15 13
Polymodal 24 21

reported (28), can also be plotted against
TENS threshold. As shown in Fig. 3 the
mean and standard deviation of TENS
threshold number is plotted against fabric
threshold. For convenience a scale of corre-
sponding current values (in microampere) is
also supplied and it must be emphasized that
the mean value is the geometric mean. As
there is such a large variation from each
mean it would appear that there is no rela-
tionship between TENS prickle threshold
and fabric-evoked prickle threshold for those
same 162 subjects. Thus TENS is not a use-
ful means of identifying fabric intolerance.

N,,.

2% a ee°
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Animal experiments E

Table | shows the numbers and types of
sensory units tested with the TENS device in
this study. A value of 5 uA was chosen to
construct this table as all human subjects had
thresholds below this value. Further, most
afferents responding to TENS did so at lower
values, as shown in Figs. 6 and 7, but those
not responding did not do so even at much
higher currents. To avoid spurious results
from large currents damaging the skin values
above 5 pA were not routinely tested. but it
seemed obvious that currents exciting C
fibers were at least two orders of magnitude
below those exciting other afferents. No AB-
afferent of any type responded at current
values within the threshold range for human
subjects. With the exception of one high-
threshold unit. no Aé responded. This soli-
tary Aé had a low conduction velocity of 5.5
m/s but otherwise appeared to be a typical
Aé medium- to high-threshold unit. Most,
though not all C units, both low and high
threshold responded to TENS stimulation at
current levels within the threshold range for
our human subjects. There was no obvious
reason as to why some units did not respond.

Responses of six different units to a cur-
rent of 5 uA are shown in Fig. 4 for C mecha-

5 SECS

FIG. 4. TENS-evoked discharge in 6 low-threshold C mechanoreceptors recorded from the rabbit saphenous
nerve to a current of 5 uA. Each trace is an instantaneous frequency plot, height of each dor above the line
rcprese_nting frequency of each action potential elicited relative to the previous one. Arrows mark the moment in time
of turning “on” and “‘off”" the TENS device. Bar scales represent 0-25 Hz and 5 s, respectively.
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AG. 5. TENS-evoked discharge in 6 polymodal C nociceptors to 5-uA current. Same display method as in Fig. 2.

noreceptive and Fig. 5 for C high-threshold
polymodal receptors. The six units in each
case were chosen to display the range of re-
sponses observed. Responses could be large
or small and could begin after a delay or al-
most as soon as the current was turned on.
Within the receptive field of a unit as defined
by mechanical stimulation (hand-held von
Frey hairs) the response was punctate, areas
of maximum sensitivity to TENS corre-
sponding to areas of maximum mechanical
sensitivity. Outside the points of maximum
sensitivity a response that was smaller and/or
occurred with a longer delay could be
evoked, usually at a higher current. The re-
sponse sometimes persisted beyond the stim-
ulus and *off” responses were observed.

These effects may be related to the phe-
nomenon known as “anodal break stimula-
tion™ (16, 22), as relatively long current
pulses were used and the position of the
cathode relative to a nerve ending in the skin,
especially as there may be a number of such
endings each acting independently, could
lead to a virtual anode effect.

Increasing current strength above thresh-
old evoked a larger response, often at a
shorter latency. This is shown for two of the
most sensitive C mechanoreceptive units in
Fig. 6 and two of the most sensitive C poly-
modal nociceptive units in Fig. 7. This effect
was, however, often masked at suprathresh-

old currents by fatigue of the unit. A supra-
threshold stimulus repeated at the same
point on the receptive field evoked a smaller
response or required a stronger stimulus.
This fatigue was restricted to the point of
stimulation; other hot spots for any particu-
lar unit, if more than one existed, had very
similar thresholds to their initial TENS stim-
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AG. 6. Effect of increasing TENS current strength on
the discharge of 2 C low-threshold mechanoreceptors,
displayed side by side. Same display method as in Fig. 2.
Current levels were a, 0.03 uA; b, 0.08 pA; ¢, 1.3 A, and
d, 5 uA. Note increased discharge and decreased latency
to increased current strength.
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FIG. 7. Increasing TENS current on 2 polymodal C
nociceptors. Same display method as in Fig. 2, same
current strengths as in Fig. 6. Note increased discharge to
increasing current strength and conversion of an ‘off”
response to the more normal ‘on’ response in the second
unit.

ulation. Fatigue could persist for up to many
minutes in some units, but no systematic
studies on the time course of recovery were
undertaken.

DISCUSSION

The animal experiments reported here
confirm that our TENS device, at current
levels corresponding to the threshold range
for human subjects, selectively excites unmy-
elinated sensory C nerves in the rabbit skin.
Our explanation for this selectivity is as fol-
lows. Because of cable properties of axons,
the largest diameter, fastest conducting nerve
fibers have the lowest threshold for extracel-
lular electrical stimulation. Thus the recruit-
ment of nerve fibers generally proceeds from
largest to smallest. To reverse this order re-
quires that the smallest-diameter nerve fibers
are exposed to the greatest stimulus current
density, i.e., are closest to the stimulating
electrodes. This presupposes that they termi-
nate more superficially in the skin.

The large-diameter sensory nerve fibers
are thought to terminate mainly, if not exclu-
sively, as anatomically distinct receptors, the
most superficial in hairy skin being the Mer-
kel cells, which lie in the basal layers of the
epidermis (21). Other specialized endings lie
much deeper. Thus, if small-diameter nerve
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fibers are going to have an anatomical ad-
vantage, they must terminate high within the
epidermis. Cauna (7) reports penicilliate
endings that appear to be derived from un-
myelinated nerve fibers and have occassional
axonal twigs extending into the epidermis as
far as the stratum corneum. Immunofluores-
cence techniques have demonstrated the ex-
istence of substance P-containing nerve
fibers within the epidermis (5, 8), with some
fibers terminating just beneath the stratum
corneum. Substance P is reportedly found
only in unmyelinated C fibers (21). Thus
there is compelling evidence to suggest that
those nerve fibers that terminate most super-
ficially within hairy skin are those with the
smallest diameter axons.

TENS will preferentially engage the super-
ficial fibers if needle surface electrodes are
used to ensure that the electric current den-
sity within the skin falls rapidly with depth
below the surface. Because of the insulating
properties of the stratum corneum, the elec-
tric current will channel its way through this
layer and only then start spreading. At least
some of the small nerve fibers terminate just
beneath the stratum corneum, giving them
an advantage by their location.

Duration of the transcutaneous current
pulse is also important when preferential
stimulation of small nerve fibers is required.
Ranck (16) has shown that durations should
be much greater than 1073 s. Then current
thresholds are at the ‘rheobase’ level and
largely independent of pulse duration. The
length of time for which the probe contacted
the skin for each tap by a subject was gener-
ally 1 s and often longer, placing small nerve
fibers at less of a disadvantage.

The question as to which types of human
nerve fibers are being stimulated by our
TENS device has not been directly answered
by these experiments. However, using the
available data from the animal experiments
and the work of others (1, 11, 23. 24, 26, 27).
a convincing argument can be presented for
polymodal C nociceptors, possibly with Ad
nociceptors, being stimulated. In the animal
experiments only C fibers were excited by
TENS, and as no low-threshold C fibers exist
in man (11, 23, 24, 26, 27), only polymodal
C nociceptors are left as a possible candidate.
Ad high-threshold afferents cannot be ruled
out even though only one afferent in our
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population of 17 rabbit Aé receptors re-
sponded (and this may have been an aber-
rant fiber), as recent evidence has shown that
in man A$ and C nociceptors have similar
properties (1, 27). This notion is further sup-
ported by nerve block experiments where it
was shown that changes in fabric-evoked
prickle sensation and in the sensation evoked
by TENS occurred in parallel to changes in
presumed small nerve fiber function (28)
(and unpublished observations).

It was obvious in those experiments that
prickle sensations persisted when all Ag af-
ferents were blocked and recovered together
with pain and thermal sensations. The inher-
ent difficulties in nerve block experiments
(22), especially as the block itself is uncom-
fortable and leads to unusual sensations,
make it difficult to determine whether these
diffuse sensations were due solely to C fibers
or what component should be ascribed to Ad
fibers. Reaction time experiments were not
undertaken, as these are suitable only for
clear easily defined sensations that do not
require much central processing before a de-
cision as to the presence of a stimulus is
made.

An interesting sideline in our human data
is that we have lowered the accepted thresh-
old for sensations of electric current of ~1
mA to 0.08 pA. That the former is far too
high has been shown in experiments by
Grimnes (10). Under the conditions of his
experiments most subjects reported that cur-
rents as low as 2 pA evoked the vibrotactile
sensation of roughness. Our experiments
confirm that subjects can sense currents
much lower than previously thought, which
as pointed out by Grimnes, is an important
consideration in detecting current leaks that
could become hazardous.

An approximate mathematical derivation
is given in the APPENDIX of the relationship
between threshold current and depth be-
neath the stratum corneum of the polymodal
C nociceptors. The current thresholds ob-
tained are consistent with at least some C
fibers terminating high within the epidermis.

The data from our 162 subjects tested for
both atopic status and electrical prickle sensi-
tivity do not confirm the widely accepted
opinion that atopic status confers a height-
ened sensitivity to skin irritation, at least as
measured in our experiments. Variation of
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sensation and pain thresholds with time of
day {and not with mood state of the subject
(18)] could not explain this result as most
subject testing was carried out between noon
and 4:00 P.M., and the almost total overlap of
the three populations (atopic, latent, and
nonatopic) makes it unlikely that any major
differences exist. This result is in agreement
with our earlier study (28) in which no corre-
lation of atopic status to fabric-evoked dis-
comfort could be detected. Unfortunately
there was no correlation between TENS
threshold and fabric-evoked prickle thresh-
old. Until evidence to the contrary is pre-
sented we conclude that sensitivity to skin
irritation both by fabric and TENS is not
directly related to atopic status as presently
defined and that the TENS-evoked prickle
threshold is not the same as fabric-evoked
prickle threshold.

APPENDIX

Computation of TENS thresholds

The coordinate system used is shown in Fig. 8.
Also shown is the relative disposition of the stimu-
lating electrode and nerve axon. The disposition.
though stylized, does represent the one with the
lowest threshold among nerve axons terminating
at a depth 4 beneath the stratum corneum. The
electric current will be assumed to channel
through the stratum corneum with negligible lat-
eral spread. The diameter of the nerve axon will
also be assumed negligibly small.

Since threshold excitation is being considered
for very long current pulses, the capacitance of the
nerve membrane can be neglected. Threshold de-
polarizations are reached by virtue of the stimulus
current developing an ohmic voltage across the
steady-state resistance of the membrane. A thresh-
old depolarization of 20 mV will be assumed
(13a). The standing polarization of the membrane
does not affect the mathematical development
and will be placed equal to zero.

Abbreviations
I electric current
P average resistivity of the epidermis beneath the

stratum corneum

V,(Z) voltage along outside surface of nerve mem-
brane

Vi(Z) voltage along inside surface of nerve membrane

ra internal longitudinal resistance of axoplasm per
unit length of axon

Fm radial resistance of unit length of axon mem-
brane
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FIG. 8. Schematic diagram showing coordinate system and disposition of electrical stimulus and nerve axon. For

further explanation see text.

i radial membrane current per unit length of
axon; positive for inward current flow

iy axoplasmic current flow; positive for current
flow away from nerve ending

d depth of nerve ending beneath stratum corneum

For an isotropic spread of current beneath the
stratum corneum, ohm’s law gjves

IoR
w=—# )

for the potential drop across a hemispherical shell

of inner radius R and outer radius R + §R. Fqua-
tion I can be integrated to give

V=

[ =]
NS

(2)

where the zero of potential has been arbitrarily
taken at infinity. Equation 2 applies in particular
along the outside surface of the nerve axon. so
that

1
V(Z) = % 3

which will be written
2y = vy 4
lo(z)— ;o(d) z (4)

This is the voltage variation along the outside sur-
face of the axon membrane and it is now neces-
sary to find the corresponding voltage along the
inside.

The increase in axoplasmic current in going
from Z to Z + 6Z is given by



PRICKLE SENSATIONS EVOKED BY TENS

8iy = im-8Z (5)
which, by virtue of Ohm’s law, becomes

@)
6( r.- 87

) =in*8Z (6)

After some rearrangement, £q. 6 becomes

v,
6_'62(4___”._[‘“ (7)

and Ohm’s law can be used once again to give

BV h o
D@ n@ ®

It is convenient to write
O 9)

where a is the reciprocal of the ‘charactenstic
length’ of the nerve axon (2). As a rule, the greater
the length constant of a nerve axon, the more
readily can it be stimulated. Equations 4 and 9
enable E£g. 8 to be written as

B(Z) _

5Z° @

a(Z) = ~aVold)- 2

which must be solved to give the voltage along the
inside surface of the axon membrane.
The substitutions

x=aZ, and (¢F))]
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FIG. 9. Normalized voltages along inside and outside
surfaces of the nerve membrane as a function of normal-
ized distance beneath the stratum cormeum (a = § X
107} um~! for Z in micrometers). The curve has been
computed for ad = 0.1, i.c., the nerve ending is at the
normalized depth of 0.1.
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AG. 10. Membrane voltage ratio at the nerve ending
as a function of the normalized depth of the ending
beneath the stratum comeum (a = 5 X 107* um™' for d
in micrometers).

_h 1
Y=V ad (2
enable Eq. /0 to be written as
d’y 1
o et (13)

Equation 13 will be integrated subject to the
two boundary conditions
dy

Z’;=0 for x=ad
and

y=>0 for x—» x

The first condition reflects the fact that the axo-
plasmic curvient must be zero at the nerve ending.
the second that the voltage inside the axon mem-
brane must tend to zero at large distances from
the ending.

Integration of Eq. I3 then gives

y = Yae *-[E{x) — Ei(ad) + €2+ E (ad)] + 2*E(x)

(14)
where
Ei(x) = f ‘ %’d'y (15)
and
X e"]
Ew= [ = (16)

are the exponential integral functions (27a).
Equation 14 together with Egs. 11 and 12 specify
the voltage variation along the inside surface of
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FIG. 1. Depth of nerve ending beneath the stratum

corneum as a function of electric current at threshold for
sensation.

the axon membrane. This variation and the volt-
age variation along the outside surface are shown
in Fig. 9 for the case ad = 0.1. For small-diameter
nerve fibers, @ ~ 5 X 1072 um~' (2) so that for this
case d = 20 um. The voltage difference V,(Z) —
Vi(Z) is a measure of the current flowing through
the nerve membrane, and it can be seen that a
reversal of the flow direction occurs at aZ ~ 0.6.
Thus, if the membrane is being depolarized by
current in its distal part, then it is being hyperpo-
larized in its proximal regions.

Attention will now be directed to the nerve end-
ing itself. For x = ad, Eq. 14 becomes

y = e*E\(ad) (17)
or
Vid
Vn((d; =ad-e*. E\(ad) (18)

Equation 18 is graphed in Fig. 10, and it can be
seen that for nerve endings deep beneath the stra-
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SUMMARY AND CONCLUSIONS

1. The neurophysiological basis for the
sensation of prickle evoked by contact of
some fabrics with the skin is reported.

2. Single-unit sensory nerve recordings
from the rabbit saphenous nerve were used
to identify the receptors responsible for fab-
ric-evoked prickle. These recordings showed
that all low-threshold mechanoreceptors
were activated by fabric, but they did not
show differential response to prickly and
nonprickly fabrics.

3. However. the response of some noci-
ceptors, both Aé and polymodal C, differed
according to the prickliness of fabrics. Some
of these receptors responded to fine von Frey
hairs with buckling loads of at least 75 mgf.
This suggested that the prickle stimuli on the
fabric surface were protruding fiber ends that
exerted loads of 75 mgf. or more, against the
skin.

4. A Teflon replication technique was de-
vised for estimating the density of these fiber
ends. Estimates of the sensation magnitude
of prickle from graded fabric sets by a panel
of 55 subjects correlated (coefficient 0.91)
with this measure of fiber end density.

5. We conclude from these results that
fabric-evoked prickle is the result of low-
grade activity in nociceptors and that the
stimuli are protruding fiber ends exerting
loads of ~75 mgf or more against the skin.

INTRODUCTION

When one considers the richness of sensa-
tions experienced by touching objects it is
surprising how little we know of the neural
basis for these sensations. Although a consid-

0022-3077/88 $1.50 Copyright © 1988 The American Physiological Society

erable amount of information is available as
to the processing of simple stimuli, relatively
little is known about complex sensations.
For example, the elegant experiments of
Mountcastle’s group (16, 23). by combining
physiological studies on monkeys and psy-
chological studies on humans, have eluci-
dated the coding mechanism of the sense of
vibration. There are, however, more elusive
sensations that are difficult to adequately de-
scribe and reliably produce. Unpleasant sen-
sations such as prickle and itch are such a
group. lacking a clear definition. It is not
even known whether the two are separate
sensations as evidenced by the term “‘prick-
ling itch” found in the literature (9). Al-
though itch has been defined as “‘an unpleas-
ant sensation that provokes the desire to
scratch™ (6), so may tickle. As the latter can
be evoked by extremely light touch it appears
to be fundamentally different to itch, which
is generally associated with nociceptors. Ex-
periments using histamine (26, 29) and elec-
trical stimulation (27) to evoke itch implicate
activation of polymodal nociceptive C-fibers.
though perhaps a subset of these receptors is
involved (27).

The experiments reported here concern
the sensation of fabric-evoked prickle, a
problem of considerable interest to ‘the gar-
ment industry. This type of prickle is often
described as consisting of many fine pin-
pricks, and a minimum area of contact be-
tween fabric and skin is required for an un-
ambiguous sensation. Subjects often report a
desire to scratch. In our experiments this
sensation was best evoked by placing a coarse
fabric on the forearm and gently moving the
fingers of the other hand over the back of the
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cloth in a rocking motion with varying light
pressure. Rapid movement results in a sen-
sation of roughness and not prickle, whereas
strong pressure either reduces the sensation
of prickle or converts it to frank pain. It is
not possible to evoke prickle on the areas of
the arm that are most sensitive and have the
richest innervation, i.e., the glabrous skin of
the fingers and palm. Skin mechanical prop-
erties do appear to be a factor, as wetting the
skin (either with water or by inducing sweat-
ing) markedly enhances the sensation in
most subjects (30). Most coarse fabrics can
evoke prickle in almost all subjects, though
the sensitivity and magnitude of sensation
varies widely (30). Thus it is unlikely that a
chemical from the fabric is involved. nor is
the atopic status of the individual related to
this ability to perceive prickle (30).

By recording from all the different types of
cutaneous mechanosensitive afferents in the
saphenous nerve from the hairyv skin of the
rabbit’s hind leg these experiments hoped to
determine which types of receptors re-
sponded to the prickliness of a fabric rather
than to other fabric properties. Once the re-
ceptors mediating prickle were identified. the
main fabric property that activated those
sensory receptors was sought. From this in-
formation a technique was devised to mea-
sure the physical stimulus for fabric prickle
and this hypothesis tested on a large sample
of fabrics using a test panel. A preliminary
report has appeared (7).

METHODS

When these experiments were begun, the physi-
cal stimulus for fabric-evoked prickle was un-
known. Fabrics of very similar structure and phys-
ical properties can vary greatly in the sensation of
prickliness they evoke in subjects. From a graded
series of fabrics, three were chosen for the animal
experjments. These were similar except in the
magnitude of the sensation of prickliness they
evoked in six human subjects. These three fabrics,
labeled A, B, and C, were reported by our subjects
to evoke the following sensations: fabric A was
nonprickly, fabric B moderately prickly, and fab-
nc.C very prickly. Prickliness of fabrics used in the
animal experiments thus refers to the sensations
evoked by the fabric in human subjects and does
not imply that animals can experience prickle.
However, as human and animal cutaneous sen-
sory receptors are very similar (10, 24-29, 31), the
physical stimulus for fabric-evoked prickle was
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determined in the animal expenments and the
hypothesis tested in psychophysical experiments.

Animal experiments

All animal experiments were performed on
rabbits. Adult animals of either sex were deeply
anesthetized with urethan (0.5 g/ml) injected via
the marginal ear vein. A tracheostomy was per-
formed, the left hind leg was carefully shaved with
animal clippers, and the saphenous nerve was
prepared for stimulation and recording in the
upper thigh. Standard dissection and recording
procedures were used to record single cutaneous
sensory receptors that were identified and classi-
fied as 1o type of mechanoreceptor by conduction
velocity (measured to a supramaximal electrical
stimulus applied to the nerve trunk 4 cm distal to
the recording site) and mechanical stimuli applied
to the receptive field. using established critena
[e.g.. Burgess and Perl (3)].

For a rerording 10 be accepted for analysis the
receptor in question had to have the largest am-
plitude signal in the nerve bundle, with a mini-
mum signal to noise ratio of 5 to . Signals were
recorded on an FM tape recorder (Tandberg) and
analyzed “off line.” Analysis consisted of playing
the recording through a ‘Bak” window discrimator
and using the TTL pulse so generated to trigger a
‘Digital’ VT240 computer with a 6809 micropro-
cessor. This computer generated interval histo-
grams using standard methods.

The three fabrics selected were part of the test
fabrics used in a previous study (30). Initially a
section of fabric 6 X 8 cm was applied to the skin
of the rabbit and a roller (4.5 cm diameter, 2.5 cm
wide and 50 g wt) rolled over the fabnc across or
along the leg at 0.5-2 cm/s. In later experiments.
rate of movement was controlled by an electric
motor attached to the handle of the roller. Effect
of roller speed was not systematically investigated.
however, it did not appear to influence sensation
of prickle in humans or the pattern of discharge of
sensory receptors in animals to prickly fabnc as
long as 1t was slow (<5 cm/s).

The receptive field of mechanoreceptors was
explored with hand-held von Frey hairs made
from nylon monofilament [0.3 mm diameter, 0.1
to 9 gram force (gf) buckling load} and fabric
fibers (20-50 pm diam, 50-200 mgf buckling
load).

Effect of moisture on the skin was examined by
applying a thin film of distilled water onto the
skin, excess water was removed by cotton swabs
immediately before testing began. After 30 s water
was reapplied before further testing.

Human experiments

Microneurography experiments were carried
out using ‘Haer’ epoxylate-coated tungsten elec-
trodes inserted into the radial nerve above the
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elbow in healthy adult human volunteers. The
experiments were approved by the Monash Uni-
versity Ethics Committee in accordance with the
declaration of Helsinki. Standard recording and
receptor identification procedures were used and
all results recorded by a tape recorder for analysis
as in the animal experiments described above.
Nociceptors were identified as Aé or C receptors
by their conduction velocity as calculated from a
supramaximal electrical stimulus applied transcu-
taneously through stick-on ECG electrodes over
the radial nerve in the forearm. As the quality of
microneurographic recordings was not as good as
that obtained in the animal experiments, the cnite-
rion for acceptability was relaxed to a signal-to-
noise ratio of 2 to 1. In some cases. however. no-
ciceptor signals were accepted if their shape was
sufficiently unique to reliably trigger the window
discriminator, even if they were not the largest
signals in the recording. The adequacy of this lat-
ter criterion was checked by manually counting
discharges on a U-V record of selected responses
and comparing them with the responses generated
via the window discriminator.

Subjective estimates of prickliness were ob-
tained from a panel of 55 subjects consisting of
twenty 20-30 yr olds, twenty-four 30—45 yr olds
and eleven 45-60 yr olds. There were 28 males
and 27 females. Thirteen fabnics were presented. 7
in series A and 6 in series B. They did not include
those used in the animal experiments.

Each sample was presented as a 12 X 18 cm
rectangle with the fabric face covered with
bleached cotton lining stitched to the edges. Sub-
jects were thus unable to see the fabric tested and
were instructed not to do so. nor to attend to any
sensation other than prickle. The psychophysical
methods of constant stimuli and magnitude esti-
mation were used to determine threshold and
sensation magnitude of prickle. Subjects were in-
structed to place the fabric on their forearm and
were shown how to use gentle pressure with the
other hand to evoke prickle. After instruction they
were free to use whatever movement they felt was
appropriate. A nonprickly and a very prickly fab-
ric were initially presented to acquaint subjects
with the sensation. They were asked to scale sen-
sation magnitude from test fabrics relative to the
two presented on a scale from 0 to 0. This proce-
dure was chosen because the sensation of fabric-
evoked prickle is diffuse and hard to define, so it
was considered essential to provide a clear exam-
ple that subjects could then use as a reference. The
fabric chosen for the sensation of ‘10’ was suffi-
ciently above that expected during the experiment
(7 being the average maximum reported) that no
flattening at the top of the psychometric curve was
expected. Each fabric was presented six times in
random order for each series. After each tral,
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subjects were asked to give an estimate of the
magnitude of the prickle. No feedback was given.
Testing was done in a climatic room at 20 + 1°C
and 60 * 5% relative humidity to standardize en-
vironmental factors. As the magnitude estimate
scale was controlled from 0 to 10, the arithmetic
mean was used to calculate the magnitude esti-
mate for each fabric for all subjects (8).

RESULTS

Animal experiments

The types of mechanoreceptors identified
in rabbit hairy skin and tested for their ability
to respond to the prickliness of fabric are
shown in Table 1, with the number of single
units studied and the number responding to
the prickliness of fabric. All low-threshold
receptors appeared to be equally activated by
prickly as by nonprickly fabric, as shown in
Fig. | where a typical example of each type of
receptor and its response to the three fabrics
is shown. There was no obvious change in
discharge pattern or total amount of dis-
charge evoked. However, a number of the A$
nociceptors (2) and C polymodal nociceptors
(31) showed a differential response to the
three fabrics, as shown in Fig. 2 and 3. In all
such cases, there was little or no response to
nonprickly fabric but increased response to
more prickly fabrics, with the Aé nociceptors
showing a much smaller response than the
majority of the polymodal C nociceptors.
The remaining Aé nociceptors (2) and C po-
lymodal nociceptors (6) did not respond to
any fabric. Mechanical threshold of these

TABLE 1. Receptors tested for fabric-
evoked prickle
No. Differentially
No. Sensitive to
Type Tested Prickly Fabric
Ag
Hair 15 0
Field 5 0
SA I 5 0
SA Il 6 0
Ad
Hair 6 0
Nociceptor 4 2
C
Low-threshold
mechanoreceptor 12 0
Polymodal
nociceptor 37 k]|
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FIG. 2. Responses of an Aé nociceptor recorded from the rabbit saphenous nerve to the same fabrics (4, B, and C)
as in Fig. 1. Method of display as in Fig. | with D again being fabric C presented after moistening the skin. Note that
although the response was small there was an increased discharge to the more prickly fabric and possibly a slight

increase with moisture on the skin.

nociceptors as tested by standard nylon
monofilament von Frey hairs was higher, as
shown in Table 2.

The effect of applying water to the skin
was tested on most of the above receptors as
this is known to enhance prickle sensation in
humans. No low-threshold mechanorecep-
tors showed any marked change in fabric
evoked response, Fig. 1 (D compared with C)
or developed a differential response to
prickly fabric after water was applied to the
skin. In contrast most prickle-sensitive noci-
ceptors (17/26) showed an enhanced respon-
siveness to prickliness of fabric after applica-
tion of water (as can be seen in Figs. 2 and 3).
Those with an enhanced response had a

lower average threshold (Table 2). The en-
hanced response consisted of increased and
more regular discharge and this is consistent
with the increased sensation of fabric-evoked
prickle reported by subjects on wetting the
skin. Nociceptors that failed to respond to
fabric were still unresponsive after wetting
the skin.

The total discharge evoked in 15 s (mean
and standard deviation) by each of the three
fabrics for the 26 prickly fabric-sensitive no-
ciceptors studied in these experiments is
plotted in Fig. 4. The number in brackets
represents an estimate of the magnitude of
prickle of each fabric, calculated as discussed
later in this paper.

AG. 1.

Responses of single cutaneous mechanoreceptors recorded from the saphenous nerve of the rabbit to 3

different fabrics. Fabrics were placed on the skin and a 50-g roller moved over them. Fabrics (4, B, C) are presented
in order of increasing prickliness with C (the most prickly) being also tested after the skin was moistened with a film of
distilled water (D). Each dot represents the instantaneous frequency of an action potential relative to the preceding
one. Roller movement back and forth across the fabric started after same delay in each recording but continued for a
variable time. None of the different types of receptors tested (A8: hair, QA field, SA I, SA II; AJ: hair; or C:
low-threshold mechanoreceptive) showed a differential response to the prickliness of fabric, nor was the response to
fabric C obviously altered by moisture on the skin.
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AG. 3. Responses of 5 polymodal C nociceptors to the same fabrics (4, B, and C) as in Fig. | using the same
display method, D again being fabric C after moistening the skin. The 5 were chosen to illustrate the variation of
response encountered in the population studied: a, responds only to the most prickly (fabric C); b, to fabrics B and C;
and ¢, d, and e, to all 3 fabrics. However, the response is progressively larger to more prickly fabrics and is enhanced

after the skin was moistened.

The above results show that prickly fabrics
are able to excite nociceptors. By definition
nociceptors are high-threshold receptors,
typical von Frey thresholds being 0.7-13.2 gf

TABLE 2. von Frey thresholds for the
groups of nociceptors tested

Nociceptor Type No. Tested Threshold. gf
Ad fabric insensitive 2 49,78
Abd fabric sensitive 2 29,29
C fabric insensitive 6 4.7+0.9
C fabric sensitive 31 34+08
C unchanged with
wet skin 9 38+09
C increased response
with wet skin 17 32+06

Values are means + SD.

(28, 31). As no part of our fabric, e.g., fibers,
penetrate the skin of man or animals (visual
observations using a dissecting microscope).
1t is necessary to estimate the forces gener-
ated by fabrics on the skin under conditions
that evoke prickle. Estimates of pressure ap-
plied by subjects over fabric when evoking
the sensation of prickle yielded values of 2 to
10 gffem’, so that pressures from the weave
structure itself will be low. When the body of
the fabric is held above the skin by fibers
protruding from the fabric, reasonably large
pressures can be generated at the fiber ends.
These fiber ends thus act as von Frey hairs
and the forces they generate will depend on
the type of material, the diameter of the
fiber, and the length of the fiber. A minimum
length of ~0.2 mm must be assumed for
these fibers, as below this length the deforma-
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F1G. 4. Discharge of polymodal C nociceptors vs.

prickliness of fabric. Total number of action potentials
elicited by 1§ s of stimulation are plotted on the ordinate
(as the mean and standard deviation) for 26 nociceptors
both before and after moistening the skin for each of the
3 fabrics. On the abscissa the number in brackets afier
each fabric represents our measure of the density (num-
ber per 10 cm?) of high load-bearing fiber ends on the
fabric surface. There is an increased response to more
prickly fabrics, which also have a larger number of high
load-bearing fiber ends. However, moisture on the skin,
whilst evoking on average more discharge from the same
fabric than on dry skin, also increases the vanability as
some receptors were not influenced by moisture.

tion of skin will lead to bottoming out of the
fibers increasing the contact area as more
fabric touches the skin and thus reducing the
pressure at the fiber end. Measurements of
buckling loads of coarse single fibers pulled
from prickly fabrics and held at lengths simi-
lar to that protruding from fabric yielded
average values in the range 70-100 mef,
though occasionally higher forces (up to 200
mgf) were recorded.

Von Frey hairs constructed from 40 pm
diameter fibers with buckling loads of ~75
mgf were able to excite nociceptors that re-
sponded to prickly fabric, however, repro-
ducibility of the response was poor. A se-
quence of responses from similar applica-
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tions of such von Frey hairs applied within
the ‘hot spot’ (as defined by a standard nylon
monofilament von Frey hair) for four differ-
ent polymodal nociceptive C receptors is
shown in Fig. 5. Response varied from muhti-
ple discharges on some occasions, to a single
action potential, or even none on others.
Larger and more consistent responses were
obtained after wetting the skin. This variabil-
ity, which has been observed by others (28),
made it difficult to define absolute threshold
using single fabric fibers. However, most no-
ciceptors responded a significant proportion
of the time (20% or more) to fibers with
buckling loads of 75 mgf or higher but failed
to respond when buckling loads were re-
duced to 50 mgf. Nociceptors without a fab-
ric response could be activated by fibers with
greater buckling loads, however, it is doubt-
ful whether these nociceptors could substan-
tially contribute to fabric-evoked prickle, or
that they constitute a distinct population of
nociceptors.

Prickly fabric apparently evokes sensation
by causing a low rate of discharge from noci-
ceptors over a wide area of skin. The physical
stimuli are fibers protruding from the surface
that are able to generate loads of ~75 mgfor
more at their point of contact with the skin.
More detail on fabric and skin interaction is
presented elsewhere (15).

Human experiments

Low-threshold mechanoreceptors, re-
corded in the radial nerve from hairy skin on
the back of the hand and forearm, responded
in essentially the same way to prickly as to
nonprickly fabrics. Also, there was no obvi-
ous change in response after wetting the skan
with distilled water. Typical examples of the
8 quickly adapting (QA) hair receptors, 9 QA
field receptors, 6 SAI and 11 SAII receptors
tested in these experiments are shown in
Fig. 6.

Recording from small-diameter nerve
fibers is extremely difficult and only three C
and four As nociceptor recordings were ob-
tained. One C nociceptor, which was shown
by its response to mechanical, thermal, and
chemical stimulation to be polymodal (Fig.
7), and three Ad nociceptors (Fig. 8), re-
sponded differentially to prickly fabric. The
response of these nociceptors was enhanced
by moistening the skin with distilled water. A
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FIG. 5. Responses of 4 rabbit

polymodal C nociceptors to a von Frey hair constructed from a single fiber from

fabric C, buckling load (as measured on an electronic balance) 80 mgf. diameter 43 xm. Method of display as in Fig.
1, arrows mark moment of stimulation. Note vanability of response and increased discharge when the skin was

moistened (middle).

preliminary report of these findings has been
given (7).

All the above results parallel those ob-
tained in the animal experiments. However,
the human Aé nociceptor responses were
comparable to the human polymodal C no-
ciceptor response.

Once the basis for prickle had been identi-
ﬁed from animal and human nerve record-
Ings, a method was devised to estimate the
density of high load-bearing fiber ends on a
fabric surface. This method relied on creat-
INg a permanent impression of the protrud-
ing fabric fibers in stretched polytetrafluoro-
ethylene (PTFE, Teflon) tape. Six samples of

each fabric were mounted face down on
3-mm thick glass slides (60 X 40 mm) with
double-sided adhesive tape. Teflon pipe
thread tape (12 X 0.075 mm) was stretched
over glass microscope slides and an impres-
sion of the fabric formed into the Teflon by
bringing the former against the latter at a
velocity of 0.5 cm/s to a final pressure of 4
gf/cm? and held at that pressure for 20 s. As
teflon is pliable and nonelastic, a lasting im-
pression of the high load-bearing fiber ends is
thus prepared.

Due to variability of Teflon tape each slide
had 1o be calibrated prior to use. One corner
of each slide was tested for its response to
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FIG. 6. Microneurographic recording from the radial ne
single receptors from the hairy skin of the forearm and back

rve above the elbow in consenting human volunteers of
of the hand. Display method as in Fig. 1, same 3 fabrics

as for the animal experiments. A representative example of each type of A receplor (hair, QA field, SA L.and SA II)
is shown. As for the animal experimenis no differential response to the prickliness of fabric could be discerned nor a
change to the response to fabric C after moistening the skin (D).

four fibers with buckling loads of 75, 100,
130, and 175 megf, respectively, as measured
on an electronic balance. The impressions
left by these fibers were evaluated by trans-
mitted and incident light from a Wild stereo
microscope using the following criteria for
each depression: /. 75 mgf buckling load—
no increase in transmitted light; 2. 100 mgf
—slight increase in transmitted light; 3. 130

mgf—obvious increase in transmitted light;
4. 175 mgf—strong increase as if it bad pen-
etrated the PTFE skin.

An 11.4 cm? area of Teflon impressed with
the test fabric was examined within 10 min
of imprint and the number of fibers fall-
ing into each of the following three catego-
ries was counted: <75 mgf, 75-175 mgf,
and >175 mgf. As the criteria for these cate-
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FIG. 7. Responses of a polymodal C nociceptor recorded microneurographically asin Fig. 6. Method of display as
in Fig. 1. There was no response to fabrics 4 and B but a and ¢ show the response to fabric C tested as previously. b
and d show the response to the same fabric stimulus afier moistening the skin, e shows the response to moderate
pressure, and f'shows the response to a 46°C probe lightly applied to the skin. Arrows in the preceding panels mark
application of stimulus. g, Response to a drop of 1% capsaicin applied to the skin at the first arrow, subsequently
pricked into the skin (with a fine needle) at second and third arrow. h, Response 60 s after g.

gories are somewhat subjective, further sub-
division was not attempted. Counts were all
done by one of the authors who was unaware
of which particular fabric he was evaluating.

The 13 fabrics evaluated were divided into
two sets, A and B, with 7 and 6 fabrics re-
spectively, for subjective assessment of
prickle sensation by 55 subjects. The values

obtained for the prickle stimulus intensity
(mean number of fiber ends exerting loads >
75, mgf/10 cm?) and subjective sensation
magnitude (arithmetic means for 55 sub-
jects) are shown in Fig. 6. The data were fit-
ted to Steven’s psychophysical power law to
give the correlation shown. By use of the for-
mula S, = al” (where S, = sensation magni-
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F1G. 8. Responses of two Ad nociceptors (4, b, ¢, and d, ¢, /. g h) recorded microneurographically as in Fig. 6, confirmed as Ad by electrical stimuli applied to the distal nerve
trunk. Method of display as in Fig. 1. Neither responded to fabric 4. Response to fabric B (a and d) and fabric C (b and e) is similar to the animal and human polymodal C
nociceptors (Figs. 3 and 8). Both also showed an enhanced response when the skin was moistened (c and fare the response 1o fabric C on moistened skin). Response of the second
receptor to strong pressure (4) and the von Frey hair (g) constructed from a thread of fabric C (the same one used in Fig. 5). Moment of stimulation is marked by the arrows. These
results further confirm the similarity of human A3 and polymodal C nociceptors.
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TABLE 3. Effect of weighting fiber buckling loads on the correlation coefficient

Fabric Series A

Fabric Series B

Power exponent

Correlation coefficient

Power exponent Correlation coefficient

X+Y+2Z 0.97 0.82
Y+2Z 0.73 0.91
Y+22 0.69 0.91
Y+3zZ 0.66 0.91
Y+52 0.61 0.91

0.71 0.68
0.51 0.99
0.52 0.98
0.52 0.95
0.47 0.90

X, Y, and Z are the no. of fiber ends per 10 cm? of fabric with buckling loads of <75, 75-175, and >175 mgf,

respectively.

tude, I, = stimulus magnitude, and g and n
are constants) fitted to the results (Table 3)
give the equation

S, = 0.541°%

with a correlation coefficient of 0.91.

DISCUSSION

The aim of these experiments was to iden-
tify the neural basis of prickle. From the ex-
periments reported here it is believed that
fabric-evoked prickle is the result of low-level
stimulation of Aé mechano- and C polymo-
dal nociceptors [the latter would be expected
to contribute more because of their larger
response as recorded in the animal experi-
ments and their greater innervation density
(31)] by fabric fibers protruding from the fab-
ric and generating loads of ~75 mgf or more.
These fibers do not penetrate the skin. Other
fabric surface features are unlikely to con-
tribute as they are unable to generate suffi-
cient force over their area of skin contact
with the pressures generated by clothing dur-
ing normal wearing to excite nociceptors.
Small loops could, however, become a prob-
lem in stiff nylon weaves as they are capable
of exciting nociceptors (as are the edges of a
flat surface) if sufficient force is applied (un-
published observations).

These results at present rely on the as-
sumption that animal and human peripheral
cutaneous receptors are closely similar. Mi-
croneurographic recordings reported by var-
ious workers (10, 24-29, 31) have confirmed
that essentially the same cutaneous receptor
types are present in man as in other mam-
mals, and nociceptors are very similar in all
mammals (3, 13, 20, 32). Some confirmation

of this has been obtained by our microneuro-
graphic recordings from the radial nerve in
consenting volunteer subjects. Again, only
nociceptors showed a differential response to
prickly fabric and Aé nociceptors showed a
similar response to polymodal C nociceptors.
The similarity of C and Ad nociceptors in
man has been reported by others (1, 29).
Thus, although insufficient data are available
to establish the degree of similarity in these
experimental conditions, Aé nociceptors
may provide a more important contribution
to prickle sensation in man than might be the
case in animals.

If we assume that a close similarity be-
tween animal and human receptors exists,
our data at first sight appears to be at vari-
ance with van Hees and Gybels (29) who re-
ported that low discharge rates in nociceptors
(below 0.2 Hz) are not accompanied by any
sensation. Although the discharge rates of
nociceptors recorded in these experiments
both in man and in rabbits generally were
not much greater than 0.2 Hz, the innerva-
tion density of nociceptors is high (31), so
that considerable summation is possible over
the area of the fabrics used for testing. In fact
a minimum area of 1-2 cm? is required even
for a very prickly fabric, to obtain an unam-
biguous sensation of prickle (unpublished
observations).

The correlation coefficient of 0.91 ob-
tained for the relationship between sensation
of prickle magnitude with the measure of the
physical stimulus of prickle (number of pro-
truding fabric hairs with buckling loads > 75
mgf) implies we have identified the major
factor in fabric-evoked prickle. Similarly the
power function for the sensation of 0.66 is
within the range reported (8) for other sensa-
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tions acting via skin receptors, e.g., hot 1.0,
cold 1.6, pressure 0.8, and very close to that
reported for discomfort (0.7) whilst differing
radically from the 3.5 reported for electric
shock, which is presumed to bypass the re-
ceptors and excite the nerve trunk directly.
Attempts to increase the correlation coefhi-
cient by weighting fabric fibers as to their
buckling loads were unsuccessful. Although
it might be expected that fabric fibers exert-
ing greater forces would evoke more dis-
charge and thus contribute more to the sen-
sation, the effect on the correlation coeffi-
cient was minimal as shown in Table 3,
where X = <75, Y = 75-175, Z = >175 mgf
buckling load. Individual counts for each
category for the fabrics tested were X:20-90,
Y:2-40, and Z:0-2. It is perhaps not surpris-
ing that fabric fibers with loads of <75 mgf
(category X) do not contribute as these forces
are too low to excite nociceptors. In fact, re-
moval of category X, even though they are
the most numerous, improves the correla-
tion. Due to the broadness of categories Y
and Z and the low number of counts of Z in
commercially available fabrics, it was not
possible to adequately assess their contnibu-
tion by applying weighting factors. However,
factors other than buckling load may also be
important, perhaps spatial distribution of
prickling fibers (clumping) or protection by
less stiff hairs in hairy fabrics.

There was a marked varability between
subjects in their sensitivity to prickle. A few
of the possible reasons for this variability will
now be discussed.

Skin mechanical properties are likely to in-
fluence prickle. Skin that is difficult to de-
form (hard, horny) would be more resistant
to indentation. This effect is most probably
the reason prickle is not felt in the thicker
glabrous skin of the hand. Support for this
proposition is also provided by the experi-
ments on wetting the skin. Water softens
skin (5, 17, 18) and enhances the sensation of
prickle in subjects. The same prickly fabric
or single fabric fiber will evoke a larger dis-
charge from nociceptors if the skin is wet
(Figs. 2, 3, 4, 8 and 9). The increased dis-
charge of nociceptors to a standard prickly
fabric after spreading a thin film of water on
the skin makes it likely that the increased
sensation of prickliness experienced by
sweating subjects is due to hydration of the
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stratum corneum and not any chemicals re-
leased by the autonomic nervous system.
Experiments searching for autonomic effects
on nociceptors have failed to find evidence of
any such effects (2, 22). Although sweating
releases various chemicals, such as brady-
kinin, into the circulation, and the sensation
of prickle is affected by the temperature of
the skin (30), the effect of simply applying
distilled water to the skin was so marked and
prompt it was not possible to assess whether
sweating, as distinct from the skin wetness it
produces, has any small contributory effects.
Skin hardness increases with age whilst
prickle sensitivity decreases (unpublished
observations) as would be predicted by these
results.

Innervation density, or effective density of
nociceptors, is an obvious contribution to
the variability of prickle sensation in sub-
jects. Sensitive subjects may have more
prickle-sensitive nociceptors, or nociceptors
with a lower threshold (or nearer to the skin
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surface and thus have an effectively lower
threshold). Although sensitivity of subjects
varies widely to many different types of stim-
uli, we know of no way to assess these factors
in our subjects. Central, i.e., perceptual
thresholds may also be a factor, perhaps the
same sensory input will generate a larger af-
fective component in sensitive subjects, or it
may even vary with the mood state of the
individual as reported for pain sensations
(19), however, pain threshold is not affected
by mood (21). We did not assess these factors
in our experiments, e.g., by using a mood
evaluation test, however, previous experi-
ments (30) have shown that sensitive subjects
tend to report more pricking points for a
standard fabric, indicating that they are per-
ceiving more stimulating points than less
sensitive people. The effect of skin moisture,
however, implies an involvement of skin
hardness.

Previous experiments by our group (30)
exclude atopy as a predisposing factor in
prickle, despite the widely held belief by der-
matologists in such a relationship. Mechani-
cal rather than chemical factors appear to be
most important in prickle, and skin flare re-
sponses to prickly fabric are probably due to
mechanical activation of the axon reflex that
polymodal C nociceptors are known to pos-
sess (4, 14). Cases of true allergy to fabric
appear to be very rare (11, 12), most in-
stances of rash being due to an immediate
irritant response.

The results reported here have thus con-
firmed the utility of the combined physiolog-
ical-psychological approach to the study of
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Properties of Transdermal Histamine Iontophoresis:
Differential Effects of Season, Gender, and Body Region
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Histamine iontophoresis is demonstrated to be a reliable
model for the stugy of inflammatory skin responses. It has the
advantage of a non-invasive and uniform mode of application
and is free of unwanted side effects. The wheal and flare
responses to histamine are linearly related to dose over a wide
range of stimulus strengths (r = 0.88). In summer, wheal
responses were smaller, probably due to increased thickness
of the epidermis. Female subjects generally expressed larger
wheal responses than males, presumably due to differences in

epidermal thickness and structure. There were significant
regional differences in wheal, flare, and laser Doppler re-
corded flux responses. Ratings of itch sensations also showed
clear, but less pronounced, differences of body regions. Sig-
nificant regional differences of wheal and Harc responses
existed. Sensory discrimination of different stimulus levels
was demonstrated with visual analogue scale ratings. J Invest
Dermatol 94:347-352, 1990

istamine has been used for decades as a means to
induce itching and to study the early stages of cuta-
neous inflammatory responses. If applied to the su-
perficial layers of the skin of primates it induces a
triple response, i.e., local redness, replaced after a
short time by a local edema (wheal), and a surrounding erythema
(Rare) [1]. So far, little attention has been paid to the mode of
application. Pricking or injection via needles or vaccination l:l;istols
have commonly been used. There are some short notes in the litera-
ture suggesting that iontophoretic deposition of histamine might be
superior to these methods by avoiding skin damage [2-6). No thor-
ough evaluation of this technique has been performed hitherto,
although recently it was proposed that iontophoretic drug delivery
may be the method of choice for a varicty of ionized substances [7].
Even macromolecules, like insulin, were successfully delivered ion-
tophoretically into the skin in diabetic animals and humans [8,9].
In this study we try to provide evidence that iontophoresis of
histamine is a quantifiable method for dermatologic and pharmaco-
logic studies in the skin with a high level of selectivity. A prelimi-
nary report [10] and some aspects of this technique, in particular
those related to psychophysics, have been published recently
[11,12).
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MATERIALS AND METHODS

Histamine dihydrochloride (SIGMA) was prepared as a 1% aqueous
solution. This solution was supplemented with 2.5% methylcellu-
lose and left for 24 h to form a hydrogel matrix. For the purpose of
aEplication we used a small pencil-like perspex rod. A hemispheric
chamber 5 mm in diameter and with a volume of 50 ul was drilled
into one end of this rod. The base of the chamber was formed by a
small plate of chlorided silver, which served as an anode (see Fig 1).
The histamine gel solution was introduced into this cavity. The
methyleellulose gel held the histamine in the cavity space. This
“chemode” allowed a precise histamine application to any sport of
the skin surface. Histamine ions were driven from the chamber o
the skin by electrical pulses from an isolated constant current source
(World Precision Instraments WPI 305 B). A 3 X 3 cm foam rub-
ber coated silver electrode nearby moistened with tyrode served asa
reference (Fig 1). The position of the reference electrode is not
critical. Intensities of iontophoretic stimuli could be varied by
changing either current strength or time of application and were
calcu?atcd. following Coulomb's law, as the product of current and
time: q =1 X t, where q is the charge given in mC, s the current
given in mA, and t is the time given in seconds.

Wheal and flare responses were marked with water-resistent pens
10 min after histamine application and copied to translucent paper
for planimetry. The wheal and flare areas were measured and the
diameters of circles having the same area were calculated. Expen-
ments were performed to control non-specific, e.g., hydrogel and/
or current-related, responses. These included the application of hy-
drogel, either with or without histamine and no current applicd,
and also the application of current via the hydrogel only or the
histamine-hydrogel-store using iontophoresis with reversed polar-
ity, i.e., with the histamine-containing “chemode™ used as a cath-
ode. Concomitant sensations of itching were estimated by means of
a visual analogue scale (VAS) at 10-sec intervals cued by signal
tones. The VAS was a 31-element LED scale, the left end of which
was defined as “threshold” and the right end as “maximal itching.”
The light-emitting diode (LED) scale was controlled by the subject
via a linear potentiometer lever to indicate the itch intensity. A mark
at the 30% level of the scale was defined as ““itching strong enough

Copyright © 1990 by The Socicty for Investigative Dermatology, Inc.
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‘Figure 1. A. Principle of the experimental sct-up. The area of interest
(here, e.g., the dorsum of the hand) is rested in a comfortable position. The
anode (stim.) containing histamine in a gel is placed on the spot to be
stimulated and a larger reference cathode (ref.) is Excd nearby (here, e.g., at
the wrist). Both are wired to an output-controlled constant current unit
(upper right corner). Histamine jons (Hi*) are driven to the skin by repulsion
ofchargcs from the anode. The inset shows the principle of ion transition to
the skin in more detail. B: Comparison of anoda) histamine iontophoresis to
different control conditions, i.e., hydrogel anode and histamine cathode,
respectively (n = 10) in wheal and flux response. Note that a significant
wheal and flux response occurs exclusively under the histamine anode.

to be scratched” (intervention point), an analogy with the drug
request point of pain rescarch [13]. This scale had performed well in
previous studies on the effect of nonsteroidal anti-inflammatory
drugs [14,15] on experimental pain. .

Four different experiments have been conducted with this experi-
mental design. The experimental subjects were healthy and in par-
ticular were not suffering from dermatologic diseases. Volunteers
were recruited among the students of the universities of Heidelberg
and Erlangen and among the staff of the respective Departments of
Physiology. All subjects were of caucasian origin. Before each ex-
periment, an instruction on the experimental setting, the use of the
rating scale, and the aims of the study were given. A first stimulus
was delivered as a cue. This was not used for the data evaluation.

Experiment 1 was performed during winter time (December to
February) in 48 subjects (27 male, 21 female; age range, 19-52
years; median age, 26 years) receiving stimuli of different strength
in randomized order.

Experiment 2 was conducted in a different group of.23 subjects
(11 male, 12 female; age range, 15-31 years, median age, 23 years)
during summer time %junc to August). The aim of the first two
experiments was to study the relationship between stimulus
strength and the size of wheal and flare reactions, the effects of the
Fcndcr. and of the season. The test arca was the skin of the ventral

orcarms.
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Experiment 3 was designed to assess the responses of different
body regions to histamine iontophoresis. Eight body regions were
studied in 20 subjects (10 male, 10 female; age range, 24 - 34 years;
median age, 26 years): forchead, ventral thorax, upper arm (ventral
side), lower arm (ventral side), hand jdorsal side), thigh (ventral
side), lower leg (lateral side), and foot (dorsal side). These eight sites
were tested with identical current pulses of 10 mC (10 mA, 10 sec).
The experiments were conducted during the summer time (May to
July). In addition to the parameters mentioned above, the gm:
response was also measured by two laser Doppler flowmeters (Peri-
flux PF2, perimed, Stockholm, Sweden). Both flowmeters were
placed in standard holders positioned at 90* angles to each other and
at 45° angles to the longitudinal axis of the respective body region.
The skin site at which the blood flow was measured by this method
(flux) was fixed at 8 mm distance to the spot of iontophoresis. Flux
values are presented as output voltages of the Laser Doppler flow-
meter set to gain 10, 1.5 sec time constant, and an upper frequency
limit of 12 kHz.

Experiment 4 was conducted in six subjects (four male, two fe-

male). Its aim was to test the acuity of sensory discrimination of
different levels of itch. Two levels of stimulation (0.25 and
1.35 mC) were applied to three different spots in the innervation
zones of the supcrfﬁ:ial radial nerves of both hands (i.c., 2 X 3 stim-
uli/subject) in random order. Current strength was changed and the
apblication time was always 10 sec. After each stimulus, itching was
assessed for 8 min on the VAS as described above. To avoid evapora-
tive cooling (which may suppress itching, according to literature
[16,17]), remaining traces of gel were wiped off in these experi-
ments immediately after stimulation.
' Statistical analysis was performed on 2 main frame computer sys-
tem by means of “Statistical Analysis Systems” (SAS Institute Inc.,
Cary, North Carolina, USA). Procedures included analysis of re-
gression and analysis of variance. For group comparisons, whole
sample t testand cﬁi«squarc test were used, Duncan's multiple range
test was employed in cases of multi-stage comparisons. Levels of
P < 0.05 were considered to be significant,

RESULTS

The responses to iontophoretic stimulation were strictly related to
anodal stimulation through a histamine-loaded hydrogel store for
currents up to 1 mA. A]Fathcr types of current application, ie.,
anodal or cathodal through plain hydrogel and even cathodal stimu-
lation through a histaminc-roaded hydrogel, induced neither wheal
nor flare responses. The latter was carefully controlled by laser
Doppler flowmetry (Fig 1B).

The diameters of the wheal and flare areas in ventral forearm skin
were linearly correlated with the logarithm of charge over the range
of 0.05 to 30 mC in normal subjects (winter sample, n = 48). The
respective correlation coefficients were r = 0.88 in both wheal and
flare diameter (Fig 24). Threshold values were calculated by regres-
sion analysis and were slightly lower for flare (0.04 mC) than for
wheal responses }0.05 mC). Very similar results were obtained
when the areas of wheal and flare were correlated instead of the
diameters. Flares and wheals were correlated to r = 0.89. However,
in a later study (experiment 3) in which the body region was varied,
instead of the stimulus strength a lower correlation coefficient of

. r =0.54 was found. Thus, much of the covariance of wheal and

flare sizes in experiment 1 may have been caused by the variance of
stimuli. When this factor of variance was partialed out, there was
still a significant partial correlation of wheal and flare responses
of r = 0.60, which is in good agreement with the result of experi-
ment 3. )
Measurements of wheal responses were repeated in summer (ex-
periment 2) in 23 subjects, to estimate seasonal and gender effects.
In general, wheals were smaller in summer at all stimulus levels
resulting in a parallel shift of the regression line. In summer, charges
had approximately to be doubled to achieve wheals equivalent to
those in the winter group (Fig 2B). Wheal responses of the summer
ﬁrou were further analyzed for the cffect of gender. There was a
ighry significant difference between the value for male and female
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Figure 2. Wheal and flare responses to histamine iontophoresis under var-
ious conditions. A: Linear relationship of wheal (sofid stars) and flare re-
sponses (open stars) to logarithm of charge. Correlation cocfhicient was 0.88
in both cases (experiment 1, n = 48). B: Comparison of the wheal responses
of the subjects tested in winter (n = 48) to those of subjects measured during
summer (experiment 2, n = 23). The broken line is equivalent to the regres-
sion linc of the winter group shown in A. The summer group was treated
with a comparable range ofPstimu!i. Since the data was obrained with the
method of constant stimuli (0.156, 0.625, 1.25, 2.5, and 10 mC) in the
summer group, the data is presented both as mean + SEM of the respective
levels of iontophoresis and with the respective regression line (solid line). The
latter shows uncquivocally the parallel shift to lower responses in the sum-
mer group. The correlation cocfficients were r = 0.88 in both, summer and
winter sample. C: Gender-related differences in wheal responses, as mea-
sured on the ventral forearm. The summer group of B, further subdivided
according to gender, shows significant differences at all stimulation intensi-
tics. Female subjects (n = 12) in general gave bigger responses than male
subjects (n = 11). Data as mean & SEM. *p < 0.05, **p < 0.01.

(p < 0.0001, F test). Wheals were significantly bigger in the female
subgroup at all stimulus levels (Fig 2C). Correlation coefficients
(charges vs wheal sizes) were calculated separately for both Fcndcr
subgroups and were 0.90 and 0.93 for the male and female sub-
group, respectively,

Sizes of wheal and flare responses varied with the skin region
tested. This was studied in 20 subjects (experiment 3). Wheal arcas,
flare areas, flux, and mean itch ratings during eight minutes after
stimulus application were obtained from cight body regions. With
cach of these four data sets a two-way analysis of variance
(ANOVA) was computed to assess the effects of the factors

PROPERTIES OF HISTAMINE JONTOPHORESIS 34¢

“*gender” and “‘body region."” Each of the four ANOVA revealed :
highly significant cffect of “body region” (all p < 0.0001) for tke
arameters wheal sizes, flare sizes, flux responses, and itch rating:
?sec Fig 3). In all three objective measures (wheal size, flare size, anc
flux response) there was a clear proximo-distal gradient of responses
in both upper and lower limbs. This was not the case in itch reports.
In addition, a significant “gender" effect was found for the
wheals (p < 0.05). The latter is due to larger wheals of the female
subjects in most body regions, in agreement with what was found iz
experiment 2. Statistically signiEcam differences were only ot-
tained for the hand. In all other body regions, except the foo, ther:
was also a tendency for smaller responses in male subjects, namely
in the forchead, upper arm, and upper and lower thigh they hac
responses that were, by one half to more than one standard devia-
tion, smaller than in females. However, these differences were net
statistically significant, due to the small number of subjects (1G
males vs 10 females). To demonstrate the differences between the
body rcﬁions more clearly, the four data sets **wheal size,” “flare
size,” “flux responses,” and “‘mean itch ratings™ were standardizec
by transforming them into z values (i.c., expressing them as differ-
ences from the grand mean in units of the standard deviation).
These standardized data are shown in Fig 4.

Variations of wheals and flares at different body sites were similar:
forehead, foot, and hand showed small reactions, the shoulder large
reactions. However, as mentioned above, flare and wheal sizes cor-
related but moderately (r = 0.54). Mean itch ratings did not vary as
conspicuously as the skin reactions. The lowest ratings were ob-
tained at the forehead.

The question of whether the subjects were able to differentiace
two different, unknown levels of histamine iontophoresis (0.25 mC
and 1.35 mC) applied to the dorsa of their hands was tackled in
experiment 4. As in the other experiments, itching developed with 2
latency of about half a minute after current delivery, climbed to 3
maximum after about 1 or 2 min, and usually wore off within 8 to
15 min (Fig 54).

Two different, though interrelated, parameters were extracted
from the record of ratings, maximum and the average of the 12
ratings of the third and (%urth minute. Both had an equally good
discriminative power (p < 0.01, ¢ test for whole samples) (Fig 5B).
This was in agreement with the data obtained from a larger group of
subjects in experiment 3 (sce above) where a correlation coefficient
of r = 0.96 was obtained between the maximal itch rating in each
trial and the average rating during 8 min (144 pairs of measure-
ments from 20 subjects and 8 body regions).

Intraindividually, there was almost no overlap of the responses to
the two different charges applied in experiment 4. Two-way analy-
sis of variance with the independent variables “stimulus charge””
and “subjects” revealed that “stimulus charge™ was the more signif-
icant variable (F test, p << 0.0001), though there was a minor con-
tribution by the second factor “subjects” (p < 0.001, F test), indi-
cating that the perceived itching depended mainly on the stimulus
charge, but staglcc intra-individual differences also occurred. The
overall performance of the model is shown in the percentage of
variance explained by these two factors with an R2 of 69.4 and
74.4% for maximum and average rating, respectively.

DISCUSSION

Iontophoretic histamine delivery has been used in a small number of
studies in the past [2-6,18,19]. Where possible, stimulus parame-
ters were reconstructed from these stucl:;(:s: currents ranged from
0.5-2 mA, equivalent to current densities of 0.15-12.5 mA/cm?,
Application times varied widely in different studies, total charge
delivery was 5450 mC, equivalent to charge densities of approxi-
mately 2-150 mC/cm? We have extended cthis range mainly to
lower currents of 0.01-3 mA (0.05-15 mA/cm?), by delivering
charges 0f 0.05-30 mC (0.25- 150 mC/cm?), because higher cur-
rent densities induce increasingly painful burning sensations during
the stimulus application. From various combinations of time and
current it became quite clear that total charge wransferred intrader-
mally was the parameter correlating best with skin reactions, pro-
vided that the time of delivery was kept short enough to avoid
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Figure 3. Regional differences in responses to histamine iontophoresis.
The diagrams represent the wheal (4) and flare areas (B), flux responses
(C). an:F mean ratings during 8 min after stimulus application (D). Eight
body regions were tested with identical stimuli of 10 mC in 20 subjects (10
male, 10 female). The data shown represent mean plus 1 SD. An influence of
gender was found only in the wheal data (4). Though they were signifi-
cantly different only in the hand, other body regions, namely, the upper and
lower thigh, upper arm, and forehead, showed clearly smaller responses in
male subjects, though these did not reach statistical significance, presumably
due to the small number of subjects (10 males vs 10 females). On either limb
wheal, flare, and flux responses were smaller the more distal the point of
measurement was. Wheal and flare data in cm?, flux values in output voltage
of the Laser Doppler flowmeter, and mean itch ratings in % of the rating
scale. FO, foot; LT, lower thigh; UT, upper lhifh'. HA, hand; LA, lower
arm; UA, upper arm; SH, shoulder; FH, forchead.

clearance of histamine from the tissue within stimulation time. In
the range of stimuli used, wheal responses were clicited only under
the histamine anode. Al} other concﬁtions never resulted in wheals.
One has to be careful, however, to use excessive current densities
(>5 mA/cm?cquivalentto > 1 mA in these experiments), because
these can possibly result in direct electrical lesioning of the skin,
when applied for a longer period of time. Since current pulses were
usually kept short (5-20 sec), no such effects have been encoun-
tered with currents below 1.5 mA (i.e., 7.5 mA/cm?). Higher cur-
rent densities sometimes elicited long-standing local discolorations,
which may probably be due to a slight superl%cial burning. This is
even more likely in denervated skin. Although the subjects will
easily tolerate this, it should and could be avoided by using a lower
level of current for a longer stimulation time, which will give an
equivalent transfer of charged molecules.

It is quite obvious from our results that this type of histamine
iontophoresis is a technique of high sensitivity and selectivity to
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Figure 4. Regional differences in wheal, flare, flux, and rating data. The
data base is identical with that used for Fig 3. All measurements were ex-
pressed in z values, i.e., as deviations from the population mean of the
respective parameter over all body regions in units of the standard deviation
{[x; — X}/s), where x; is the mezn value obtzined in 2 particular body region,
x the mean over all body regions, s the standard deviation of the whole
sample. The columns represent mean values obtained from 20 subjects. Note
the strong responses in the shoulder (greater than 1 SD shift) and the weak
responses, €.g., in forchead, hand, and foot.

study skin responses in humans. Wheal and flare responses were
highly correlated with histamine doses in a range of almost three
orders of magnitude. Follicular wheals were observed with charges
as low as 0.05 mC. This association with hair follicles is in agree-
ment with the premise that transdermal delivery uses skin appen-
dages as the major penetration pathways [?{1 Control experiments
disclosed that responses to iontophoresis of histamine were strictly
due to the anadal mode of application. Neither passive diffusion nor
hydrogel and/or direct-current effects were any source of influence
on the responses.

Several factors were found which may influence the histamine
responsiveness. There was a striking difference in wheal responses
in winter compared to summer season, probably due to epithelial
thickening of the skin under the influence of higher levels of ultra-
violet radiation in summer. It has been demonstrated that ultraviolet
light of the A band induces thickening of the horny layer of the skin
[20]. Differences were also found between the reactions of male and
female subjects. Since permeability of the stratum corneum is the
main obstacle influencing responses [21,22), differences in this layer
berween male and female skin may be responsible for these findings.
Bronaugh and co-workers [23] {navc reported that percutaneous
absorption is enhanced in the female rat skin in vitro compared to
the thicker skin of male rats. Sex-related differences could be pre-
vented by early castration, which suggests that androgen levels are
an important factor [22]. Different skin properties may be responsi-
ble also for the significant regional differences seen. Holbrook and
Odland [24] have shown a wide variation of thickness of the stratum
corneumn. Differences in corneocyte size and volume were consid-
ered to be partly responsible for regional variances of skin perme-
ability [25-27). Considerable differences in permeability still exist
between areas, which have both equal size and volume of corneo-
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Figure 5. Estimation of the magnitude of itch perception following hista-
mine iontophoresis. A: A specimen of an itch rating on a visual analogue
scale following a 10-sec iontophoretic stimulus starting at t=0
(stimulus = 1.35 mC). Ordinate: percent of the full rating seale. The broken
line represents the level of itching, which would be responded to by scratch-
ing under non-experimental conditions (intervention point). B: Discrimina-
tion of two levels of iontophoresis. The subjects discriminate cqually in both
maximum and average of ratings to different stimuli (0.25 vs 1.35 mC)
(mean £ SEM, n = 18, p <0.01, whole sample t test).

cytes. Because the intercellular rather than transcellular routes of
penetration are important, the physico~chemical properties of the
intercellular cement have to be taken into account. The lipid com-

osition of the intercellular space, e.g., the role of flat ceramide
riposomcs, has thus been invoked to explain the influence of species,
gender, and body region [28-30).

We have shown previously [11] that in skin sites lrrctrcatccl with
capsaicin the neurogenic flare component of the triple rcs‘.fonsc was
strikingly impaired, while wheal responses, which are dependent
upon plasma extravasation, seemed to be unaffected. The same
areas, which were almost unresponsive to chemical stimulation, also
displayed a 95% reduction of neurogenic vasodilatation to electrical
stimulation of the skin in humans 31}. In both models, vasodilata-
tion due to a release of neuropeptides from the receptive endings of
unmyelinated C-fibers is impaired as a sequel of the depletion of
these peptides, e.g., substance P (SP) and calcitonin gene-related
peptide FCGRP} [32].

It is likely that neuropeptide release from primary afferent C-
fibers due to noxious stimulation takes part in the process of local
tissue repair. Destruction of unmyelinated primary afferents in rats
by neonatal treatment with capsaicin leads to a considerably greater
vulnerability of the skin to damage compared to controls [33). In
human skin, C-fiber deafferentiation often leads to trophic changes
[34,35]. Afferent C-fibers may thus play a crucial role in the regen-
eration of the epidermis. On the other hand, neuropeptide release
may play also a trophic role in healthy skin. It has been reported that
SP is a potent mitogen stimulating DNA synthesis in arterial
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smooth muscle cells, in human skin fibroblasts [36), and in 2 mouse
epidermal cell line (Pam 212 cclls) in vitro [37], thereby being a
likely candidate for stimulation of epidermal proliferation, This
could also play some role in the seasonal differences we have dem.-
onstrated, since vltraviolet light is able to induce discharges of low
frequency in cutaneous polymodal nociceptors [38).

Tontophoresis of histamine and/or other agents which activate
C-nociceptors may be a suitable model to test the integrity of the
sensory and neurovascular functions of the skin, in other words, to
check the functional state of the “nocifensor system™ [39-41]. A
number of substances, including serotonin, dopamine, and a cholin-
ergic derivative, carbachol, have been successfully used for ionto-
phoresis and are all able to elicit noxious sensations [Grimer, Ma-
gerl, and Handwerker; in preparation]. A first study using this
model of histamine iontophoresis in patients suffering from atopic
dermatitis has now been performed showing clear changes in atopic
skin compared to the skin of control subjects [42).

Regarding our method of histamine iontophoresis from the tech-
nical poinc of view, it is of interest whether Ltc type of storage itself
will affect the rate of transport. Using Stokes" equation to estimate
molecule transport in gel matrices, it can be .flown that in low
concentration gels the electric mobility of ions is equivalent to their
mobility in a sucrose solution [43]. This is certainly true for the
hydrogel used (2.5% methylcellulose, viscosity coefhicient: 0.5 Pa s
at 20°C). Mobility of molecules is also dcpcnz-:nt on the molecular
weight, but approaches almost free mobility for molecular weights
below 10,000 FM} (molecular weight of histamine is about 1 11). Ie
has been reported recently thatin an in vitro model, transport froma
gel matrix through a model membrane is membrane-controlled for
electrically assisted transport (i.c., iontophoresis), and that electrical
mobility is indeed unity for small molecules [45]. One single gel
store for application contained ap roximately 5 X 10~¢ mol of his-
tamine cations, from which, fgliowing Coulomb’s law, only
1.04 X 107® mol X mC~! were removed by current delivery. The
maximal stimulus used (30 mC) thus utilized only 6% of the total
store. It can be assumed, thereby, that transport rates were linearly
related to the calculated charge values. The depth and area pene-
trated by iontophoresis of a similar compound (potassium ferrofer-
ricyanide) in an in vitro agar gel model ﬁas been found to correlate
well with the in vivo dilator effects of the same iontophoretically
applied doses of acetylcholine in forearm skin [46,47]. Of course,
the conjecture that the amount of histamine {or other ionized sub-
stances) gaining access to the neurovascular region of the skin is
linearly related to the stimulus charge does not imply that the cur-
rent is carried exclusively by the respective ions. Dcpending on the
acidity of the solution, proton transport may be partly responsible
for current delivery. Electrolytes on the skin surlgcc or within the
penetration pathways can also contribute. It has been shown in the
cornea, which isa comparable model, that empirical values of ion-
tophoresis were about two thirds of the theoretically calculated
amount [48].

In addition to those mentioned above, a variety of substances,
including acetylcholine, metacholine, sodium nitrite, and sodium
nitroprusside, were iontophoretically applied to test exclusively the
responsiveness of the endothelium and /or smooth muscle [46]. The
latter can be combined with the iontophoresis of substances, such as
histamine, which trigger the axon reflex cascade via excitation of
C-afferents. This approach could be a valuable means of assessing
the relative importance of the neuron, endothelium, or smooth
muscle component under various pathologic conditions, e.g., dia-
betic or a!ccs::\l ic neuropathy, which can affect both the neuronal
and vascular responsiveness,

We wish to thank Dr. Pamela Waddell for valuable suggestions, Mr. K, Burian Jor
the preparation of the figures, and Ms. D. Bechtle for editing the manuscript,




352 MAGERL ET AL

10.

11,

12,

13.

14.

15.

16.

17.

18.

20.

21.

22,

23.

24,

REFERENCES

Lewis T: The blood vessels of the human skin and their responses.
Shaw & Sons, London, 1927

Aaron TH, Abramsom HA: Inhibition of histamine whealing in
human skin by pyribenzamine-hydrochloride using iontophoretic
technique. Proc Soc Exp Biol Med 65:272-273, 1947

Perry DJ, Falk MS, Pillsbury DM: A comparison of the effect of
antihistamine drugs in human subjects by means of histamine ionto-
phoresis. J Invest Dermatol 2:461-468, 1948

Hearin DL, Mori PP: A study of some anti-histamine compounds by
histamine iontophoresis. J Invest Dermatol 14:391-394, 1950

Shelley WB, Melton FM: Relative effect of local anesthetics on experi-
mental histamine pruritus in man. J Invest Dermatol 15:299 - 300,
1950

Shelley WB, McConahy JC, Hesbacher EN: Effectiveness of antihis-
taminic compounds introduced into normal human skin by ionto-
phoresis. J Invest Dermatol 15:343 - 344, 1950

Tyle P: Iontophoretic devices for drug delivery. Pharmaceut Res
3:318-326, 1986

Kari B: Control of blood glucose levels in alloxan-diabetic rabbits by
iontophoresis of insulin, Diabetes 35:217-221, 1986

Stephen RL, Petelenz TJ, Jacobson SC: Potential novel methods for
insulin administration. 1. lontophoresis. Biomed Biochim Acta
43:6890-6893, 1984

Westerman RA, Magerl W, Handwerker HO, Szolcsinyi J: Irch sen-
sation evoked by percutaneous microiontophoresis of histamine on
human hairy skin. Proc Aust Physiol Pharmacol Soc 14:79P, 1985

Handwerker HO, Magerl W, Klemm F, Lang E, Westerman RA:
Quantitative evaluation of itch sensation. In: Schmidt RF, Schaible
HJ, Vahle-Hinz C (cds.). Fine afferent nerve fibers and pain. Wein-
heim, Verlag Chemic (VCH), 1987, pp 461-473

Magerl W, Handwerker HO: A reliable model of experimental itch-
ing by iontophoresis of histamine. In: Dubner R, Gebhart GF, Bond
MR (cds.). Pain Research and Clinical Management, Vol.3. Pro-
ceedings of the Vth World Congress on Pain. Amsterdam, Elsevier,
1988, pp 536-540

Wolft BB: Behavioural measurement of human pain. In: Sternbach
RA (ed.). The psychology of pain. New York, Raven Press, 1978, PP
129-168

Anton F, Handwerker HO, Kreh A, Rech PW, Walter E, Weber E:
Influence of acerylsalicylic and salicylic plasma levels on psycho-
physical measures of long-standing natural pain stimuli. In: Fields
HL, Dubner R, Cervero F (eds.). Advances in Pain Research and
Therapy, Vol.9. New York, Raven Press, 1985, pp 781-790

Forster C, Anton F, Rech PW, Weber E, Handwerker HO: Measure-
ment of the analgesic effects of aspirin with a new experimental
algesimetric procedure. Pain 32:215-222, 1988

Shelley WB, Arthur RP: The neurohistology and neurophysiology of
the itch sensation in man. Arch Dermatol 76:296-323, 1957

Fruhstorfer H, Hermanns M, Latzke L: The effects of thermal stimula-
tion on clinical and experimental itch, Pain 24:259-269, 1986
Winquist RA, Stamm SJ: Arterialized capillary sampling using hista-
mine iontophoresis. J Pediat 76:455-458, 1970

Hunt CE: Capillary blood sampling in infants. Pediatrics 51:501 - 506,
1973

Frosch PJ, Duncan S, Kligman AM: Cutaneous biometrics. I. The
response of human skin to dimethyl sulphoxide. Br ] Dermatol
102:263-274, 1980

Guy RH, Hadgraft J: Mathematical models in percutaneous absorp-
tion. In: Maibach HI, Lowe NJ (eds.). Models in dermatology,
Vol.2. Basel, Karger, 1985, pp 170177

Bronaugh RL, Maibach HI: In vitro models for human percutancous
absorption. In: Maibach HI, Lowe NJ {eds.). Models in dermatol-
ogy, Vol.2. Basel, Karger, 1985, pp 178-188

Bronaugh RL, Stewart RF, Congdon ER: Differences in permeability
of rat skin related to sex and body site. ] Soc Cosmet Chem 34:127 -
135, 1983

Holbrook KA, Odland GF: Regional differences in the thickness (cell
layers) of the human stratum corneum: an ultrastructural analysis. ]
Invest Dermatol 62:415-422, 1974

25,

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

THE JOURNAL OF INVESTIGATIVE DERMATOLOGY

Plewig G, Marples BM: Regional differences of cell size in the haman
stratum corneum. Part L. J Invest Dermatol 54:13- 18, 1970
Plewig G: Regional differences of cell size in the human swarum

corneum. Part 11: Effect of sex and age. J Invest Dermatol 54:19-23,
1970

Rougier A, Lotte C, Corcuff P, Maibach Hi: Relationship between
skin permeability and corneocyte size according to anatomic site,
age and sex in man. J Soc Cosmet Chem 39:15-26, 1988

Elias PM, Cooper ER, Korc A, Brown BE: Percutancous transport in
relation to stratum corneum structure and lipid composition. J In-
vest Dermatol 76:297-301, 1981

Elias PM: Structure and function of the stratum corneum permeability
barrier. Drug Develop Res 13:97-106, 1988

Landmann L: The epidermal permeabitity barrier. Anat Embryol
178:1-13, 1988

Magerl W, Szolesinyi J, Westerman RA, Handwerker HO: Laser
Doppler measurements of skin vasodilatation elicited by percutane-
ous clectrical stimulation of nociceptors in humans. Neurosa Lett
82:349-354, 1987

Buck SH, Burks TF: The neuropharmacology of capsaicin: review of
some recent observations. Pharmacol Rev 38:180-226, 1986

Maggi CA, Borsini F, Santicioli P, Gepetti P, Abelli L, Evangelista S,
Manzini §, Theodorsson-Norheim E, Somma S, Amenta F, Baccia-
relli C, Mcli A: Cutaneous lesions in capsaicin-pretreated raws. A
trophic role of capsaicin-sensitive afferents? Naunyn Schmicdeberg
Arch Pharmacol 336:538-545, 1987

Breslauer F: Die Pathogenese der trophischen Gewebsschiden nach
der Nervenverletzung. Desch Z Chir 150:50-81, 1919

Lewis T, Marvin HM: Observations relating to vasodilatation arising
from antidromic impulses to herpes zoster and throphic effects.
Heart 14:27-47, 1927

Nilsson J, Euler AM, Dalsgaard CJ: Stimulation of connective tissue
cell growth by substance P and substance K. Nature 315:61-63,
1985

Tanaka T, Danno K, lkai K, Imamura S: Effects of substance P and
substance K on the growth of cultured keratinocytes. J Invest Der-
matol 90:399- 401, 1988

Szolesinyi J: Selective responsiveness of polymodal nociceptors of
the rabbit ear ta capsaicin, bradykinin and ultraviolet irradiztion,
J Physiol 388:9-23, 1987

Lewis T: The nocifensor system of nerves and its reactions. Brit Med |
194:431-435, 491-494, 1937

Lembeck F: Sir Thomas Lewis’s nocifensor system, histamine and
substance P-containing primary afferent nerves. Trends Neurosci
6:106~108, 1983

Lembeck F: The 1988 Ulf von Euler lecture. Substance P: from extract
to excitement. Acta Physiol Scand 133:435-454, 1988

Heyer G, Hornstein O, Handwerker HO: Skin reactions and itch
sensation induced by epicutaneous histamine application in atopic
dermatitis and controls. J Invest Dermatol 93:492-496, 1989

Rodbard D, Crambach A: Unified theory for gel electrophoresis and
gel hltration. Proc Nar Acad Sci USA 65:970-977, 1970

Weber K, Osborn M: The reliability of molecular weight determina-
tions by dodecy! sulfate-polyacrylamide gel electrophoresis. J Biol
Chem 244:4406-4412, 1969

Bannon YB, Corish J, Corrigan OI: Iontophoretic transport of model
compounds from a gel matrix across a cellophane membrane. Drug
Develop Ind Pharm 13:2617-2630, 1987

Waesterman RA, Widdop RE, Hannaford J, Low A, Roberts RGD,
Kent P, Sideris K, Yip T, Hales JRS, Stephens FRN: Laser Doppler
velocimetry in the measurement of neurovascular function. Aust
Phys Eng Sci Med 11:53-66, 1988

Westerman RA, Sideris K, Widdop RE, Kent P, Robetts RGD, YipT:
Spread of iontophoretically injected ions in a tissue model, Avsc Phys
Eng Sci Med 12 (in press)

Hughes L, Martin DM: A fresh look at iontophoresis. Arch Ophthal-
mol 102:1825-1829, 1984



In: Clin. Exper. Neurol. 23:81-89 7
(1987) M. Eadie (ed) Adis Press,
Sydney.

Electrically Evoked Skin Vasodilatation: A
Quantitative Test of Nociceptor Function in Man

R.A. Westerman,* A. Lowf* A. Pratt,* J.S. Hutchinson.*
J. Szolcsanyi,r W. Magerl,” H.O. Handwerker* and W. M.
Kozak**

Traditional tests of nociceptor function in humans, such as measurement of
thresholds for pain sensation evoked by noxious heat,! electrical stimulation,? or
mechanical pressure,® provide useful but limited information about the function of
nociceptors in the areas of skin tested. However, a quantitative test is needed for
the study of cutaneous nociceptor activity in such diseases as diabetic or other
polyneuropathy both to detect abnormalities and to enable more accurate
monitoring of the course of the disease.

This paper summarizes the technique we have developed for recording local
cutaneous vasodilatation in response to noxious percutaneous electrical stimu-
lation. Microvascular dilator responses to electrical stimulation of skin were
described in Lewis’ classic studies*> but, to our knowledge, have not been applied
in neurological disease or for the quantitative study of neurogenic vasodilatation.

Materials and Methods

The local nociceptor-induced vasodilatation (that is, the axon reflex part of
Lewis’ triple response) was recorded from the hairy skin of the anterior forearm or
the dorsum of the foot in most subjects (consenting volunteers) but was also
recorded from other hairy and glabrous skin sites on the upper and lower
extremities. A Periflux Pf 1 laser doppler flowmeter (Perimed, Sweden) was used to

*Department of Physiology, Monash University, Clayton, Victoria, 'Department of
Pharmacology, Medical University, Pecs, Hungary, *II Physiological Institute,
University of Heidelberg, Heidelberg, F.R.G. and **Biomedical Engineering
Program, Carnegie-Mellon University, Pittsburgh, U.S.A.
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Anterior aspect of forearm
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Increase of capillary blood flow by transcutaneous electrostimulation - effects of capsaicin pretreatment
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Figure 1. Upper diagram shows typical arrangement of slimulaling eleclrodes and laser
probe on forearm: panels A and B show increase of microvascular blood flux by transcutaneous
electrical stimulation of normal skin and capsaicin-pretreated skin, respectively. The number of
stimulus pulses required to evoke each dilator response are shown below. The time and laser
signal voltage calibrations bars apply to both A and B.

record the changes in skin blood flux. The laser doppler probe holder was fixed to
the skin by a double-sided adhesive disc. An indifferent anodal electrode was
applied 5 cm proximal to the test site, where the cathode was a 30 mm? gold-plated
disc electrode taped onto the skin 1 cm from the laser probe (Figure 1). Although a
range of stimulus parameters were explored in the preliminary tests (Westerman
RA, Szolcsanyi J, Magerl WM, Handwerker HO, unpublished observations) it was
found that the minimum stimulation giving reproducible responses in normal skin
was a series of pulses each of 150 volts, 0.5-1.0 ms in duration, at a frequency of
2 Hz. The total number of pulses delivered in each brief train ranged from 1 to 32.
All healthy subjects reported that this stimulus produced pain at the cathode, and
several did not consent to receive the train of 32 stimuli.

An area of forearm skin was then desensitized with capsaicin in 6 volunteers.
A 1% ethanol solution of capsaicin® was applied 3 or 4 times daily for 3 or 4 days
until its application no longer evoked redness and pain. The capsaicin-treated skin
area was tested on the following day.

The area of each vasodilator response was measured as the voltage—time
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Figure 2. The increase of microvascular blood flow after transcutaneous electrical stimula-
tion with 0.5 ms pulses at 2 Hz, and total numbers of stimuli 2, 4, 8, 16, 32, and 64 (in one case).
The data shown are for normal and capsaicin-treated skin of the same subjects. The transient
vasodilatations (like those shown in Figure 1) are plotted logarithmically as areas (volt min) on the
ordinate and the number of pulses on the abscissa, to give a typical dose-response plot.

integral using a Zeiss MOP image analysis computer with a magnetic tablet and
stylus attached. The logarithms of responses and stimuli were then plotted (Figures
2 and 4). The means, standard errors of the means, and 95% confidence limits were
calculated for all normal subjects and are shown in Figure 4.
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Figure 3. Flux changes are shown for normal and locally anaesthetized skin after increased
stimulation compared to Figures 1 and 2 (total 64 pulses). The arrow indicates the stimulus artefact.
The medial cutaneous nerve was blocked 6 minutes before record B. Note that the resting skin

blood flux (37%) after local anaesthetic is elevated compared to that in unanaesthetized skin A
(12%).

Results

In 27 experiments a reproducible increase of skin blood flux was recorded by
the laser probe in response to transcutancous electrical stimulation with the
parameters described. These stimuli were perceived as painful and must be
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the : are results for electrical percutaneous stimulation of one subject with polyneuropathy (X) and one
be with sympathetic neuropathy ( } ) associated with posterior root damage.
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presumed to activate nociceptors and other C-fibres. The geometry of the recording
probe and stimulating electrodes is shown in Figure 1 together with a series of
vasodilator responses to the stimulus trains of 2, 4. 8, 16 and 32 pulses before and
after capsaicin treatment. The amplitude of the microvascular blood flux increase
and its duration are seen to depend on the *dose’ of electrical stimulation expressed
as the total number of electrical pulses. [n the normal skin at higher stimulus doses
the vasodilatation was often preceded by a transient vasoconstriction, and this can
just be seen in the response to 32 pulses at the arrow. The capsaicin-desensitized
skin gave very markedly reduced responses to the same series of electrical stimulus
pulses, applied in the same manner. The perceived pain from the electrical
stimulation of capsaicin-treated skin was much reduced, and in two of the subjects
the noxious heat threshold was found to be elevated by 2.3°C and 3.1°C,
respectively. The other capsaicin-treated subjects were not tested in this manner,
but elevated noxious heat thresholds have been reported in previous studies using
capsaicin.®

The polygraph skin blood flux records were measured for the total area of each
blood flux response, and the results are depicted graphically in Figure 2. The
responses before and after capsaicin treatment indicate that, although vasodilator
response and pain perception are both markedly reduced, some vasodilatation
remains, evoked by larger total numbers of electrical stimulus pulses.

Figure 3 shows 2 responses to the same total stimulus (64 pulses) in the same
subject, in whom approximately half of the anterior surface of the forearm was
anaesthetized by 2% lignocaine block of the medial cutaneous nerve of the fore-
arm. The large and prolonged vasodilator response seen in A was evoked by
64 pulses at 2 Hz applied near the laser probe at site A on the lateral (unanaesthe-
tized) side of the forearm. In B, the resting skin blood flux is seen to be already
elevated to 37% 6 minutes after the nerve block, compared with the resting flux of
about 12% before the stimulus train was applied to the non-anaesthetized skin of
the lateral side. Note that in B the stimuli did not evoke a perception of pain, but a
brief vasoconstriction during the first 2 minutes was followed by considerable
vasodilatation with increase in microvascular flux to reach an almost identical figure
to that produced at the unanaesthetized site, A.

In Figure 4 the mean flare responses, standard errors of the means and the
95% confidence limits of the normal subjects’ responses to the standard noxious
electrical stimulation are shown. The reduced blood flux responses from a patient
with dorsal root damage neuropathy (4 ) and another with chronic polyneuropathy
(%) show the degree to which this nociceptor-mediated response is reduced in both
patients.

Discussion

The inflammatory response to necrosis or deep infection in the feet of patients
with long standing diabetes mellitus is often accompanied by only slight superficial
redness of the skin. This suggests a possible impairment of the neurogenic vaso-
dilatation, that is, the axon reflex portion of the inflammatory triple response.*’
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This suggestion is supported by the findings of Hutchison er al ¥ that the histamine
flare response, as measured by the rise in skin temperature in response to intra-
dermally administered histamine, is reduced in diabetics.

Our technique was developed as a non-invasive quantitative test of how
nociceptor function contributes to the axon reflex flare evoked by percutaneous
electrical stimulation. The responses resemble closely in form and duration the
‘local’ vasodilatation obtained by Blumberg and Wallin” from intraneural microsti-
mulation in microneurography. The responses are not reflexes requiring CNS par-
ticipation since they persist after local anaesthetic block of the medial cutaneous
nerve of the forearm (Figure 3). The same painful electrical stimuli applied at skin
sites remote from the laser probe failed to evoke vasodilatation, as did non-painful
levels of stimulation (less than 60—80 V) near the laser probe. The presence of an
early vasoconstrictor response, seen as transient falls in skin blood flux with higher
stimulation parameters, suggests that sympathetic vasoconstrictor fibres are excited
by these levels of electrical stimulation which evoke an axon reflex flare (as in
Lewis’ triple response). Capsaicin pretreatment is known to reduce the substance P
levels in epidermal primary afferents and their small cell bodies in the dorsal root
ganglia.'’ Capsaicin treatment might therefore be predicted to shift the electrical
stimulation dose-response plot in a similar manner to neuropathic states and result
in impaired nociceptor function. A comparison of the data in Figures 2 and 4
supports this view.

After capsaicin pretreatment (Figure 2) the presence of some residual
vasodilatation evoked by a larger total number of pulses suggests either that
capsaicin desensitization of the nociceptor was incomplete or that other mechan-
isms may be involved in the vasodilation.

Other small nerve fibres in the skin which can be activated at the stimulus
levels used include sudomotor (sympathetic postganglionic cholinergic fibres)
and/or active sympathetic vasodilator fibres, whose transmitter is not known.'" Of
these, the cholinergic sudomotor fibres are not likely to participate in the response
because atropine does not affect the local flare response’ or our percutaneous
vasodilatation (Westerman RA, Szolcsanyi J, Magerl WM, Handwerker HO,
unpublished observations). We cannot exclude possible involvement of active
vasodilator fibres.''

The sensitivity of the skin flare response, albeit transient, to very few stimulus
pulses tempts us to consider a possible physiological role for this mechanism in local
microvascular blood flow regulation. Further evidence of the sensitivity of the
response of cutaneous nociceptors is found in the skin redness evoked by “prickly’
fabrics.'? These sensations of ‘prickle’, and often small amplitude local vasodilata-
tion, can be evoked by very small currents (1077 A) applied so as to stimulate only
the most superficial epidermal nerve fibres (Kenins P, Garnsworthy R, Gully R,
Westerman R, Walker A, unpublished observations) which are shown by immuno-
fluorescence to include substance P containing unmyehinated primary afferent
fibres. The stimulus parameters and protocol shown in the present paper to be
effective in evoking a neurogenic vasodilatation are proposed as a quantitative test
of cutaneous nociceptor function contributing to axon reflex flare. This proposal is
now being tested in diabetic patients with neuropathy.
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Summary

Direct stimulation of intact forearm skin affects adjacent microvascular blood
flux. Pulses of current, known to activate C-fibres effectively, were applied over a
period of 1-16 seconds at 2 Hz using transcutaneous stimulation. An increase of up
to 50% was observed in skin microvascular blood flux. Increased blood flux
correlated well with increasingly painful sensations. Some subjects responded to
one or two pulses at 2 Hz, 0.5ms in duration and 150 volts. A response onset
latency of 4-15 s, lasting up to 5 minutes, was recorded. At higher frequencies
(4—8 Hz) and more pulses (16-32) vasoconstriction was frequently observed before
the usual flux increase. After administration of local anaesthesia (2% ligocaine)
the resting skin blood flux increased, but electrical stimulation still produced
vasodilatation. The local cutaneous flare response to electrical stimulation was
abolished or greatly reduced by capsaicin pretreatment. Excitation of small
intracutanous forearm nerve C-fibres produces increased microvascular blood flux
which is dependent on local release of vasodilator substances. Thus the neurogenic
flare (axon reflex) may have a physiological role in regulating skin blood flow, and
nociceptor function may be measured by applying the aforementioned transcuta-
neous electrical stimulation.

Note Added in Proof: A reduction in the neurogenic vasodilator response to
electrical stimulation has now been observed in 25 diabetics with clinical symptoms
of early sensory neuropathy.
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This study was designed to assess the quantitative features of the skin protecting mechanism of axon
reflexes by moniloring stimulus related changes in skin blood Aow using laser Doppler flowmetry. Skin
vasodilatation induced by trains of brief transcutaneous electrical pulses (0.5 ms, 150 V) was strictly
related in magnitude to the number of pulses (trains of 1-32). This vascular response was reduced by 95%
when the skin had been pretrealed by painting it for two days with a 1% alcoholic solution of capsaicin.
The sensitivity of vascular responses to activation of afferent C-fibers indicates a role of this mechanism
in the protection of the skin against noxious events.

It has been known since the last century that the stimulation of a certain class of
nerve fibers with cell bodies in the dorsal root ganglia exerts an influence on blood
flow in the skin [1, 10, 14]. This effect was termed *antidromic vasodilatation® since
it was experimentally demonstrated by antidromic excitation of afferent units [5, 8).
The same neurons were also found to be responsive to natural stimulation of their
receptive endings in the skin and to give rise to characteristic patches of vasodila-
tation surrounding the stimulation sites. The effect was conjectured to work as an
axon reflex {3, 11] spreading locally via the branches of the unmyelinated afferent
neurons, This socalled ‘nocifensor system’ [12] was supposed to have a physiological
role in protecting the vital functions of the skin against injury [2, 11]. The impairment
or loss of this type of peripheral nerve function, e.g. in traumatic nerve injury or in
neuropathy, is thus supposed to lead to trophic changes often observed in denervated
skin.

Correspondence: H.O. Handwerker. *Present adress: Institut (ur Physiologie und Biokybernetik,
Universitit Erlangen, Universititsstrasse 17, D-8520 Erlangen, F.R.G.
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In spite of the long history of the research on the ‘nocifensor system’, precise clini-
cal routines for testing the functional state of this system are not yet established. The
present study presents a non-invasive method for testing the neurogenic vasodila-
tation in human subjects which may also be useful for clinical investigations. Part
of the present data have been published previously in short form [19].

Electrical stimulation of the volar surface of the forearm was performed in 7 con-
senting male subjects (29-54 years old), including the authors, with a silver plate con-
tact electrode (cathode) S mm in diameter moistened with tyrode, using series of brief
electrical stimuli appropriate to excite the axons of cutaneous C-nociceptors. A larger
(5% 7 cm) silver plate near the wrist served as reference. Constant voltage stimuli
were delivered capacity-coupled via an isolation unit from a Grass S 8 electrical sti-
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Fig. I. Axon reflex vasodilatation in the vicinity of skin sites stimulated by trains of electrical pulses. A:
dilatory responses of one subject 1o percutaneous electrical stimulation of the ventral forearm with an
ascending series of trains consisting of respective numbers of pulses as indicated below (arrows) in normal
skin (a) and capsaicin-pretreated skin (b). B: dose-response relationship of electrical stimulation and reflex
vasodilatation in untreated skin (a) and capsaicin-pretreated skin (b). The 6 subjects participating in the
capsaicin experiment served also as controls. C: dose-response relationship following intracutaneous bipo-
lar stimulation (60 V) through intradermal needles.



351

mulator. Pulses of 0.5 ms duration and 60-150 V were delivered at frequencies of
1-8 Hz. Vasodilatation responses in the superficial skin layers were monitored 10 mm
apart from the stimulated skin area by laser Doppler flowmetry (Periflux PF1, Per-
imed K B, Stockholm, Sweden). The light of a 2 mW He-Ne laser is frequency shifted
in the skin by the motion of particles, mainly red blood cells. The degree of Doppler
shift is differentially processed and leads to voltage readings (V*) which are linearly
related to the number and velocity of erythrocytes in a given volume of tissue. Since
absorption and reflection of the laser light is affected by differences in properties of
the skin. laser Doppler flowmetry allows recording of relative but not absolute blood
flow changes [17. 18]. Subjective ratings of pain were assessed by means of a visual
analogue scale.

Stimuli of 60~90 V were strong enough to activate the muscles underlying the sti-
mulated area. Tapping-like sensations were felt at the stimulation site. but using test
stimuli of 8 pulses (2 Hz, 0.5 ms) neither pain was sensed, nor vasodilatation oc-
curred. The threshold values for the occurrence of both pain and flare responses were
at the same level of stimulation, usually at 110-130 V. Therefore 150 V pulses were
used in the experimental sessions.

At that strength of stimulation trains of 2-4 pulses elicited vasodilatation re-
sponses clearly discernible from spontaneous fluctuations in blood flow as well as
from artefacts due to muscle contractions. Longer trains of stimuli resulted in longer
lasting responses of several minutes (up to 12 min) (see Fig. 1A).

Ascending stimulation series with trains of 1, 2, 4, 8, 16, 32 and sometimes 64
pulses (2 Hz. 0.5 ms) were employed to study the relationship of the number of pulses
and the magnitude of the vasodilatation response. Subsequent stimulations were per-
formed only when blood flow levels had returned to baseline for at least 2 min. Vaso-
dilatation responses were quantified as area under the curve and refer to the integral
of flowmeter output voltages over time [V*:min)]. A strong correlation with the size
of stimulus trains was found (see Fig. 1B).

Stimuli of the strength required for eliciting vasodilatation responses were always
painful. Pain increased with longer stimulus trains. The stimuli presumably excited
the terminal branches of C-nociceptors of the stimulated skin area, but not unmyeli-
nated fibers of more deeply located nerve trunks since radiating pain sensations were
never reported. Accordingly the vasodilatation was restricted to the area surrounding
the stimulation site. Blood flow in skin areas 5 cm apart was not affected.

Interindividual variability of the dilatation responses was more pronounced (8.59
+7.04 V*-min, mean £S.D., range: 2.64-21.4]1 V*-min, n=6) than intraindividual
variability checked in one subject at different skin sites (4.22+2.93, V*min,
mean + S.D.. range: 2.13-11.38 V*-min, n=8) under a standard condition (20 pulses,
2 Hz, 0.5 ms).

Variation of the frequency within a pulse train between | and 8 Hz seemed to have
no effect on the response magnitude, when equal numbers of pulses per train were
applied.

The latency of the vasodilatation was checked by means of a 1-s pulse train of 8
Hz in 3 subjects where no muscle artefacts were encountered. Latencies of 4.9+ 0.6
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s (mean+S.E.M.), n=11) were found. This is in good agreement with latencies
reported in vintage studies on antidromic vasodilatation using different methods {1).
The shapes of the responses resembled those registered in antidromic vasodilatation
in dog [1] and in cat [10].

Comparable results were obtained with bipolar intracutaneous stimulation (n=45)
using 30-gauge intradermal needle electrodes inserted in parallel at a distance of 15
mm in S subjects. In these experiments the skin blood flow in the region between the
needles was measured (Fig. 1C). Forty to 60 V proved to be sufficient to elicit an
increase in blood flow with intradermal stimulation which was preceded by sensa-
tions of a sharply stinging pain at the needle sites.

Injecting the stimulated site with 0.5 ml of a 1% lidocain solution resulted in a com-
plete abolition of the response to a standard stimulus (20 pulses, 2 Hz, 0.5 ms). while
responses at sites injected with saline (5.9241.56 V*-min, mean +S.E.M.. n= 5) were
not significantly different from a control stimulus (5.99% 1.68 V*:min, mean-
+S.E.M.. n=5) applied 20-40 min prior to injection. This test conclusively demon-
strated the neurogenic origin of the vasodilatation.

Capsaicin pretreatment was used to test the involvement of peptidergic afferent C-
fibers in the vasodilator response. Six skin patches (2 x 3 cm) at the volar side of
the forearms of 3 subjects were painted with a solution of 1% capsaicin in 80% ethanol
up to 10 times in 2-3 h intervals. The painted areas had been pretreated with
dimethylsulfoxide (DMSO) for 1 min. Capsaicin paintings caused marked erythemas
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Fig. 2. Pain and blood flow responses to percutaneous electrical stimulation (150 V. 2 Hz, 0.3 ms) in nor-
mal and capsaicin-pretreated skin (original recordings). Blood flow recordings are distorted by artefacts
due to muscle twilching during stimulation in several instances. IP, intervention point at one third of the
visual analogue scale defined as subject’s withdrawal from the stimulus under non-experimental circum-
stances.
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and burning sensations that became weaker with repetitive paintings. Testing was not
started prior than 2 days after completion of the capsaicin paintings to allow the local
inflammation and hyperalgesia to subside. Capsaicin treatment resulted in an in-
crease in pain threshold to radiant heat by approximately 2°C and in a complete abo-
lition of itching to iontophoretic application of histamine {7).

Flare reactions to the electrical stimuli used in this study were no longer observed.
More sensitive monitoring by laser Doppler lowmetry indicated that the vascular
reaction was reduced to 5% of control values. This resulted in a parallel shift of the
dose-response curves to the right. Threshold responses required at least trains of 8,
often 16 or more pulses (Fig. 1B) 3-6 days after capsaicin desensitization. It has been
described previously that flare responses following other types of stimuli are also sup-
pressed after capsaicin [4. 6, 7, 9, 18).

While vasodilatation was markedly reduced in capsaicin-pretreated skin sites, this
did not apply to the pain induced by the stimulation (Fig. 2). This may be due to
the fact that electrical stimulation unlike natural stimulation does not involve trans-
duction via receptive membranes. but has direct access to the conductile part of the
axon [13] which most likely is not impaired by topical treatment of the skin with cap-
saicin. The secreto-sensory endings of polymodal C-nociceptors are thus the main
targets of this procedure [15]. In addition the pain induced by transcutaneous electri-
cal stimulation may be partly mediated by nociceptive nerve elements insensitive to
capsaicin. e.g. by mechanoceptive A-d-units [16). The latter most probably do not
contribute to the antidromic vasodilatation.

The technique described may be useful as an objective method to monitor altered
properties of afferent cutaneous C-fibers and to detect changes in the nocifensive sys-
tem of the skin under various conditions of neuropathic lesions characterized by a
diminished number of fibers or in an altered neuropeptide content of unmyelinated
afferents. The capabilities of the method are illustrated by the model of topical cap-
saicin administration which presents an experimentally induced deterioration of the
nociceptor functions. The differences shown in the magnitude of axon reflexes
between normal and capsaicin-pretreated skin are drastic in such a manner that
changes by far minor than those demonstrated will surely be detected by the method
of laser Doppler flowmetry.

This work was supported by the DFG, Grant Ha 831/8. R.A.W. held a v. Hum-
boldt fellowship. J.S. was a guest professor at the University of Heidelberg while per-
forming this study. We wish to thank these institutions.
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Painful transcutancous electrical nerve stimulation (TENS) of the foot dorsum evoked axon reflex vaso-
lilatation, measured by laser Doppler flowmetry. In addition, acetylcholine (ACh) and sodium nitrite
NaNO,) were iontophoresed to cause vasodilatation by endothelium dependent and independent mecha-
iisms, respectively. Compared with healthy volunteers, diabetic patients with clinically diagnosed neuro-
rathy showed reduced electrical axon reflex flare and ACh responses, but not NaNO, responses. Such
educed cutaneous nocifensor functions may contribute to some symptoms and complications of diabetes
netlitus.

Diabetes mellitus often leads to disturbances of small nerve fibres and blood vessels
n the skin. As a consequence, pain, sweating disorders, frequent skin injury and
nfections are common in diabetics. Sensory nerve damage and reduced skin blood
low can even lead to ulceration and loss of digits [1]. Current methods of nerve test-
ng only assess damage to large nerves (myelinated A-fibres) [3]. However, smaller
wierves (C-fibres) may also be affected early in the disease [1, 4] and a more sensitive,
pecific and portable method of assessing their function would be a major develop-
nent for evaluating diabetic neuropathy in both clinical and research settings [4]. To
his end, we have developed a non-invasive technique for measuring small nerve fibre
unction by monitoring skin blood flow during noxious transcutaneous electrical
1erve stimulation (TENS) [16, 18].

This study was conducted on 19 healthy subjects (age range: 20-63 years) and 30
liabetic patients, who were all currently receiving insulin therapy (age range: 21-88
rears). According to previous clinical histories, patients were catagorized as those
vith or without previous large fibre neuropathy. All subjects gave their informed con-

Correspondence: R.A. Westerman, Department of Physiology, Monash University, Clayton, Vic. 3168,
Australia.
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sent to the studies which were approved by the Monash University and Royal South-
ern Memorial Hospital Ethics Committees. All subjects were seated in a room with
an ambient temperature of 21-24°C, with the leg slightly extended so that the foot
could be supported comfortably approximately 20 cm above the ground. Skin blood
flow was measured with a helium—neon laser Doppler flowmeter (Periflux Model
Model PF1d, Perimed, Sweden) [11]. Vasodilatation was evoked by either transcuta-
neous electrical nerve stimulation (TENS) or the iontophoretic application of the
endothelium-dependent vasodilator, acetylcholine (ACh), and the endothelium-inde-
pendent vasodilator, sodium nitrite (NaNO,) [5]. TENS was applied immediately ad-
Jacent to the laser probe, as has been described for the stimulation of the forearm
[16, 18] (see Fig. 1A for stimulation parameters). A battery-powered constant current
stimulator (WPI 502R) was used to provide a direct (galvanic) current for drug ionto-
phoresis [17]. ACh and NaNO, were dissolved in an inert aqueous gel (2% methyl
cellulose) and applied to an Ag—AgCl plug in a hemispherical 50 zl chamber. This
was part of a cylindrical perspex applicator which served as the active electrode and
fitted into the laser probe holder. Therefore, by using small currents of brief duration,
it is possible to provide a discrete transfer of a polar vasoactive drug into the epider-
mis in the immediate skin area under the probe (dose is expressed as the total charge
in milliCoulombs). The resulting change in blood flow is measured by the laser
Doppler probe after its re-insertion into the holder. Since this study was chiefly
designed to examine the C-nociceptor nerve function clinically, time constraints al-
lowed testing of only one concentration of each test drug in each patient. From preli-
minary experiments and dose—response curves, the following stimuli were chosen,
using 1% solutions of ACh chloride and NaNO,: anodal current of 0.2 mA for 10
s (ACh) and cathodal current of 0.2 mA for 20 s (NaNO,). ACh was normally ap-
plied to the laser site previously tested by adjacent TENS, while a new site on the
foot dorsum was used to apply NaNO,. At these low current levels, the inert gel used
to dissolve the drugs caused negligible effect on skin blood flow. Vasodilator res-
ponses were quantified by measuring the area of each response, calculated as the vol-
tage-time integral and plotting these as described previously [16]. However, if the
vasodilator responses to ACh and NaNO, were still elevated at 4 min, this time was
chosen as the period for calculation of the ¥-time integral.

The results of TENS performed in both control and diabetic patients are shown
in Fig. 1A. TENS was perceived as painful in control subjects, while diabetic patients
with neuropathy barely perceived the stimuli and could not always confirm the
number of pulses received. In such patients the stimuli rarely evoked any discomfort.
In all control subjects, TENS produced vasodilatation, the size of which was depen-
dent on the number of pulses applied. This can be seen from the linear stimulus—
response curve, obtained with 1-16 noxious electrical pulses (Fig. 1A). All vasodila-
tor responses returned to baseline levels within 24 min. By contrast, there was a pro-
gressive rightward shift of the pulse-related axon reflex vasodilator response curve
in diabetic subjects without and with clinical neuropathy, respectively (Fig. 1A). For
the diabetic patients with clinical neuropathy this corresponds to approximately a
one log unit reduction in responses, and is statistically significant for each stimulus
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Fig. 1. Increases in microvascular blood flow (defined as laser Doppler flux) on the foot dorsum of control
iubjects and diabetic patients in response to TENS, and iontophoretic application of ACh and NaNO,
see text for abbreviations). A: effect of TENS (150 V, 0.75 ms, at 2 Hz). Data plotted on double log axes
vith the number of electrical pulses delivered to foot dorsum on the abscissa, and the corresponding
‘hanges in blood flow, calculated as a ¥ min integral from the laser Doppler analog record, plotted on
he ordinate. Each point on the graph is the mean, and vertical bar the S.E.M., of responses from control
;ubjects (stars, n=19), diabetic patients without neuropathy (points, »=10) and with neuropathy (closed
iquares, n=26). Each point in the latter group was significantly different from the corresponding control
‘esponse (P <0.03, r-test). B: effect of ACh (1%, 0.2 mA, 10 s). C: effect of NaNO, (1% 0.2 mA, 20s). Each
:olumn is the mean, and the vertical bar the S.E.M., of responses for control subjects (dark hatch), diabetic
»atients without neuropathy (light hatch) and with neuropathy (open column); # for each group is given
nside each column. Only the reduced ACh response obtained from diabetic patients with neuropathy was
ignificantly different from the control response (P < 0.05, -test).

point (P <0.05, t-test). The results from the iontophoresis of ACh and NaNO, are
summarized in Fig. 1B, C. ACh (2 mC) caused immediate vasodilatation in all con-
trol subjects, although only 8 out of 30 responses were complete within the 4-min
calculation period. The effect of ACh in the diabetic patients paralleled the effects
of TENS, in that ACh caused less vasodilatation in both diabetic groups (Fig. 1B).
However, this was only significant in patients with diabetic neuropathy (P <0.05, r-
test). These differences are probably underestimated somewhat because a greater per-
centage of responses in both diabetic groups had returned to resting levels within 4
min (4 out of 9 responses from diabetics without, and 8 out of 26 from diabetics with



neuropathy, respectively). The iontophoresis of NaNO, also caused vasodilatation
in control subjects, although compared with ACh, these responses were smaller and
more variable in that there was often a latency of approximately 1 min before vasodi-
latation commenced. Thereafter this usually remained elevated in both control and
diabetic patients during the observation period (4 min). In only the diabetic patients
with neuropathy, there was a trend towards reduced NaNO,-induced vasodilatation
(Fig. 1C), however, this was not significantly different from the control group
(P>0.05, r-test).

The present study has shown that diabetic patients with diagnosed large fibre neuro-
pathy also exhibit other neurovascular changes that can be readily detected with the
aforementioned techniques. Axon reflex vasodilatation evoked by TENS persists af-
ter local proximal anaesthesia but is markedly attenuated by pretreatment of the skin
with capsaicin [16], a neurotoxin known to deplete primary afferent fibres of sub-
stance P [7]. The axon reflex vasodilatation is totally absent in skin 15 days after total
denervation [19]. Thus, this neurogenic flare is thought to involve the local antidro-
mic stimulation of C-fibres which causes the release of substance P (and possibly oth-
er mediators) [9, 18]. Similar results in man have also recently been obtained using
painful intraneural stimulation of the superficial peroneal nerve at the ankle [2]. As
in the forearm [16], TENS evoked a transient pulse-related flare in the foot dorsum,
which occurred only if the stimulus was painful and applied in the immediately adja-
cent area to the laser probe. However, in both groups of diabetics, there were shifts
to the right in the stimulus-response curve. This was more marked in the diabetic
patients with clinical neuropathy and therefore suggests an additional dysfunction
of primary afferent fibres. This is consistent with an earlier report of reduced hista-
mine-induced axon reflex flare in diabetic patients, measured indirectly by the rise
in skin temperature following intradermally injected histamine [6]. In a recent preli-
minary communication [12], axon reflex vasodilatation was also evoked by the elec-
trophoresis of ACh. This was achieved by applying 10% ACh with a current of 1 mA
for 5 min (i.e. 300 mC) to an outer ring, and then measuring the resultant spread
of the flare to the centre of the ring, using a laser Doppler flowmeter. Morcover, 1
this abstract it was claimed that these axon reflex responses were reduced in patients
with diabetic neuropathy (although no data were presented) [12].

In this and other [6, 12] studies, the reduced axon reflex vasodilatation in patients
with diabetic neuropathy suggests loss of afferent C-fibre function. However, since
this neurogenic flare depends ultimately on the functional integrity of the microvas-
culature in series with the primary afferent nerve fibres, it is possible that damage
to either the vascular endothelium or the vascular smooth muscle itself could contri-
bute to, or even be largely responsible for, the observed effects. Therefore, ACh or
NaNO; were iontophoresed directly across the skin barrier into the area measured
by the laser probe in order to examine vascular endothelial and smooth muscle func-
tion, respectively. This technique differs to that previously described (see ref. 12), in
that lower concentrations of vasodilator drugs were iontophoresed using smaller cur-
rents of much briefer duration and the skin immediately iontophoresed with ACh
was examined directly, not a distant site. These parameters and geometry were insuf-
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icient to evoke axon reflex vasodilatation, i.e. spreading flare, which is consistent
vith the relative insensitivity of normal isolated polymodal nociceptors to applied
ACh [8]. Moreover, the local vasodilator responses to ACh and NaNO, were also
argely unaffected by pretreatment of the skin with capsaicin [13] and even persisted
n skin denervated 15 days previously [19]. ACh is thought to cause vasodilatation
nainly via the release of endothelium-derived relaxing factor (EDRF) from the vas-
:ular endothelium (with a lesser contribution from axon reflex mechanisms), while
iitrovasodilators act directly on the blood vessels [5]. Thus, the reduced iontophore-
ic vasodilator responses to ACh, but not NaNO,, in patients with diabetic neuro-
rathy suggest that endothelial function is impaired although the microvascular
mooth muscle appears to be responding normally.

Another possible contribution to the reduced TENS- and ACh-induced vasodila-
or responses exhibited by diabetic patients with neuropathy may occur because of
in increased skin electrical impedance associated with reduced sudomotor activity
10]. However, in the present study, this is unlikely to be a major factor because the
FENS used markedly suprathreshold stimulation for C-fibre activation, while a con-
itant current stimulator was used for drug iontophoresis. Moreover, the fact that
»oth ACh and NaNO,; were not altered uniformly would argue against an increased
kin electrical impedance as the only factor involved to limit drug penetration
although transport numbers are not identical).

Substance P binding sites have recently been demonstrated on endothelial cells
14], and this would explain the strictly endothelium-dependent vasodilator nature
f substance P [5]. Therefore, it is possible that impaired endothelial function,
lemonstrated using iontophoretic ACh, may have contributed to the reduced electri-
:ally evoked axon reflex in patients with and without diabetic neuropathy. This could
seeur if part of the vasodilatation evoked by TENS is due to neurogenically released
iubstance P causing the release of EDRF. However, the ability of substance P to
:ause histamine release from mast cells [9] would be unaffected, and so this compo-
1ent of the axon reflex would presumably be intact. Thus, impaired endothelial func-
ion (either EDRF synthesis or release) could exacerbate any primary afferent dys-
unction. In this context, recent evidence suggests that vascular changes may be caus-
tly important in the development of diabetic neuropathy [15]. Therefore these pre-
ent results would implicate the vascular endothelium as a primary target of this
netabolic disorder and suggest that reduced skin nocifensor functions may contri-
yute to some of the symptoms and complications of diabetes mellitus. Further studies
ire in progress using other cholinergic and nitrovasodilators in order to verify and
:xtend these findings.
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Summary

Since the first use of laser Doppler velocimetry (LDV) 16 years ago to measure tissue blood flow there
has been no general acceptance of its clinical usefulness. The previous difficulty of measuring
cutaneous blood flow made the introduction of the laser Doppler flowmeter (LDF) 8 years ago seem
ideal because of its simplicity to use, and its provision of a continuous non-invasive quantitative
measurement of changes in local microcirculatory activity. However, the present paper discusses
some limitations of the technique and caveats about its use before emphasizing its greatest area of
usefulness for the sensitive measurement of relative changes in blood flow under dynamic conditions.

In particular, the sources and extent of variability in neurovascular responses to transcutaneous
electrical and iontophoretically applied stimuli are defined in order for these to be minimized.
Examples of clinical and experimental studies, with particular reference to diabetes mellitus, illustrate
the use of LDF for dynamic changes in skin and muscle microvascular blood flow.

Introduction

Many neurological disorders such as diabetic, neoplastic
and other neuropathies, lead to disturbances of thin nerve
fibres which have not been easily measured in the past.
Methods for measuring tissue blood flow in absolute
terms have been long sought, but most techniques used
to date have the disadvantage of being invasive. Re-
cently semiquantitative techniques of laser Doppler
velocimetry (LDV) and laser Doppler flowmetry (LDF)
first used 16 years ago have proved useful in continu-
ously monitoring the blood f{lux changes in skin mi-
crovessels (1). The laser Doppler flowmeter (LDF) uses
a low power laser (usually helium neon 2-3mW) to
generate a non-injurious beam of infrared light which
passes through an optical fibre to illuminate a region of
tissue. Photons entering the tissue are scatiered by
moving red blood cells and undergo a frequency shift
according to the Doppler principle. Some of this light is
then collected and delivered via other optical fibres to a
photodetector whose electrical output is processed to
yicld a continuous reading which in many conditions is
proportional to the local blood flow. The laser probe
senses average blood flow in a region of tissue approxi-
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mately a hemisphere, with a radius of one millimetre.
The measurement, referred to as blood flux, is continu-
ous and has high spatial and temporal resolution (100
ms) so dynamics associated with local skin blood flow
regulation or cardiac output change can be followed.

The previous difficulty of measuring cutaneous blood
flow made the laser Doppler flowmeter (LDF) seem
ideal because of its simplicity to use, and its provision of
a continuous non-invasive quantitative measurement of
local microcirculation, but as yet there has been no
general acceptance of its clinical usefulness (2). How-
ever, the limitations of the technique and some caveats
about its use should be made at the outset before empha-
sizing its greatest usefulness for the measurement of
relative changes in blood flow under dynamic condi-
tions.

The physical principles of LDV are scientifically attrac-
tive and have led to an array of different LDF devices
with some appreciable differences in their implementa-
tion of the principles. These include in particular, the
wavelength of the laser light used (3, 4), the number,
dimensions and geometry of the fibre optics conveying
the reflected signal, the signal processing (5) and filter-
ing of the reflected laser signal, and the mathematical
algorithms used to derive a voltage output proportional
to tissue blood flow. Examples of such instruments are
those described by Tcnland (3) and Haumschild (4).
These principles, parameters and their implementation
have been recently reviewed in detail by Kilpatrick et al.
(6) and by Svensson (7).



Standardization of LDF instruments

Because it utilises Doppler shifts in the range of helium
ncon laser light wavelength 632.8 nM or infra red 760-
800 nM, LDV is sensitive to all movements on a micro-
scopic scale. The devices which employ two fibre optics
for pickup of the reflected signal and differential record-
ing (3, 8) in our experience have proven more sensitive
and less subject to movernent artifact. Filtering and
improvements in fibre optic cables (6, 9) have further
reduced this problem. Until now, most LDF devices
have claimed validation of their particular configuration
and signal processing by comparison with other estab-
lished methods of blood flow measurements. These
include: 133 xenon clearance (7, 10, 12), optical pleth-
ysmography (13, 14), electromagnetic flowmetry (9),
microspheres (15, 16, 17) and in vitro fluid models (3,4).

Good correlations have been demonstrated with micro-
sphere flowmetry (15, 16) and 133 xenon clearance (10),
both of which are accepted and accurate methods. Figure
1 depicts such an experiment using LDF and micro-
sphere measurements. In the merino sheep, measure-
ment of flank skin blood flow, simultaneously using
microspheres and LDF during the continuous infusion of
epidermal growth factor intravenously, was performed
over an 8 hour period in a warm environment. In spite of
the uscful correlation it is clear that the LDF is not
measuring absolute blood {low (11). In addition, exam-
ining intestinal mucosa blood flow by LDF in the dog,
signilicant correlations with electromagnetic flowmetry
were obtained by Shepherd and Riedel (18, 19). A
comparison between plethysmography, LDF and heat
thcrmal clearance gave results strongly suggesting the
diffcrent methods measure skin blood flow changes at
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Fig.1:Comparison of two different measures of changes in skin blood
flow on a sheep's flank during 8 hours of continuous intravenous in-
fusion of epidermal growth factor. The sheep was comfortably lying
in a metabolic cage in a warm environment and both Periflux Pfld
Laser Doppler flowmeter and radicactive microsphere measure-
menls of skin blood flow were made simultaneously at approximately
3/4 - 1 hour intervals. The linear regression of the data points over the
range of flow from 10-160 ml.100g" min' showed the relationship
between LDF flux and Q spheres has a correlation coefficient
R=0.795. This includes data points at 8 hours with flows around 150
mi.100g" .min? when active vasodilatation was likely to be more
established.
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different depths in vascular beds in the skin (20) and the
observations of Johansson et al. in a gastrointestinal
application (8) support this. However, in order to make
the most useful inter-experimental comparisons some
reproducible standard of blood flow is required against
which varying types of LDF can be calibrated - and
unfortunately this is still lacking.

Limitations of the LDV technique

Apart from the general problems of movement sensitiv-
ity and lack of a reproducible standard of blood flow
already discussed, the following additional sources of
variability are recognized:

(i) dependence of readings on blood vessel walls and
non cellular elements such as lipid droplets,

(ii) biological variables such as skin thickness, pig-
mentation and capillary density may affect LDF
readings.

(iii) haematological changes, e.g. haematocrit in the
absence of flow change may affect LDF reading.

(iv) uncertainty about the depth of 2 mW laser penetra-
tion and therefore the volume of tissue whose

microvasculature is monitored (20).

(v) uncertainty about whether LDV can distinguish
blood flow through capillary beds from that through
artcriovenous shunts,

(vi) response amplitude (% increase in laser Doppler
flux) depends upon resting level of flux (see Figure

8).
Experimental and clinical uses of LDF

Use of LDF has been extensive and includes monitoring
of skin blood flow ima wide variety of situations includ-
ing sickle cell disease (21), autonomic and diabetic
neuropathy (22, 23), fetal scalp blood flow in labour
(24), perfusion of skin flaps (25, 26), monitoring of burns
and hypothermia and shock (9). Other relatively static
situations in which LDF has been used are in microprobe
measurements of subcutaneous and intramuscular flow
(27,17), and in endoscopic measurement of gastrointes-
tinal blood flow (8).

A much more powerful use of LDF lies in the sensitivity
of the technique to quantify relative changes in blood
flow in response to various graded stimuli. In this way
the reactivity (i.e. responsiveness and sensitivity) of a
microvascular bed may be tested. Examples of this
application of LDV are found in the paper of Karanfilian
etal. (28). The simple butelegant techniques of inducing
reactive hyperaemia of limb skin in response to a stan-
dard ischacmic stimulus demonstrate unequivocally the
value of quantitating dynamic vasodilator responses
when trying to measure subtle functional disturbances of
microvasculature resulting from chronic peripheral arte-
rial disease. It also illustrates the philosophy of using
LDV most effectively to measure changes without at-



tempting to extract or extrapolate absolute flow data
from the measured response. However, the response
amplitude measured as a % increase in LDF flux may
depend upon the resting Ievel of flux (29).

Neurovascular responses, axon reflexes and neurogenic
inflammation

The rest of this paper will examine various aspects of the
neurogenic inflammatory defense mechanisms against
injury or infection including axon reflex vasodilatation
in skin and muscle in health and disease and the useful
clinical and experimental applications of LDV in these
systems to monitor the dynamic changes in microvascu-
lar blood flux resulting from applying standard graded
stimuli of various types.

Nocifensor mechanisms in the skin

There are many defensive (nocifensor) reactions of
blood vessels or cells occurring in skin, muscle and pia
arachnoid evoked by noxious stimuli and mediated by

nerves or by chemical agents. These humoral, cellular
and vascular mechanisms are illustrated diagramatically
in Figure 2. The final response measured by LDF is
microvascular dilatation probably involving only epi-
dermal microvessels particularly postcapillary venules.
It is important to note that the mechanism responsible
involves the serial interaction of three elements: (a)
polymodal nociceptors and primary afferent fibres, (b)
microvascular endothelium, and (c) micro- vascular
smooth muscle. Thus dysfunction of any one or more of
these components will reduce the dilator response elic-
ited and it is necessary to test each component separately.

Methods

Traditional tests of nociceptor function in humans, such
as measurement of thresholds for pain sensation evoked
by noxious heat, electrical stimulation, or mechanical
pressure, provide useful but limited information about
the function of nociceptors in the areas of skin tested
(30). However, a quantitative test for the study of cuta-
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B: Enlarged diagram of region indicated by rectangle in A. The neurovascular interactions of (1) polymodal C-nociceptor/primary afferent
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neous nociceptor activity in such diseases as diabetic (or
other) polyneuropathy has been described (23, 31, 32,
33)and issummarized below. This utilizes the technique
for recording local cutancous vasodilatation in response
to noxious percutaneous electrical stimulation. This so-
called electrical axon reflex is measured by LDF. In
addition, the effects of peptides released from sensory
nerves and of tachykinins, prostaglandins, histamine and
other vasoactive autacoids acting on skin microvessels
can be assessed by quantitative iontophoretic application
of such substances and LDF measurement of resulting
blood flow changes. Detailed descriptions of both axon
reflex (A) and drug iontophoretic tests (B) are given in
the following sections.

A. Electrically evoked axon reflex

The local nociceptor-induced vasodilatation (that is, the
axon reflex part of Lewis’ triple response) is recorded
from the hairy skin of the anterior forearm or the dorsum
of the foot. A Periflux Pf1d laser Doppler flowmeter
(Perimed, Sweden) is used to record the changes in skin
blood flux. The laser Doppler probe holder is fixed to the
skin by a double- sided adhesive disc. An indifferent
anodal electrode is applied 5 cm proximal to the test site,
where the cathode is a 30 mm?2 gold-plated disc electrode
taped onto the skin approximately 5 mm from the laser
probe. A graded incrcase in the stimulus voltage permits
the noxious electrical stimulus theshold to be determined
and recorded. The minimum stimulation giving repro-
ducible responses in normal skin is a series of pulses each
of 150 volts, 0.75 ms in duration, at a frequency of 2Hz
delivered by a fully isolated Grass S88 stimulator with
constant voltage output. The total number of pulses
delivered in each brief train ranged from 1 to 32. (All
healthy nondiabetic subjects report that this stimulus
produced pain at the cathode, and usually do not receive
the train of 32 stimuli, only 16 pulses.) The same sized
responses are also obtaincd using a constant-current
isolated stimulator (HSE Neurostim 50) with the other
paramcters frcquency and pulse duration the same. This
indicates that provided the stimulus is supramaximal for
C-nociceptors, constant voltage and constant current
stimulation are equally effective. The geometry of the
recording probe and stimulating electrodes is shown in
Figure 3A together with a series of vasodilator responscs
1o the stimulus trains of 2,4, 8 and 16 puises in anormal
subject (Figure 3B). The area of each vasodilator re-
sponse was measured as the voltage-time integral (sce
below). The means, standard errors of the means, and
95% confidence limits are calculated for all normal and
diabetic subjccts and the logarithms of responses and
stimuli arc plotted. The amplitude of the microvascular
blood flux increase and its duration are seen to depend on
the ‘dose’ of electrical stimulation expressed as the total
number of electrical pulses.

B. Tontophoresis of vasoactive compounds

The subject is seated in a room with an ambient tempera-
ture between 20-23°C. When the forcarm is being tested,
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Fig. 3: A: Arrangement of LDF probe holders and TENS electrodes
on the human foot dorsum for evoking electrical axon reflex and
iontophoretic vasodilator responses.

Note that when electrically stimulating the laser probe sits in the
probe holder adjacent to the electrodes, and that the electrodes are 50
mm apart, cathode adjacent to probe S mm away.

B: Examples of graded axon reflex dilatations evoked by 2,4, 8 and
16 noxious TENS pulses (150V,0.75 ms duration, 2 Hz frequency) in
a consenting normal volunteer. These responses depend on function-
ing nociceptoriprimary afferent, microvascular endothelium and
smooth muscle.

the arm is comfortably positioned on the arm of the chair
with its anterior surface facing upwards. For testing the
foot dorsum, the leg is extended and supported approxi-
mately 30 cm above the ground. Relative changesinskin
blood flow is measured with a LDF. The LDF measures
basal blood flow by sitting in a plastic probe holder that
is fixed to the skin by a double-sided adhesive disc.

A battery powered constant current stimulator (WPI
502R) is uscd to provide a direct (galvanic) current for
drug iontophoresis. The drugs are dissolved in an inert
aqueous gel (2-3% methylcellulose) to produce a 1%
aqueous solution, and are applied to a Ag-AgCl or
stainless steel plug in a hemispherical S0ul chamber.
This is part of a cylindrical perspex applicator which
serves as the active electrode and fits into the laser probe
holders adhered to the skin (see Figure 3A). An indiffer-
ent electrode of cotton gauze wet with distilled water is
attached to the ankle or wrist of the subject. After
removing the laser probe from the measuring site, the
drug is applicd into the epidermis in the immediate skin
arca under the probe, with small currents of short dura-
tion (dose is expressed as the total charge in millicou-
lombs, mC). To transfer the drugs into the skin, the



polarity of the active electrode has to be the same charge
as the drug. Following iontophoresis, the resulting
change in blood flow is detected by replacing the LDF
‘probe into its holder on the surface of the skin. The major
determinants of the iontophoretic procedure are repre-
sented in Figure 4A.

Dilator responses to acetylcholine (ACh), an endothe-
lium-dependent agonist, and to sodium nitroprusside
(NaNP), an endothelium-independent nitrodilator are
obtained using iontophoresis on the forearm and the foot
dorsum of subjects. The doses are altered by varying the
time of exposure to the current, which was kept constant
at 0.2 mA. Thus, a charge of 2 mC applied to the skin
occurs with 0.2 mA current for 10s, while 4 mC equals
20s of 0.2 mA current. For acetylcholine chloride,
anodal currents are used to transfer the cation (ACh*)
during iontophoresis, and for sodium nitroprusside
cathodal currents are employed to pass the anion. Each
application of drug is given to a different site, unless no
response is recorded initially. At these low current
levels, the inert gel used to dissolve the drugs canses
negligible effect on skin blood {low and are usually
imperceptible to the subject. Doses of between 0.25 mC
and 8 mC of ACh, and 1-8 mC of NaNP have been used
and an example of the latter is illustrated in Figure 4B. If
higher currents than 0.2 mA are employed there is a
possibility of local electrically or thermally induced
axon reflex vasodilatation depending on current density.

Assessment of Recordings

Vasodilator responses obtained from electrical and ion-
tophoretic procedures are quantified by measuring the
arca under the curve of each response, as recorded on an
1.C.I1. DP600 Pen Recorder. The area, in mm? is meas-
ured using image analysis programmes of an IBM PC-

AT compatible computer with a magnetic tablet and
stylus attached. For TENS, the area measured is the peak
above the resting base-line, until the response returns to
the resting flux level. However, after drug applications,
the response does not always return to base-line particu-
larly for larger doses, so the area under the curve is
calculated for the first four minutes of the response. The
value finally obtained is expressed as a V.min integral,
and this reflects response onset-latency and amplitude.

Sources of variability

The major sources of variability are summarised below.

A. General
(i) Equipment;

» Variable voltage output for standard calibration
signal
laser gain settings, time constant, filters
laser probe at variable distance from skin sur-
face
analogue chart recorder settings
measurements of area under curve with digitis-
ing tablet.

Operator error:
Different operators performing and/or analys-
ing neurovascular tests

Subject:

age

sex

time of testing . .

anxiety (vasoconstrictor tone)
current medication
atopic/non-atopic status
ingestion of vasoactive compounds, e.g.
caffeine

resting level of baseline flux
site to site variability

Fig.4: A: Diagram of ionto-
phoretic application of
vasoactive compound to skin
surface, including factors de-
termining the penetration,
accumulation and clearance
of drug in epidermis, corium
and subcutis.
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B: Exampies of graded dila-
tor responses evoked by so-
dium nitroprusside ionto-
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Site of measurement, e.g. forearm vs. foot
dorsum:
stratum corneum thickness
sweat pore distribution and density
primary afferent innervation and density
microvascular bed distribution and density
permeability differences
ambient temperature
B. Tens
stimulus current not of C-fibre strength

« variable placement of cathodal electrode adja-

cent to laser probe.

C. Iontophoresis
variable drug concentrations
inadequate mixing of drug in vehicle (e.g. inert
gel)
choice of charge used to transfer drug depends
on both current strength and duration of ionto-
phoresis
incorrect polarity for drug to be transferrcd
large current strengths (>0.2-0.4 mA) may
evoke axon reflex
skin clearance of drugs by mechanisms shown
in Figure 4.

Results

A. Variability studies

Many of the gencral sources of variability listed in the
Methods section (A(i), (ii)) are obvious and the appropri-
ate steps are taken to standardise there. Others such as
the measurcments of dilfcrent sites within and between
subjects (i.e. Methods A(iii), (iv)) can only be deter-
mined by systematic, controlled testing. Our laboratory
has been concerncd mainly with neurovascular re-
sponses obtained from forcarm and foot dorsum skin
regions and we have defined intra- and inter-subject
variability for TENS (see Figures 5A, B) and ACh- (sec
Figures 6A, B) evoked responses obtained on the fore-
arm. A comparison of forcarm responses with those
obtained on the foot dorsum is also illustrated in Figure
A

Notwithstanding site to site variation, body temperature
is also an important variable since this will affect resting
skin temperature and thercfore resting skin blood flow
(29). Figure 8 shows that an increase in resting skin
blood flux will depress the ncurovascular dilator re-
sponses to ACh (4 mC) and will thus also reducc neu-
rovascular responscs cvoked by TENS.

B. Clinical Studies

Having established the limits of variation of these neu-
rovascular tests, the next most obvious step was to test
whether there were any small nerve fibre deficits in
discase states which are known to cause large fibre
neuropathies. These neurovascular tests were per-
formed in patients with diabetes mellitus and examples
are illustrated in Figure 9.
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These and other results (23, 32, 33) clearly demonstrate
markedly reduced TENS responses in diabetic patients
with clinically diagnosed large fibre neuropathy. Such
impaired nocifensor mechanisms may contribute to
some of the symptoms and complications of diabetes
such as pain, frequent skin injuries and infections.
However, since the axon reflex responses depend ulti-
mately on the integrity of the microvasculature in series
with the primary afferent nerve fibres, it is important to
test at this microvascular level by drug iontophoresis for
acontributing vascular deficit. Itis now well known that
different drugs may cause vasodilatation indirectly via
the release of a substance (EDRF) from the endothelium
or directly by stimulating the vascular smooth muscle
(34). We have iontophoresed ACh as an endothelium-
dependent vasodilator and sodium nitrite and sodium
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Fig. 5: Intrasubject variability to TENS:

A: Shows the variability of LDF blood flux responses to graded
noxious TENS (1-16 pulses; 150 V,0.75 ms, 2 Hz) applied to the same
general site i.e. forearm of the same subject on different days.
Abscissa- flux change as Voll.min integral (log scale). Ordinate -
number of stimulus pulses (log scale). Each point is the mean with
standard error as vertical bars. Number of observations in brackets.

Intersubject variability to TENS:

B: Variability of LDF blood flux responses to graded noxious TENS
(1-16 pulses; 150V 0.75 ms 2Hz) applied to the same general site, i.e.
forearm of different subjects. Abscissa-flux change as Volt.min
integral (log scale). Ordinate - number of stimulus pulses (log scale).
Each point is the mean with standard error as vertical bars. Number
of observations in brackets.

Note: For all the variability studies in Figure 5, 6 and 10, the same
laser Doppler flowmeter (Periflux Pfld) was used 1o record all
responses, but several operators recorded and analysed the dala.
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Fig.7: (above) Shows LDF blood flux responses to graded doses of
acetylcholine chloride (ACh), 1-8 milli Coulomb, applied ionto-
phoretically to either the forearm (closed symbols) or foot dorsum
(open symbols) of different subjects. Abscissa-flux change as a
Volt.min integral. Ordinate - dose of AChas mC iontophoretic charge
(log scale). Each point is the mean with standard error as vertical
bars, number of observations in brackets.

Fig. 6: ( left)

Intrasubject variability to ACh:

A: Shows the variability of LDF blood flux responses to graded doses

of acetylcholine chloride (ACh), 0 254 milli Coulomb, applied ionto-
phoretically to the forearm of the same subject on different days.

Abscissa-flux change as Volt.min integral (log scale). Ordinate - dose

of AChas mC iontophoretic charge (log scale). Each point is the mean
with standard error as vertical bars, number of observations in brack-

ets.

Intersubject variability 10 ACh:

B: Shows the variability of LDF blood flux responses to graded doses
of acetylcholine (ACh), 0.25-16 milli Coulomb, applied iontophoreti-
cally to forearm of different subjects. Abscissa-flux changes as
Volt.min integral (log scale). Ordinate - dose of ACh as mC ionto-
phoretic charge (log scale). Each point is the mean with standard
error as vertical bars, number of observations in brackets.
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Fig. 8: (above)

A: Shows LDF resting flux increasing with core temperature as the
healthy subject exercised. in a warm environment 45°C, 30% relative
humidity.

B: Shows flux changes in response to iontophoretic ACh 4mC appli-
cations superimposed on different resting levels of LDF, correspond-
ing lo approximale core temperatures of 36.5°C (a), 37.0°C (b) and
37.5°C (c).

Note: the response amplitude is reduced at higher resting LDF skin
Slux levels.
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nitroprusside as smooth muscle vasodilators (endothe-
lium-independent) in control and diabetic patients (23,
32, 33). From these studies we have determined that

- diabetic patients with neuropathy exhibit impaired vas-
cularendothelial, but not smooth muscle, function which
could partly contribute to the depressed TENS responscs
(for detail discussion, see refs 23 and 32).

The question of variability between operator and LDF
instruments is an important part of establishing the
reliability and reproducibility of a test. Evidence about
the contribution of this to overall variability is shown in
Figure 10A, B which compares 1986 control and diabetic
data with corresponding 1987 data for TENS and Figure
10C, D which similarly compares responses to ionto-
phoretic application of ACh.

C. Animal studies

The use of animal models of diabetes mellitus including
alloxan, streptozotocin and genetic types of diabetes in
the rat are well documented (33). Recently, the equiva-
lent of TENS has been used in anaesthetized rats by
electrically stimulating intradermal needle electrodes
placed overlying the saphenous neurovascular bundle
(33). Skin blood flow was measured distal to the elec-
trodes in an adjacent shaved region innervated by the

saphenous nerve (Figure 11). In agreement with studies
in man, electrical stimulation evoked pulse-dependent
vasodilatation (Figure 11). Similar experiments have
also been performed in the STZ rat diabetic model. This
study showed that, in comparison to age-matched con-
trol animals, rats tested 60 days after the administration
of STZ exhibited markedly depressed electrical axon
reflex responses (33; Figure 12A). However, the appli-
cation of the non-invasive neurovascular tests described
in the present paper to such animal models lies in the
ability to follow progress of the disease from onset to the
development of complications (Figure 12A) and to
measure the effects of various treatments such as the
newer aldose reductase inhibitor compounds ready for
clinical trial in human diabetes mellitus. The effect of
an aldose reductase inhibitor, Sorbinil, in reversing the
decline in neurovascular function and partly restoring
axon reflex dilator responses is shown in Figure 12B.

Discussion

To date, methods of nerve testing have assessed damage
mainly tolarger myelinated A-fibre nerves (30, 35). The
results presented in this paper indicate that the monitor-
ing of skin blood flow changes using LDF during TENS
provides an additional sensitive and portable method of
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Fig.9: Comparison of skin microvascular LDF blood flux changes in normal and diabetic foot dorsum skin evoked by (A, B) noxious TENS and
iontophoresis of (C) acetylcholine (endothelial-dependent) and (D} sodium nitroprusside (endothelium-independent).

A: Shows linear plot of flux change, as a Volt.min integral, evoked by 1-16 TENS pulses in normal subjects (solid histograms), diabetic patients
without neuropathy (dark hatched histograms) and with neuropathy (light hatched histograms).

B: Shows same dala as depicted in A but plotied on double log axes. Normal subjects: solid linelstars., diabetic patients without neuropathy:
dolted linelopen squares., and with neuropathy: dolled line/closed squares.

C, D: The effect of iontophoretic application of (C) acetylcholine chloride (ACh), 2 mC, and (D) sodium nitroprusside (NaNP), 4 mC, in control
subjects (open histograms) and diabetic patients with neuropathy (hatched histograms).

Note: Only diabetic patients with neuropathy showed significantly reduced responses from corresponding control responses for both TENS
and ACh (p<0.05, t-test). Each point is the mean with standard error as vertical bars. The numbers indicate the n for each group.
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Compares the cumulative
data gathered over two
years (1986/1987) with that
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(1986) for TENS responses
obtained onthe (A) forearm
and (B) foot dorsum and
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ACh dose on the (C) fore-
armand (D) foot dorsum. A
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sponsible for the recording!
analysis of these data in
each year.
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of the TENS and ionto-
phoretic stimuli tested in
both control subjects and
diabetic patients with neu-
ropathy (see text).

cvaluating smaller C-fibre nerve function. Indeed the
suggestions that these nerves may be affected carly in
diabetes mellitus (36, 37) has been confirmed in the
present study. Moreover, the combination of drug ion-
tophoresis together with TENS represents a unique non-
invasive ‘ncurovascular testing kit’ which utilises the
strongest featurc of LDF, viz its dynamic sensitivity.
The importance of testing each individual component
scparately is highlighted in the present study since the
reduced TENS responses in diabetic patients could not
be attributed to impaired vascular smooth muscle vaso-
dilatation. This was determined by the iontophoresis of
ACh and nitrovasodilators (23, 32, 33), all of which exert
negligible effect via the stimulation of the primary affer-
ent nerves (38, 39).
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Therefore, the following protocol is recommended to
test neurovascular function for clinical purposes (refer to

Figure 2):

1. Noxious transcutaneous electrical nerve stimulation
(TENS) evoked axon reflex dilatation of skin mi-
crovessels by neurogenic peptide release and so tests
the function of components 1,2 and 3 simultaneously
(see Figure 2, 3).

Tontophoretic application of muscarinic agonist
acetylcholine chloride elicits endothelium-depend-
ent dilatation of epidermal vessels in the skin ionto-
phoresed. This tests the function of 2, 3. (See Figure
2,4).
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Fig. 11:

Axon reflex responses in rat hairy skin evoked by noxious electrical
stimulation (100V, 1 ms 2 Hz) applied by intradermal needle elec-
trode. The rat was anaesthelised to minimize movement and prevent
discomfort during the noxiows TENS. Flux responses to trains of 1-32
electrical pulses (superimposed) are shown by arrows. Inset shows
diagramatically the location of LDF probe and stimulating elec-
trodes.

3. Iontophoretic application of nitrodilators such as
sodium nitroprusside evokes direct endothelium-
independent dilator responses testing the microvas-
cular smooth muscle reaclivity, i.e. function 3 (see

Figure 2, 4).

It should be stressed that the process of iontophoresis
involves passing polar drugs across the skin using small,
direct currents (40). As such, the exact drug concentra-
tion, location and distribution in the skin is unknown
since a known charge (current x duration) is applied to
the testing skin site, in which mechanical and electrical
properties of skin will also vary (41, 42, 43). Neverthe-
less, as long as standard stimuli are chosen, rclative
dynamic changes in $kin blood flow in normal and
discase states can be determined and with small doses
(up to 8mC) the drug appears confined to epidermis (44).
Quantifying dynamic changes holds true also for TENS
responses, since it is our experience that, while resting
flux basclines may vary slightly from site to site, the
absolute differences in mean resting flux between nor-
mal subjects and diabetic patients with neuropathy is
ncgligible compared to the dramatic dynamic changes
(i.e. flux diffcrences) that occur (23, 32, 33).

Some of these neurovascular (ests have also proven
extremely useful in animal models in which more inva-
sive techniques may be used (45). In the present study,
the STZ rat model of diabetes parallels the clinical
situation with depressed TENS-evoked vasodilatation.
While drug iontophoresis is more difficult in the hairy
skin of animals (42), the ability to perform repeated
serial testing in animals adds a further degree of versatil-
ity to these tests. The appreciable restoration of axon
reflex mechanisms following treatment with aldose
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Fig. 12:

A: LDF readings of electrical axon reflex responses in paw skin of
streptozotocin-diabetic rals compared with those of weight- matched
conlrols (expressed as %) evoked by noxious electrical TENS (100V,
1.0 ms, 2Hz; 1,2.4, 8, 16, 32 pulses). Unireated STZ diabetic rats
showed a progressive reduction of their axon reflexes with time. Each
point is a mean of n=6 rats. This decline in responses is indicated by
the unsubstantiated linear regression. At 100 days the responses to all
stimuli are significantly reduced compared with the pre-diabetic
control responses using an unpaired (-test (p<0.05 - 0.02),

B: LDF readings of elecirical axon reflex response in diabetic rats
treated with the aldose reductase inhibitor, Sorbinil, compared with
those of weight-matched controls (expressed as %) evoked by noxious
electrical TENS. Each point is a mean of n=7 rats. Note the sorbinil
trealed rats show a partial recovery and restoration of the reduced
axon reflex responses. At 60 days responses are sigmificantly reduced
compared to day 0 (p<0.05 - 0.001) while responses at 120 days are
not significantly different from those at day 0.

reductase inhibitors again illustrates the usefulness of
these techniques (Figure 12). Furthermore, it is easy to
see the application of these techniques in the clinical
setting for the early detection of, for example, diabetic
neuropathy and for measuring the progress of the disease
as well as the efficacy of subsequent therapy to be
monitored objectively.

New directions and uses
(a) Transdermal delivery systems

Interest and research in these techniques has recently
increased greatly (46, 47, 48) because of the useful
bypass it provides for a substance to enter directly into
systemic circulation without initial exposure to portal
circulation and liver metabolism as occurs in the oral/
enteric absorption route. Notwithstanding this, the only
routine iontophoretic drug use in medicine is the pilo-
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Fig, 13:

A. LDF flux changes simultaneously recorded from the hindpaw skin
(upper trace in each panel) and surface of hindlimb calf muscle (lower-
trace in each panel) in the anaesthetised rat in response to noxious

electrical stimulation applied to the distal cut end of the isolated L5

dorsal root (arrows). This antidromic electrical stimulation (40V.

0.5ms, 10s.) elicits an axon reflex type of blood flow change in the

gastrocnemius muscle which increases with pulse frequency/number

as shown and also withamplitude (see inset. response to 100V.0.5ms,

10s. 8Hz).

B. Responses obtained from muscle to stimulation as above with
pulses of increasing duration (50V.20s. 10Hz). A “hunting” fluctua-
tion in resting LDF flux in muscle was often seen.

carpine test for cystic fibrosis (44). Our variability data
and the obvious precision irt dose- response relationships
suggests that this technique only requires more quantita-
tive definition (40) to become much more useful for
diagnostic and perhaps therapeutic systems.

(b) Axon reflexes in muscle

The incidence of chronic pain states involving skin,
muscle and myofascial tissue, as well as disturbances of
the interaction between sympathetic and sensory nerves
and the common occurrence of painful neurovascular
disorders is now known (49, 50, 51). This greatly widens
the scope of the present neurovascular function test
system for basic research into the mechanisms underly-
ing these and other disturbances (52) and for clinical
monitoring of treatment in these conditions (52).
Chronic pain states involving muscle (e.g. Repetitive
Strain Injury) provides a fertile area for such research.
Figure 13 demonstrates that by antidromically stimulat-
ing the peripheral cut end of dorsal roots in the anaesthe-
tised rat, muscle LDF blood flux changes occur closely
resembling axon reflexes evoked simultaneously in skin
by the same stimulus. The question of what afferent
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Fig. 14: Flux increases in pia-arachnoid vessels on L7 segment of
cord dorsunm of anaesthetised cat in response to noxious electrical
stimulation of the central cut end of dorsal root transected and placed
on platinum stimulating electrodes.

A: Cat spinal cord in TS showing major blood supply from posterior
spinal artery and vein, stimulating electrodes, laser probe location
and electrode recording ingoing afferent action potential are shown.

B, C: LDF blood flux responses, as volts, with the number of stimulus
pulses (40V, 0.75 ms, 2Hz) shown at arrow for each stimulus train
applied. Time in minutes. NOTE: (1) For all stimuli there was a C-
deflection present in the afferent volley except al the asterisk where 64
pulses at only A-fibre stimulus strength (5 volts, 0.1 ms, 2 Hz) were
applied - and no flux change was observed. (2) Transection of the
spinal cord at segmental level TI2/L1 had no effect on the flux
increase evoked by train of 64 noxious pulses.

D: For comparison, axon reflex flux change on anterior forearm skin
of an experimenter inresponse to 16 noxious TENS pulses (150V,0.75
ms, 2 Hz).

fibres (probably group 3 and 4) provoke such responses
remains to be elucidated. However, from the available
evidence (53, 54, 55) it secms likely that the smallest
afferent nerves including nociceptors (i.e. the group 3
and4 fibres) in muscle are activated by chemical changes
in their environment such as occur in fatigue, severe
overuse and associated microtrauma. It could be func-
tionally significant if they contribute to axon reflex
vasodilatation amd prolonged hyperaemia in such fa-
tigued or overused muscle. This is clearly an important
area for further research and the development of single
fibre-optic needle probes will facilitate this (9).

(c) Neural transmission of pain

An important role for the substance P-containing (SP)
peptidergic primary afferent fibres in the transmission
and relay of pairrsensation is established by the elegant
microprobe measarements of Duggan etal. (56, 57) who
quantified SP release in substantia gelatinosa of cat



dorsal horn during noxious stimulation. A remarkable
and no less significant release of SP occurs at the same
time in the pia-arachnoid overlying active dorsal root
conveying such nociceptorafferentinput (54). Figure 14
illustrates the dilator function of such afferent activity in
which brief LDF flux increases occur in the pia ipsi-
lateral to the noxious sensory stimulation. These are
roughly dose-dependent on the total number of stimulus
pulses, but do not occur in roots rostral or caudal to that
stimulated, and are unaffected by spinal cord transection
6-7 segments above the test-root to interrupt descending
pathways. The functional role of such SP release and
pia-arachinoid vasodilatation is not clear, but it may
reduce or modify presynaptic inhibition during noxious
sensory stimulation,

It is clear from all the examples provided that the tech-
nique of LDV can provide reliable reproducible re-
sponses with a variability no greater than many other
clinically useful tests alrcady established in medicine. If
the search for a true standard flow model succeeds, much
wider use and application of the LDV technique must
soon follow.
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Bayliss (1) was the first researcher to observe antidromic responses in the
skin upon stimulation of nerve fibers in the dorsal root. This response requires

an intact peripheral sensory innervation and is most easily evoked when the
stimulation excites the smaller myelinated and unmyelinated nerve fibers (9).
Various agents applied to the skin, particularly if noxious or injurious, induce
a local flare reaction. This is due to dilatation of the smaller blood vessels,
long believed to be initiated by the release of vasodilator substance(s) from
smaller sensory nerve fibers of the skin. Lewis (15) proposed that such a
response would be protective, by promoting movement of nutrients and metabolites
in regions of tissue damage. He described the spreading of hyperalgesia around
skin injury and from antidromic stimulation of cutaneous nerves as well as the
flare and triple response to injury (16,17) in terms of nocifensor functions.

CURRENT VIEWS

Some more recent evidence supports Lewis's view of a neurogenic system in
skin controlling elements of defense, such as inflammation (13). Some peptider-
glc sensory neurons in the skin with small-diameter C-fibers (unmyelinated)
contain either somatostatin (which can be released or depleted by capsaicin) or
substance P, whereas others contain cholecystokinin or bombesin and are unaf-
fected by capsaicin. The presence of vasoactive intestinal peptide (VIP) and
fluoride~resistant acid phosphate indicates the existence of additional subgroups
of primary afferent fibers. The remarkable degree of localization of calcitonin
gene~related peptide (CGRP), together with substance P in cutaneous vascular and
visceral sensory neurons (5), suggests that yet another potent vasodilator, CGRP,
may be involved in neurogenic inflammation of the skin. The original view of
Bayliss (1), Lewils (15), and others was obtained with rather crude stimulating
and recording techniques and held that antidromic vasodilatation was confined to
the skin and the conjunctiva. However, Hilton and Marshall (8) demonstrated
vasodilatation in skeletal muscle of the cat following antidromlc stimulation of
the dorsal root; similar vasodilatation has been observed in hind 1limb muscles
of the rat (R. A. Westerman et al., unpublished observatious). This deep vaso-—
dilatation requires prolonged stimulation and lacks the exquisite sensitivity of
the cutaneous phenomena where a single hair of the cowhage nettle (Fig. 1A) or a
single electrical pulse at C-fiber strength (Fig. 1C and E) elicits a small rela-
tively brief dilator response. The participation of histamine, substance P, and
other tachykinins in this response, as well as the necessary integrity of the
primary afferent neuronm, is accepted (12,14,19,20,26). The neurotoxin capsaicin
has proved to be a useful tool for examining the role of substance P in these
events (7,11). Given the numerous endogenous transmitters and autocoids in skin,
to define the diversity of their cellular actions and interactions on adjacent
nerve endings and microvessels resembles a puzzle of daunting complexity.
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FIG. 1. A: Responses of skin blood flow to insertion (arrows) of cowhage
spicules. B: Laser Droppler recording of skin blood flow after iontophoretic
application of histamine (H) and norepinephrine (NA). C: Normal control
responses of human forearm to transcutaneous electrical stimulation. D:
Capsaicin pretreatment of skin markedly reduces blood flow responses to electri-
cal stimulation. E: Hairy skin of rat paw shows graded antidromic vasodilata-
tion evoked by electrical stimulation of the saphenous nerve. The standard
stimulus protocol of 1,2,4,8,16, and 32 pulses, (150 V, 0.5 msec, 2+Hz) is
applied (arrows) in parts C,D, and k. Calibrations for laser blood flow signal
(volts) and time (min) are shown for parts A-E.

QUESTIONS ON MECHANISMS

Although axon reflexes are of physiological significance in the nocifensive
sense, they probably do not contribute to the regulation of microvascular blood
flow (13). However, substance P is a potent releaser of histamine from
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peritoneal and cutaneous mast cells (see Fig. 2 as well as refs. 3 and 10).
Histamine has been implicated in active vasodilatation (6), and there is direct
evidence that sympathetic postganglionic axons in cutaneous nerves are
responsible for active vasodilatation in response to whole-body warming (22).
Thus the question of other physiological roles of axon reflexes in the control of
the cutaneous microcirculation remains unresolved. Furthermore, a range of
endogenous mechanisms exist whereby vasoconstriction can be inhibited. Important
among these are the adenine nucleotides, prostaglandin-like substances, and
histamine (21). Finally, the vascular endothelium itself is intimately involved
with the responses of vascular smooth muscle (4).

MEASUREMENT STRATEGIES

To this end, advantage was taken of newer technology to reexamine neurogenic
vasodilatation. The strategy was to sensitively monitor changes in microvascular
blood flow using a Periflux PFld laser Doppler device and measure the response as
a voltage time integral, i.e., the area under the blood flow response curve
(23). This enables the change in flow to be measured, although the resting flow
cannot be interpreted directly as absolute skin blood flow. The polymodal
C-nociceptors, which mediate the flare of the axon reflex, are excited by a
variety of adequate stimuli, including noxious, thermal, mechanical, chemical, or
electrical stimuli. Several different methods of exciting vasodilator axon
reflexes were examined, for example, by application of cowhage endopeptidase,
percutaneous iontophoresis of vasodilator drugs, and electrical stimulation of
skin nerves by various techniques. For example, graded flux increases (vasodila-
tations) were seen in response to insertion of 1,2,4 to 5 or 6 to 8 spicules of
cowhage (Mucana pruriens) near the laser probe (Fig. 1A). The vasoactive
ingredient in cowhage is an endopeptidase (mucanain) which produces strong itch
sensations and a chemically induced flare when inserted into the skin. This is
comparable with the reaction to iontophoretically applied histamine given as two
doses, 0.8 and 4.0 mC (millicoulombs) (Fig. 1B; see also ref. 24). The axon
reflex response is dependent on nociceptor stimulation but not on participation

mechanica
chemical
electrical

SPINAL GANGLION

noxious
heat

SPINAL CORD

FIG. 2. Illustration of the mechanisms that interact to produce auntidromic
vasodilatation and itch or pain sensatiouns. (Modified from ref. 10.) Noxious
stimull (heat, mechanical, electrical, or chemical) applied to skin result in
degranulation of mast cells and excitation of nociceptor primary afferent
endings. Two results follow: Primary afferent nerve impulses entering the
central nervous system evoke sensations of prickle, itch, burning, or pain; and
histamine (H), substance P (SP), and various tachykinins and autocoids (not
shown) are believed to act on either nerve endings, small blood vessels, or mast
cells. Most are potent dilators of skin microvessels. Antidromic nerve activity
and mast cell products cause vasodilatation and spreading hyperalgesia.
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of the central nervous system (2). Proximal nerve block with a

local anesthetic drug does not affect the skin response to percutaneous

nerve stimulation except to abolish accompanying itch or pain sensations mediated
by nociceptor input to the central nervous system (23). If electrical stimuli at
a strength adequate to excite C-nociceptors are delivered to the distal cut end
of the saphenous nerve of the rat (Fig. 1E), brief vasodilatations are elicited.
These are assoclated with the release of substance P, as demonstrated by blister-—
base superfusion studies (26). The brief flare responses elicited by electrical
stimulation are gradable, with the intensity of stimulation expressed as the
total number of pulses applied. The antidromic response in blood flow to elec—
trical stimulation is similar in the glabrous or hairy skin of the rat paw, human
forearm, hand, or foot dorsum (Fig. 1C,D, and E; Fig. 3). These responses are
evoked by percutaneous electrodes on intact skin or by intracutaneous needles;
all closely resemble those elicited by direct intraneural microstimulation (2)
and presumably utilize the same antidromic mechanisms.

The results of capsaicin pretreatment of the skin on the human forearm and
foot dorsum (2,23) and of hairy and glabrous skin of the rat paw (R. A. Westerman
et al., unpublished observations) are similar: a marked reduction in blood flow
response to comparable stimulation is observed (Fig. 1L and E; Fig, 3). This is
consistent with the known desensitization and depletion of substance P in primary
afferents by capsaicin treatment (13).
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FIG. 3. Increased microvascular blood flow responses to percutaneous electri-
cal stimulation of human forearm with stimulus parameters used in Fig. 1C,D, and
E. Responses of normal skin (@) and capsaicin—treated skin (QO) in the same
subjects are shown. The transient flow increases (like those in Fig. 1C and D)
are plotted logarithmically as areas (volt e min) on the ordinate and as the num—
ber of electrical pulses on the abscissa. In addition, mean responses with stan-—
dard errors (vertical bars) and 957 confidence limits (dashed lines) from 17
normal volunteers are plotted logarithmically against number of pulses to give a
typical dose-response graph.
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CLINICAL SIGNIFICANCE

The signals obtained with photoplethysmography or laser Doppler techniques
are not an absolute measure of microvascular blood flow. Nevertheless, local
vasodilator axon reflexes evoke brisk increases in skin blood flow which can be
sensitively detected by these techniques and can allow the change from the
resting flow to be measured. The measurement and logarithmic plotting of flux
response e time integral permits comparison of flux reaction to a standard
stimulus protocol given to normal subjects and patients with suspected C—-fiber
neuropathy. This 1s a more quantitative approach to measuring neurogenic flare
and may provide a useful noninvasive clinical test of nociceptive function.
Further, among the various diseases commonly associated with neuropathy of thin
nerve fibers, diabetes is notable for also disturbing microvascular function.
Unfortunately, current electrophysiological methods (nerve conduction studies,
electromyography) only permit the assessment of damape to large myelinated nerve
fibers. Therefore, tests of the function of C-fibers and of the microvascular
reactivity in diabetes would be particularly useful; one possibility is the
jontophoretic technique (see, e.g., Fig. 1B) for in vivo pharmacological study of
the microvascular responses to a range of cholinergic, histaminergic, and alpha—
and beta—adrenergic agonists and blockers (18,25). These substances are applied
locally to the intact skin zone being monitored by the laser Doppler flow meter,
and, provided that the currents are small (less than 0.4 mA), there is no effect
from the iontophoresis itself. It is hoped that this micropharmacological
approach, together with the sensitive flow monitoring provided by the laser
Doppler, will prove to be a valuable technique in exploring the mechanisms
underlying the vasodilatation caused by the axon reflexes. In this context we
have recently demonstrated reduced axon reflexes in diabetics (25).
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Non-invasive Tests of Neurovascular Function

R. A. Westerman,* R.E. Widdop,fl. Hannaford,f
C. Hogan,* R. Roberts* and P. Zimmet*

The neurogenic nocifensor system of skin, originally described by Lewis,'
depends upon activity in primary afferent nerves, especially the release of peptides,
particularly substance P, from the C-polymodal nociceptors.” The protective
mechanisms evoked by nociceptor activity are summarised in Figure 1.

Recently, we have developed and reported a non-invasive technique for
measuring small nerve fibre function by monitoring skin blood flow during noxious
transcutaneous electrical nerve stimulation (TENS).™* If the polymodal C-
nociceptor is functioning, such noxious stimulation results in cutaneous axon reflex
vasodilatation which can be measured with a laser Doppler flowmeter.

This paper describes impairments to some of these mechanisms in subjects
with diabetes mellitus. Diabetes mellitus often leads.to disturbances of small nerve
fibres and blood vessels in the skin. Consequently, pain, sweating disorders,
frequent skin injury and infections are common in diabetics.™® Sensory nerve
damage and reduced skin blood flow can even lead to skin ulceration and loss of
digits.’ Current methods of nerve testing assess damage only to large myelinated A-
nerve fibres.” However, smaller nerves (C-fibres) may also be affected early in the
disease>* and a more sensitive, specific and portable method of assessing their
function would be a major development for evaluating diabetic neuropathy in
clinical, epidemiological and research settings."

Departments of *Physiology and *Pharmacology. Monash University, Clayton, Vic.

*Lions International Diabetic Institute, Royal Southern Memorial Hospital, Caulficld.
Vic.
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Figure 1. Summary of the mechanisms which are involved in the nocifensor responses
evoked by noxious stimulation of skin. Adequate stimulation (mechanical, chemical, thermal or
electrical) results in responses of blood vessels or cells, mediated by nerves or chemical agents.

Several results follow: primary afferent nerve impulses arising from polymodal nociceptors
enter the CNS to evoke sensations of prickle, itch, bumning or pain. Reflex withdrawal or voluntary
adaptive behaviour ensues. Histamine, serotonin, substance P and other autacoids act on nerve
endings, small blood vessels or mast cells. Arteriolar vasodilatation and venular leakage resull, as
well as the aclivation of various plasma and tissue systems, which are listed. Antidromic (axon
refiex) nerve activity and mast cell products produce vascular llare and spreading hyperalgesia,
The microvascular endothelium is involved in vasodilatation,

Materials and Methods

The results presented here extend our earlier observations in healthy subjects
and diabetic patients, all of whom were currently receiving insulin therapy.’
According to previous clinical histories, patients were categorised as being with or
without previous large fibre neuropathy.” All subjects gave informed consent to the
studies which were approved by the Monash University and Royal Southern
Memorial Hospital Ethics Committees. They were seated in a room with an
ambient temperature of 21--24 °C, with the leg slightly extended so that the foot
could be supported comfortably approximately 20 cm above the ground. Skin blood
flow was measured with a helium-neon laser Doppler flowmeter (Periflux Model
PF1d, Perimed, Sweden). A plastic holder was attached to the dorsum of the foot
by a double-sided adhesive disc and the laser probe was placed in the holder to
measure microvascular blood flow. This is recorded as an analog output voltage
signal, which is directly proportional to the product of the number ot erythrocytes
within the epidermal measuring volume and their mean velocity."

Skin vasodilatation was evoked by either TENS or the techniques of percutane-
ous iontophoresis of vasodilator agents.' For TENS, the cathode was a 30 mm?2 gold-
plated disc electrode taped onto the skin 6 mm from the laser probe while a similar
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indifferent anodal electrode was placed 5 cm proximal to the test site. Preliminary
tests showed that the minimum stimulation giving reproducible responses in normal
foot dorsum skin was a series of pulses of 150 V, 0.75 ms in duration, at 2 Hz. The
total number of pulses delivered in each brief train ranged from 1 to 16 and, in
healthy subjects, this produced pain or discomfort at the cathode site, as described
for the stimulation of the forearm.** A battery-powered constant current
stimulator (WPI 502R) was used to provide a direct (galvanic) current for drug
jontophoresis. Acetylcholine and sodium nitrite (NaNO,) were used as endothe-
lium-dependent and endothelium-independent vasodilators, respectively.'? The
acetylcholine and NaNO, were dissolved at 1% concentrations (w/v) in an inert
aqueous gel (2% methyl cellulose) and applied to an Ag-AgCl plug in a
hemispherical 50 uL. chamber. This was part of a cylindrical perspex applicator
which served as the active electrode and fitted into the laser probe holder.
Therefore, it was possible to provide a discrete transfer of a polar vasoactive drug
into the epidermis in the immediate skin area under the probe by using small
currents of brief duration (expressed as the total charge in milliCoulombs). The
resulting change in blood flow is measured by the laser Doppler probe after its re-
insertion into the holder. Since this protocol was chiefly designed to examine the
C-nociceptor nerve function clinically, time constraints allowed testing of only one
concentration of cach test drug in each patient. From preliminary experiments the
following stimuli were chosen, using 1% solutions of acetylcholine chiloride and
NaNO,: anodal current of 0.2 mA for 10 s (acetylcholine) and cathodal current of
0.2 mA for 20 s (NaNQ,). Acetylcholine was normally applied to the laser site
previously tested by adjacent TENS, while a new site on the dorsum of the foot was
used to apply NaNO,. At these low current levels, the inert gel used to dissolve the
drugs had a negligible effect on skin blood flow.

Vasodilator responses were quantified by measuring the area of each response,
calculated as the voltage-time integral using a Zeiss MOP image analysis computer
with a magnetic tablet and stylus attached. For the TENS data, the logarithms of
responses and stimuli were then plotted as previously described.® The means and
standard errors of the means were calculated for the standard iontophoretic stimuli.
However, if the vasodilator responses to acetylcholine and NaNO, were still
elevated at 4 min, this time was chosen as the period for calculation of the
voltage-time integral.

In addition, the TENS and iontophoretic stimuli were tested in a 39 year old
man who had accidently completely severed his left ulnar and median nerve (radial
nerve intact) 15 days previously.

Results

In a previous study, we examined cutaneous neurovascular changes in 19
healthy subjects and 30 diabetic patients.” We have now extended these findings to
29 control and 40 diabetic patients, and essentially the same results have been
obtained (see Figure 2). TENS was perceived as painful in all control subjects and
this produced vasodilatation, the size of which was dependent on the number of
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Figure 2. Recordings of changes in skin microvascular blood flow in the foot dorsum of 2
control subjects and 2 diabetic patients with neuropathy, in response to transcutaneous electrical
nerve stimulation (TENS) and the iontophoresis of acetylcholine (ACh) and sodium nitrite (NaNO).
Increases in blood flow were measured by a laser Doppler flowmeter and are given as increases in
voltage (V).

(A) Effect of TENS (1-16 pulses, 150 V, 0.75 ms, at 2 Hz) and (C) acetylcholine (1%, 0.2 mA,
10 s) and NaNO, (1%, 0.2 mA, 20 s) in 2 control subjects.

(B) Effect of TENS and (D) acetylcholine and NaNO; in 2 diabetic patients with neuropathy.

(E) Mean dose—response curve to acetylcholine in 6 control subjects (full line) and individual
dose-response curves to acetylcholine in 3 diabetic patients with neuropathy. Data plotted on
double log axes, with the dose of acetylcholine (expressed as the charge in milliCoulombs (mC))
against the corresponding increase in skin blood flow calculated as a V min integral.

pulses applied. This can be seen as a progressively increasing response when the
number of noxious electrical pulses was increased (Figure 2A). All vasodilator
responses returned to baseline levels within 2—4 minutes. In contrast, diabetic
patients with clinical neuropathy could barely perceive the stimuli and could not
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always confirm the number of pulses received. To date, we have performed TENS
in 31 patients with clinical neuropathy. In this group, the pulse-related axon reflex
vasodilator responses evoked by TENS were markedly depressed (Figure 2B). In
addition. in the subacutely denervated subject, TENS caused negligible effects in
the denervated skin (Figure 3).

To test the functional integrity of the microvasculature, acetylcholine and
NaNO, were also iontophoresed across the epidermis of the foot dorsum. In 29
control subjects tested, acetylcholine caused immediate vasodilatation with only
approximately 25% of the responses completed in the 4 minute calculation period
(n = 45 responses). NaNO, also caused vasodilatation although, compared with
acetylcholine, these responses were smaller and more variable in that there was
sometimes a delay of 1-2 minutes before vasodilatation commenced, but thereafter
remained elevated (Figure 2C). In contrast, in diabetic patients with neuropathy,
acetylcholine caused markedly less vasodilatation (n = 36 responses) than controls,
while NaNO,-induced vasodilatation was less affected (n = 18 responses) (Figure
2D). In addition, in 6 normal subjects and 3 diabetic patients with neuropathy,
dilator responses to graded iontophoretic doses (in milliCoulombs) of acetylcholine
were recorded. In comparison with the mean control data, the dose-response
curve to acetylcholine in each of the diabetic patients was shifted to the right
(Figure 2E).

In one additional subject with ulnar and median nerve lesion (see Figure 3),
acetylcholine (2 mC) as well as histamine dihydrochloride (2 mC) and sodium
nitroprusside (8 mC) were iontophoresed across both the intact and denervated
skin regions (see Figure 3). Vasodilator responses to all 3 drugs were obtained at
both sites, although these were smaller in the denervated region. Since skin electrical
resistance was also increased by approximately 10000 ohms, acetylcholine and
histamine (each 100 uL of 1% w/v) were injected intradermally to both the intact
and denervated skin. It was found that acetylcholine and histamine both caused a
local wheal and flush at and immediately surrounding the injected sites in both the
intact and denervated skin. However the axon reflex spreading flare caused by
histamine in the intact skin was absent in the denervated region. Acetylcholine
caused a less marked axon reflex flare compared with histamine, and again this was
seen only in the intact skin.

Discussion

The present study has illustrated the value of a series of non-invasive
neurovascular function tests in the clinical setting. These results confirm and extend
our earlier study,’ indicating that diabetic patients with diagnosed large fibre
neuropathy also exhibit other neurovascular changes that can readily be detected
with the aforementioned techniques. Axon reflex vasodilatation evoked by TENS
persists after local proximal anaesthesia but is markedly attenuated by pretreat-
ment of the skin with capsaicin, a neurotoxin known to deplete primary afferent
fibres of substance P.'> This ncurogenic flare is thought to involve the local
antidromic stimulation of C-fibres which cause the release of substance P (and
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Figure 3. (A) Normally innervated skin response to 16 pulses (150 V, 0.75 ms, 2 Hz).

(B) llustrates the absence of any vasodilator responses of hairy skin of the left forearm to
noxious TENS (2—32 pulses, 150 V, 0.75 ms, 2 Hz) applied 15 days after accidental complete ulnar
and median nerve transection by a chain saw.

(c} tn denervated skin, vasodilator responses to acetylcholine and sodium nitroprusside are
evidentbut reduced, compared with responses of normally innervated skin to the same iontophoretic
charge.

(D) Intradermal injections of acetylcholine and histamine (100 uL 1% wiv) were made into
corresponding innervated and denervated areas of right and left forearm, respectively. Tracings of
wheal (dark) and fiare (stippled) are shown, Axon reflex flare (which is neurogenic) is abolished for
both substances in denervated skin, but the wheal and flush immediately surrounding the
acelylcholine and histamine site are both normal, suggesting that local direct effects on
microvasculature persist after denervation.

possibly other mediators).>* Confirmation that this is a neurogenic event was
obtained by the absence of electrical axon reflex vasodilatation in skin 15 days after
total denervation, which is consistent with the original observations of Lewis.'
Similar axon reflex flare responses in man have also recently been obtained using
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painful intraneural stimulation of the superficial peroneal nerve at the ankle.'* As
in the forearm.* TENS evoked a transient puise-related flare in the dorsum of the
foot, which occurred only if the stimulus was painful and applied in the area
immediately adjacent to the laser probe. However, in both groups of diabetic
patients (with and without neuropathy), there were shifts to the right in the
stimulus—response curve. This was more marked in the diabetic patients with
clinical neuropathy and therefore suggests an additional dysfunction of primary
afferent fibres.’ This is consistent with an earlier report of reduced histamine-
induced axon reflex flare in diabetic patients.® However, in that previous study,
vasodilatation was assessed indirectly by the rise in skin temperature following
intradermally injected histamine.

In this and other®®" studies, the reduced axon reflex vasodilatation in
patients with diabetic neuropathy suggests loss of afferent C-fibre function.
However, since the neurogenic flare depends ultimately on the functional integrity
of the microvasculature in series with the primary afferent fibres, it is possible that
functional impairment or damage to either the vascular endothelium or the vascular
smooth muscle itself could contribute to or even be largely responsible for the
observed effects. Therefore acetylcholine or NaNO, was iontophoresed directly
across the skin barrier into the area measured by the laser probe in order to
examine vascular endothelial and smooth muscle function, respectively. This
technique differs from other iontophoretic techniques' in that low concentrations
of vasodilator drugs were iontophoresed using small currents of much briefer
duration. Further the skin immediately iontophoresed by acetylcholine was
examined and not a distant site. These parameters and geometry were insufficient
to evoke axon reflex vasodilatation (i.e. spreading of flare), which is consistent with
the relative insensitivity of normal isolated polymodal nociceptors to applied
acetylcholine.'® Moreover, the local vasodilator responses to acetylcholine and to
NaNOQ, were also largely unaffected by pretreatment of the skin with capsaicin. '’
Acetylcholine is thought to cause vasodilatation mainly via the release of
endothelium-derived relaxing factor (EDRF) from the vascular endothelium (with
a lesser contribution from axon reflex mechanisms), while nitrovasodilators act
directly on the blood vessels.'? Thus, the reduced iontophoretic vasodilator res-
ponses to acetylcholine, but not to NaNO,, in patients with diabetic ncuropathy
suggest that endothelial function is impaired although the microvascular smooth
muscle appears to be responding normally.

Another possible contribution to the reduced TENS- and acetylcholine-
induced vasodilator responses exhibited by diabetic patients with neuropathy may he
an increased skin electrical impedance associated with reduced sudomotor activi-
ty."® This was highlighted by the iontophoretic resuits in the denervated skin
(Figure 3). This region of skin was extremely dry and the skin electrical impedance
was markedly elevated. Also, as part of the nursing care, the skin was treated daily
with barrier cream. This may have limited drug transfer across the skin and may
have contributed to the reduced acetylcholine-induced dilator response. However
the microvasculature appeared to be functioning normally, and independently of
nerves, since intradermal injections of acetyicholine and histamine still caused
similar local vasodilatation in normal and denervated skin (in spite of the absence
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of an axon reflex flare in the latter), Furthermore. in the present study, impedance
changes were unlikely to be a major factor because the TENS used markedly
suprathreshold stimulation for C-fibre activation, while a constant current stimu-
lator was used for drug iontophoresis. Moreover, the fact that responses to both
acetylcholine and NaNQ, were not altered uniformly would argue against an
increased skin electrical impedance limiting drug penetration as the only factor
involved (although the transport numbers of the two compounds are not
identical).

It is possible that impaired endothelial function, demonstrated using ionto-
phoretic acetylcholine, may have in fact contributed to the reduced electrically
evoked axon reflex in both groups of diabetic patients with and without diabetic
neuropathy. This could oceur if part of the vasodilatation evoked by TENS is due to
neurogenically released substance P causing the release of EDRF. Substance P
binding sites have recently been demonstrated on endothelial cells.” and this
would explain the strictly endothelium-dependent vasodilator nature of substance
P." Thus, impaired endothelial function (either EDRF synthesis or release) could
augment any primary afferent dysfunction. In this context, recent evidence suggests
that vascular changes may be causally important in the development of diabetic
neuropathy.” The present results would implicate the vascular endothelium as a
primary target for this metabolic disorder and suggest that reduced skin nocifensor
functions may contribute to some of the symptoms and complications of diabetes
mellitus. Thus, this study has emphasised the importance of testing different
components of the axon reflex response separately, using the non-invasive methods
described.,

Summary

This paper describes the value of non-invasive neurovascular function tests in
the clinical setting. Painful transcutaneous electrical nerve stimulation (TENS) of
the dorsum of the foot evoked axon reflex vasodilatation. measured by laser
Doppler flowmetry. In addition, acetylcholine and sodium nitrite (NaNQ,) were
iontophoresed to cause vasodilatation by endothelium-dependent and -independent
mechanisms, respectively. Compared with healthy volunteers, diabetic patients
with clinically diagnosed neuropathy showed reduced electrical axon reflex flare
responses. These responses in one additional subject were absent in a region of
denervated skin. Acetylcholine responses, but not NaNQ,; responses, were also
depressed in patients with diabetic neuropathy. Such reduced cutaneous nocifensor
functions may contribute to some symptoms and complications of diabetes mellitus.
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immary

1¢ prevalence of neuropathy and microangiopathy complicating diabetes mellitus led to our development
'non-invasive tests of neurovascular function. On the foot dorsum of consenting normal subjects, diabetic
itients, normal and streptozotocin-induced (STZ) diabetic rats, transcutaneous electrical nerve stimulation
'ENS) with 1, 2, 4, 8, 16 pulses at 150 V, 0.75 ms, at 2 Hz, evokes transient cutaneous axon reflex vaso-
latation measured by a laser Doppler (Periflux Pfld). This tests the integrity of both the polymodal noci-
ptor/primary afferent nerves and microvessels in the skin. TENS-evoked axon reflexes are reduced in
abetics (particularly with neuropathy) and progressively in rats 40-100 days after STZ administration. This
uld be reversed in rats by a single injection of 3 units of soluble insulin at 100 days post STZ. The
icrovascular endothelium and smooth muscle are tested in man by measuring vasodilatation induced by
ntophoretic application of 2 mC acetylcholine (ACh) and 4 mC sodium nitroprusside (NaNP), respectively.
iabetics show reduced ACh-evoked endothelium-dependent vasodilator responses, but the direct smooth
uscle (endothelium-independent) responses evoked by NaNP are not reduced. Such functional neurovas-
llar disturbances probably underlie many complications of diabetes mellitus, and the potential for these to
s reversible with appropriate therapy can now be examined with such neurovascular tests.

Introduction

A preliminary account of these results was presented at the

International Diabetes Federation Western Pacific Region Diabetes mellitus may lead to a number of neuro-

Congress, 1987. e 5 .

Address for correspondence: Prof. R.A. Westerman, Depart- vascular complications among which peripheral
neuropathy and microangiopathy are quite preva-

ent of Physiology, Monash University, Clayton, Vic. 3168,
ustralia. lent. In the skin, disturbances of small nerve fibres
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and blood vessels may be manifest as pain, ulcera-
tion, reduced skin blood flow and loss of digits [1].
Such loss of function has been attributed to abnor-
malities in the unmyelinated (C) fibres [2]. Conven-
tional methods of nerve testing only assess the func-
tion of large myelinated nerve fibres [3], although
the afferent C fibres are affected in diabetes [1,4].

The neurogenic nocifensor system, originally de-
scribed by Lewis [5], is an integral part of this pri-
mary afferent system. The flare component of Lew-
is’ triple response is reduced in diabetes mellitus
[6,7). We have examined the effect of diabetes on
this axon reflex mechanism by measuring changes
in skin blood flow in the rat and man by laser Dop-
pler flowmetry [8].

Materials and methods

Animals and patients

Female Wistar rats (150-190 g) were made diabetic
by a single intravenous injection of streptozotocin
(70 mg/kg, Upjohn Co.), while age-matched control
rats received a vehicle (citrate buffer) injection. In
the clinical studies, healthy subjects and diabetic
patients with clinical neuropathy, who were receiv-
ing insulin, were studied [9,10]. All experiments
were approved by the Monash University and
Royal Southern Memorial Hospital Ethics Com-
mittees.

Electrical stimulation
In man, axon reflex vasodilatation was evoked by
transcutaneous electrical nerve stimulation (TENS)
applied to the foot dorsum. The resultant flare was
measured adjacent (6-8 mm) to the cathode stimu-
lating electrode by a Periflux Pfid laser Doppler
flowmeter [9,11]. Analogous experiments were per-
formed in rats, maintained under halothane anaes-
thesia, in which needle stimulating electrodes were
placed intradermally overlying the saphenous neu-
rovascular bundle. Skin blood flow was measured
in the adjacent shaved region of the saphenous
nerve distribution, distal to the electrodes.

In all experiments, electrical stimulation consist-
ed of a series of 1-32 pulses delivered at 2 Hz (rats:

100 V, I ms; man: 150 V, 0.75 ms). The resultant
neurogenic vasodilatation was quantified for both
intensity and duration by measuring the area under
the curve (voltage - time integral).

Drug application

The technique of iontophoresis [12] was also used
to pass vasodilator drugs across the skin of the foot
dorsum. Acetylcholine (ACh) or sodium nitroprus-
side (NaNP), dissolved as 1% aqueous solutions in
2% methyl cellulose gel, was applied in a 50-pul elec-
trode chamber to the skin. A 0.2 mA galvanic (di-
rect) current was then passed across the skin using
a Dbattery-powered constant-current stimulator
(WPI 502R) [9,10]. For ACh, an anodal current was
applied for 10 s while a cathodal current of 20 s was
used for NaNP.

Results

Animals

In both control and diabetic rats, electrical stimu-
lation was tested in the same animals at 20-day in-
tervals, up to 100 days post streptozotocin (STZ)
treatment [13]. In control rats, electrical stimulation
produced vasodilatation, the magnitude of which
was dependent on the number of electrical pulses
received (see Fig. 1). In these animals there were no
significant differences in the axon reflex responses
tested over the initial 60-day test period, although
responses tested at 80 and 100 days were signifi-
cantly reduced. In contrast, there was a progressive
reduction in the diabetic responses, beginning at 40.
days post STZ. Fig. [ shows the stimulus-response
curve of a diabetic rat tested 60 days after STZ. It
is evident that, when compared to the pre-diabetic
level, there is a marked reduction in the axon reflex
responses. This finding was consistently observed
in rats tested 60-100 days after STZ. The effect of
insulin on the axon reflex responses in rats 100 days
after STZ was also examined. At this time insulin
(3 units) was injected subcutaneously 20-30 min
before testing. Insulin did not alter resting skin
blood flow, however, it returned the stimulus—re-
sponse curve to the pre-diabetic position [13].
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g. 1. Recordings of changes in skin microvascular blood flow in response to electrical stimulation in an age-matched control rat (upper

0 panels) and a diabetic rat (lowermost panel) tested 60 days after the administration of vehicle and streptozotocin (70 mg/kg Lv.),

spectively. The electrical stimulation consisted of a series of 1-32 pulses (100 V, | ms, at 2 Hz) applied to intradermal needles in the

in overlying the saphenous nerve. Increases in blood flux were measured immediately adjacent to the cathodal site by a Periflux Pfid

ser Doppler flowmeter, and are given as increases in voltage (V). The magnitude and duration of the vasodilatation were determined
by the area under the curve (e.g., 8P, stippled area) which is measured as a voltage - min integral.

atients

ENS, applied to the foot dorsum of control and
iabetic patients, was perceived as painful only in
ntrol subjects. As in rats, this produced a stim-
lus-related vasodilatation which returned to
aseline levels within 2-4 min. However, in diabetic
atients with neuropathy, the responses to electrical
imulation were significantly depressed when com-
ared to control subjects, while diabetic patients
ithout neuropathy exhibited responses which lay
etween those of control and neuropathic subjects
iee Fig. 2).

When iontophoresed across the foot dorsum,
oth ACh (2 mC) and NaNP (4 mC) caused vaso-
ilatation in control subjects. This was immediate
»r ACh while there was often a delay of approxi-
1ately 1 min using NaNP. Due to time constraints,
nly one concentration of each drug was tested in
1ese patients, and the voltage - time integral was
alculated for a 4-min period if the response had

not returned to resting levels. In comparison with
control subjects, diabetic patients with neuropathy
exhibited depressed responses to ACh, although
those to NaNP appeared relatively normal (see Fig.
3).

Discussion

Over the past 2 years, a familiar pattern of re-
sponses has emerged from these neurovascular tests
[9,10]. Diabetic patients with large fibre neuropathy
also exhibit abnormalities of the primary afferent
C fibres, which confirms earlier studies [6,7]. This
assumption is based on the marked reduction of
TENS responses by pretreatment of skin with cap-
saicin [11], a substance known to deplete substance
P from primary afferent fibres [14]. Furthermore,
responses to TENS were abolished in a region of
skin which had been denervated accidentally [10].
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Fig. 2. Increases in microvascular blood flow (defined as laser
Doppler blood flux) on the foot dorsum of control subjects and
diabetic patients in response to noxious transcutaneous electrical
nerve stimulation (TENS). The TENS consisted of a series of
1-32 pulses (150 V, 0.75 ms, at 2 Hz). Data plotted on double
log axes with the number of electrical pulses delivered to foot
.dorsum on the abscissa, and the corresponding changes in blood
flow, calculated as a V. min integral from the laser Doppler ana-
log record, plotted on the ordinate. Each point on the graph is
the mean, and vertical bar the SEM, of responses from control
subjects (open circles, n = 21), diabetic patients without neu-
ropathy (closed circles, n = 10) and with neuropathy (stars,
= 76 for 1-16P, n = 23 for 32P). Each point in the latter group
was significantly different from the corresponding control re-
sponse (P < 0.05, t-test).

Thermal discrimination thresholds, reflecting small
nerve fibre function, have also recently been re-
ported to be elevated in diabetic patients with pain-
ful neuropathy [15], and so this is consistent with
the present study.

The results of the rat study parallel those in man,
in that the vasodilatation produced was dependent
on the number of electrical pulses applied. More-
over, these responses were reduced in the STZ-dia-
betic rat which suggests that this animal model is
a good approximation of the clinical situation. It
was also found that insulin could normalise the ax-
on reflex responses in the diabetic rats. This would
suggest that there was a reversible functional defi-
cit, rather than a structural one. One sensory trans-
mitter peptide, substance P, is known to be depen-
dent on axoplasmic transport for its deposition in
the terminal branches of the primary afferent nerve
fibre [16]. Defective axoplasmic transport occurs in
diabeties [17] and this impairment can be reversed
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Fig. 3. ACh: The effect of iontophoretic application of acetyl-
choline (1%, 0.2 mA, 10 s). NaNP: The effect of iontophoretic
application of sodium nitroprusside (1%, 0.2 mA, 20 s). Each
column is the mean and the vertical bar the SEM of responses
obtained on the foot dorsum for control subjects (open columns)
and diabetic patients with neuropathy (hatched columns). The
n for each group is given in each column. Only the reduced ACh
response obtained from diabetic patients with neuropathy was
significantly different from the control response (P < 0.05, t-
test).

by insulin [18]. Therefore it is possible that diabetes
has affected the axoplasmic transport of substance
P and its subsequent involvement in axon reflex va-
sodilatation.

In the present studies, the reduced TENS re-
sponses in patients with diabetic neuropathy sug-
gest impaired C fibre function. However, the neu-
rogenic flare depends ultimately on the functional
integrity of the cutaneous microvasculature in series
with the primary afferent fibres. Thus damage to
either the vascular endothelium or the smooth mus-
cle itsell could contribute to the observed effects.
Considerable interest has recently focussed on the
vascular endothelium-derived relaxing factor which
is responsible for the vasodilatation observed to a
variety of substances including substance P and
ACh, but not to the nitrovasodilators [19]. The



1al dilator effects of ACh and NaNP remain in
n pretreated with capsaicin, while those of TENS
s depressed [20]. This suggests that their vasodi-
or actions occur largely independently of the C
res, that is, at the level of the microvasculature.
us, the results of the present study suggest that
: vascular smooth muscle is able to dilate to sim-
r extents in both control and diabetic subjects.
is is consistent with other studies in which so-
1m nitrite was used [9,10]. Therefore, the reduced
itophoretic vasodilator responses to ACh impli-
te the vascular endothelium as a primary target
* this metabolic disease. These results are con-
tent with reduced endothelium-dependent relax-
on caused by ACh and histamine in aortic rings
tained from the STZ-diabetic rat [21] and the
ontaneously diabetic BB Wistar rat [22]. A recent
/iew also describes several other dynamic pro-
sses which are impaired in endothelial cells of dia-
tic patients [23]. Thus, it is possible that impaired
dothelial function per se may have also contrib-
:d to the reduced TENS responses, especially
ice substance P is an integral component of the
on reflex mechantsm, and it also causes vasodi-
ation by an endothelium-dependent mechanism.
In conclusion, this study has illustrated the value
a series of non-invasive tests of neurovascular
nction in the clinical setting. A number of se-
ential events which result in cutaneous axon re-
x vasodilatation can be examined independently.
ar results suggest that the combination of im-
ired C fibre and endothelial function with re-
iced neurogenic inflammation is likely to contrib-
¢ to some of the symptoms of diabetes mellitus.
irthermore, these neurovascular tests allow for
e early detection of diabetic neuropathy, and for
llowing progress of the disease and the efficacy of
bsequent therapy with, for example, aldose re-
ictase inhibitors.
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Summary

Intradermal stimulation of the saphenous nerve of
anesthetized rats at C-fiber strength elicited stimulus
-dependent vasodilator responses in saphenous-innervated
hairy skin. A laser Doppler flowmeter (Periflux, Pfi1d)
was used to measure these neurovascular responses
non-invasively. Capsaicin pretreatment significantly
attenuated the vasodilator response. Furthermore,
intraperitoneal administration of atropine or mepyramine
significantly reduced the skin vascular responses. The
responses of halothane-anesthetized rats were
significantly attenuated when compared with rats
anesthetized with pentobarbitone. Results of this study
suggest the presence of endothelium-dependent vasodilator
peptidergic, cholinergic and histaminergic contributions
to electrically-evoked axon reflex vasodilation in the
rat hairy skin.

Antidromic conduction in the primary afferent nerves which
results in peripheral arteriolar vasodilation following
stimulation of the dorsal root ganglion was observed many years
ago (1-4) and 1led to the postulate of a specific cutaneous
neurogenic vasodilator system. Antidromic vasodilation was shown
to be mediated by small unmyelinated, peptide-containing nerve
fibers which were sensitive to capsaicin (5-10). Release of
peptides such as substance P (SP) from the terminal endings of
these primary afferent fibers causes dilation of the adjacent
microvessels in the skin either directly (11,12) or via mast cell
degranulation (13-15) which releases vasoactive compounds such as
histamine. Although the initial local dilator response 1is rapid
in onset (16), the spreading dilation of this axon reflex
phenomenon (1,2) is a slow event which may last for many minutes.

In the late 60's evidence was obtained for the presence of
cholinergic and histaminergic vasodilator systems in the skin of
the dog 1limb (17-19). Furthermore, the presence of a third
vasodilator system with an unidentified substance responsible for
prolonged and sustained dilation in the skin of the dog paw was
noted (20,17,21,18). The behavior of this latter system was not
accounted for by either the cholinergic or histaminergic
vasodilator systems, but does resemble more recently described
peptide-mediated vasodilation in the skin (12,22~-24).
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Most of the data supporting the existence of active cutaneous
vasodilation, distinct from that mediated by peptide-containing
primary afferent fibers, came from studies on the skin of the dog
limb (17-19) and human skin during hyperthermia (25).
Participation of these active neurogenic vasodilator systems in
the rat skin is 1less defined or not recognised (12,26). In
humans, mechanisms underlying neurogenic inflammation and other
dilator responses have been studied by Blumberg and Wallin (27)
using intradermal electrical stimulation.

Peripheral vasodilation can be measured as the area of the
flare, a rise in skin temperature or pressure, Evans Blue
dye-leakage due to plasma extravasation, a change in volume
(plethysmography), and radioactive or thermal blood flow
clearance. The recent technique of measuring changes in
microcirculation over a relatively small volume (a few cubic
millimeters) under the skin wusing a laser Doppler flowmeter
(Periflux, Pfld) provides a simple and non-invasive means for
studying electrically-evoked microvascular changes in the skin
resulting from axon reflex vasodilation (16). Furthermore, since
sensitivity of blood vessels may vary according to their size,
this technique is an ideal method for accurately quantifying
responses of the microvasculature in the skin.

This study, therefore aims to re-examine the components of
cutaneous neurogenic vasodilation and to evaluate the efficiency
of the laser Doppler flowmeter in measuring peripheral
vasodilation in the hairy skin of the rat. Such an animal model
is of importance in the many conditions, such as diabetes
mellitus, in which neurovascular function is impaired and
cutaneous nocifensor reactions are thereby reduced.

Methods

Female Wistar rats (160-250 g, 8-12 wk) were anesthetised with
cither halothane (1.5% with a mixture of Nitrous Oxide and Oxygen
in a ratio of 3:1) or pentobarbitone (40 mg/kg, i.p.). Depth of
anesthesia was checked using foot pinch test; anesthesia was
considered adequate when the flexor withdrawal reflex was absent.
The rat was placed supine on a heating pad set at 380C to maintain
constant body temperature. The skin area innervated by the
saphenous nerve (28,29) on one leg was thoroughly but gently
shaved with an electric shaver. A commercial depilatory compound
was 1initially used to remove remnants of hair after shaving, but
pbecause it caused rashes, its use was abandoned and results from
these rats were excluded from analysis.

For monitoring microvascular changes in skin from noxious
electrical stimulation, a laser Doppler flowmeter (Periflux, Pfld)
which allows for direct real time measurement of cutaneous
microvascular changes was used. Laser beams, carried by the
optical fibers, are emitted and some of these are scattterd by
moving red blood cells (RBCs) and undergo a frequency shift
(Doppler effect). Those scattered in static structures remained
unshifted in frequency. The relative portion of light which has
undergone Doppler shift was shown to be linearly related to the
volume of moving' RBCs for a given volume of tissue of interest
while the mean Doppler frequency is linearly related to the
average RBC velocity (30, 31). The photodetector output signal,
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comprising information on the volume of RBCs and their velocity
for the given volume, is then converted to a continuous electrical
signal. This quantity represents a derivative of the first moment
of the wunnormalized power spectrum of the photodetector output
signal, and is referred to as blood flux. In a piece of tissue
whose blood vessels are dilated, for example, both the volume of
RBC (hence, the number) and/or their velocity would be reflected
as an increase in blood flux.

The cut-off frequency and time constant used were 12 kHz and
1.5 s, respectively. A stable baseline recording (5-10 min) was
obtained before the stimulation protocol commenced. The leg was
placed on a foam pad so that the probe of the flowmeter could just
sit flush on the skin without exerting any pressure on the skin.
The probe holder was attached to the skin and the pad by a
double-sided adhesive (3M, No.2181) at the distal end of the skin
area innervated by the saphenous nerve, approximately 5-10 mm
above the ankle. A pair of intradermal stimulating needles were
placed 1 cm apart along the saphenous neurovascular bundle
proximal to the probe with the cathode needle distal to the anode.

Rectangular 1 ms electrical pulses from a Grass Model S8
stimulator and Model S1 Isolation Unit were applied at 2 Hz to the
saphenous nerve wunderlying the skin in trains of 4, 8, 16 and 32
pulses. The voltage was initially varied to determine the
threshold for C-fiber activation as described by Kenins (32). In
preliminary experiments, compound action potentials were recorded
from the saphenous nerve exposed and isolated by dissection from
its neurovascular bundle. The nerve was placed on a pair of
platinum recording electrodes, covered with paraffin oil. The
electrodes were connected to a Tektronix 122 preamplifer.
Following this, a supramaximal voltage for C-fiber was used in all
experiments. A train of electrical pulses was delivered after the
preceeding vasodilation had subsided to the baseline. The
response, defined as the area under the curve, was measured as an
integral of voltage and time interval using the Zeiss MOP (Carl
Zeiss, FRG) image analysis device.

Capsaicin desensitization and drug pretreatment

1% capsaicin (Sigma) in 10% ethanol, 10% Tween 80 and 80% 0.9%
physiological saline (33) was administered subcutaneously to 6
female Long Evans rats (180-200 g, 70-80 days) over 3 successive
days with a total dosage of 200 mg/kg (60, 60, 80 mg/kg/day). As
capsaicin injections could be painful, rats were premedicated each
day with a mixture of Ketamine (analgesic) and Xylazine
(tranquilizer) in a ratio of 5:1 mg/ml, and this was administered
intramuscularly (0.13 ml/kg) prior to capsaicin injection. The
final dose was administered 24 h before testing.

Mepyramine maleate (10 mg/kg, i.p., n=7, Sigma) or atropine
sulphate (1 wmg/kg, 1i.p., n=7, Sigma) were given 15 mins before
testing. These dosages were chosen because they produce maximal
effect in the rat in vivo (R.E. Widdop, personal communication);
these are also similar to those used in other studies (12,26).

Statistics

Data are expressed as the means = SEM. The significance of
differences was calculated by the Student t-test for paired or
unpaired data as appropriate. The acceptable 1level of
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significance is p<0.05 (two-tailed).
Results

Intradermal nerve stimulation with amplitude of 100 and 50 V, 2
Hz frequency and 1 ms duration for 4 s yielded similar vasodilator
responses in the skin (n=3, Fig.1lA). As amplitude was decreased
to 20 V, a parallel reduction in the response was observed.
Further reduction did not elicit any obvious dilator response.
The appearance of the vasodilator response corresponded to the
presence of c-fiber action potentials observed on the
oscilloscope. Recruitment of C-fibers was found to be maximal
between 50-65 V for intracutaneous needle electrodes, with an
initial recruitment commencing at about 25 V. For direct
antidromic nerve stimulation, it was 15 V and 6 V, respectively.
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FIG. 1

A. Cutaneous vasodilator responses to noxious intracutaneous
electrical stimulation with varying amplitudes (20-100 V, 2
Hz frequency and 1 ms pulse duration for 4 s). Supramaximal
recruitment of C-fibers was observed at 50-65 V, after which
no change in the size of the vasodilator response was
observed (cf. 50 and 100 V stimulations). B. Scatter dia-
gram showing the relationship between peak and duration of
the vasodilator response to trancutaneous nerve stimulation.
Data was obtained from 5 animals. The least-squares reg-
ression is represented by the line with r=0.64 (n=30, p<0.01,
two-tailed).

Antidromic stimulation (40 V, 2 Hz, 1 ms for 4 s) of the intact
saphenous nerve directly with platinum bipolar electrodes yielded
identical-sized response when compared with intracutaneous
stimulation (n=4). There was no difference in the size of
responses from antidromically stimulating the distal end of
acutely transected saphenous nerve (n=3) although an increase in
baseline was observed. Contralateral nerve stimulation did not
evoke any vascular responses (n=3). Similarly, ipsilateral
stimulation of a different nerve on the leg did not produce a
response (n=3). The peak and duration of the vasodilator
responses (the time for the response to return to within 10% of
the baseline before stimulation) to electrical stimulation with
various numbers of stimulus pulses (1,2,4,8,16,32) were both
significantly correlated with r=0.64 (n=30, p<0.01, Fig.1B).

Vasodilator responses to all the standard stimuli were
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significantly reduced following capsaicin pretreatment (Fig.2A).
The skin vasodilator responses were also significantly reduced
following pretreatment with mepyramine (histamine H1 receptor
antagonist) and atropine (acetylcholine muscarinic receptor
antagonist) (Fig.2B).
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FIG. 2

Effect of (A) capsaicin and (B) atropine and mepyramine on
skin microvascular responses to electrical stimulation.
Capsaicin desensitization with a total dose of 200 mng/kg,
s.c. administered over 3 days (60,60,80 mg/kg) significantly
attenuated the dilator responses (p<0.01, paired t-test,
two~tailed). Atropine (1 mg/kg, i.p., 15 min before) reduced
the responses significantly (p<0.03, paired t-test, two-
tailed). Mepyramine (10 mg/kg, i.p., 15 min before) also
resulted in significant reduction (p<6e-6, paired t-test,
two-tailed).

Effect of anesthetics: halothane compared with pentobarbitone
The vasodilator

responses to electrical stimulation in
halothane-anesthetized rats were significantly smaller than those
responses obtained from the pentobarbitone-anesthetized animals
for the same stimulus pulse-trains (Fig.3). No significant
difference in the resting baseline was noted with the use of
either halothane or pentobarbitone.
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Measurement of electrically-evoked axon reflex vasodilation using
the laser Doppler flowmeter

The spreading vasodilation of the triple response is an axon
reflex phenomenon (4). This represents an end result of a cascade
of events originating from stimulation of primary afferent fibers,
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in particular, the nociceptor afferent nerve fibers (4,34). While
its neurogenic component is a rapid event, the lateral spread and
increasing intensity of the dilation is a relatively slow and
time-dependent phenomenon involving mast cell degranulation,
release of histamine and activation of adjacent nociceptor
endings. The laser Doppler flowmeter accurately measures the
vasodilator response as an integral of a change in output voltage
with respect to time. This allows for sensitive measurement of
even the smallest flux changes during the axon reflex and
particularly useful in a rat model since a flare in the rat skin
is invisible.

Axon reflex vasodilation in the rat hairy skin

This study has demonstrated that vasodilation can be produced
by stimulation of a cutaneous nerve supplying its 2zone of
innervation, provided that the stimulus parameters used were
adequate to elicit c-fiber action potentials (35). Recruitment of
c-fibers was found to be maximal between 50-65 V with 2 Hz, 1 ms
pulses for 4 s, for intradermal needle electrodes with an initial
recruitment commencing at about 25 V. The size of the response
was found to be dependent on the number of C-fibers activated.
For direct nerve stimulation, the initial recruitment commenced at
6 V with 2 Hz, 1 ms pulses for 4 s and the maximal recruitment
occurred at 15 V.

Comparison between intradermal and direct antidromic nherve
stimulation, with parameters supramaximal for activating Cc-fibers
in both situations, showed similar dilator responses. This
effectively eliminates possible contributions to the size of the
vasodilator response from other sources. Furthermore, vasodila-
tion persisted following acute decentralization eliminating
central nervous system reflex contributions. Moreover, ipsi-
lateral (stimulation of different nerve on the same leg) and
contralateral nerve stimulation did not cause any dilation. These
observations confirm the previous proposition that the vasodilator
response is a local peripheral event (4,5,27).

In this study, reduced stimulus-dependent vasodilator responses
were obtained following systemic capsaicin pretreatment. This is
consistent with previous reports (5,33,36, also see 37). Lembeck
and Donnerer (9) showed that SP content in the dorsal roots,
saphenous nerves and hind paw skin of adult rats declined to
60-70% of control 4 days after capsaicin administration. In
single nerve fiber studies, Kenins (32) reported that only the
polymodal fibers in the rat skin were responsive to capsaicin and
not other types of C-fibers (low threshold mechanoreceptors and
thermoreceptors - warm, cold and *freezing’). Hence, the
significantly reduced vasodilator response seen following
capsaicin pretreatment is consistent with the depletion of SP from
the polymodal nociceptors in the skin. However, the action of
capsaicin on co-localized neuropeptides in primary afferent fibers
and dorsal root ganglia, such as somatostatin (SS) and calcitonin
gene-related peptide (CGRP) cannot be excluded since there is
evidence to suggest that capsaicin does not only deplete SP but
also SS (8), Neurokinin A and CGRP (38).

While ample evidence exits to support -the mediation of the axon
reflex vasodilation by SP, the participation of other vasoactive
peptides, which have been recently identified in the SP-containing
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primary afferent fibers (eqg. SS and CGRP) (39,40) cannot be
excluded as possible mediators of the dilation (38). Interactions
of co-localized neuropeptides in primary afferent fibers in
neurogenic inflammation have been suggested (41) . Furthermore,

there is increasing evidence for the presence of purinergic
mechanisms in the skin mediated by small-diameter afferent fibers
(42).

It has been shown that SP not only directly acts on the
microvasculature of the skin causing dilation of the blood
vessels (11,12), it is also capable of histamine release from
adjacent mast cells in rat and human skin (13-15). 1In this
study, reduced responses following administration of mepyramine, a
histamine H1 antagonist were observed confirming previous reports
on the contribution of histamine from mast cells to the flare
(4,43,44).

In contrast to the findings of Gamse and Saria (26),
administration of atropine, a acetylcholine muscarinic antagonist
in this study caused reduction in the vasodilator response
suggesting some contribution of cholinergic mechanism to cutaneous
vasodilation in the rat hind leg (12) as demonstrated in the
trigeminal territory (45,46). Because the noxious electrical
stimulation is at a strength supramaximal to excite C-fibers, it
is highly possible that sympathetic postganglionic fibers of all
types are activated by the stimuli used and these include

sudomoteor . cholinergic fibers as well as noradrenergic
vasoconstrictor fibers. Evidence that the latter are excited is
seen in the initial vasocontriction - the rapid fall in flux

following stimulation lasting 20-30 s preceding each vasodilator
flux increase as seen in Fig.1A.

Effect of Anesthetics

Mediators of the neurogenic flare such as SP, histamine and
acetylcholine have been shown to elicit relaxations in isolated
blood vessels only with intact endothelial cells (see 47).
Recently, it has been reported that halothane reversibly
interfered only with endothelium-dependent relaxations in vitro
although the precise mechanism of this action of halothane is
unknown (48, Low &'Neild, unpublished observations). Significant
attenuation of the vasodilator responses observed in halothane
-—anesthetized animals suggests for the first time in an in vivo
situation that these cutaneous vasodilator responses are in part
endothelium-mediated mechanisms. While it was reported that
halothane caused dilatation in dogs, no dilator effect of
halothane was observed in this study since the resting baseline
was the same for both anesthetics (between and within rats). This
observation eliminates the possible effect of the anesthetics on
the vascular tone in the skin of the rat.

This study has demonstrated the usefulness of a rat model
using noxious intracutaneous electrical nerve stimulation to
elicit neurovascular responses. Laser Doppler flowmetry is
sensitive in measuring electrically-evoked axon reflex dilator
responses non-invasively. .Results of this study indicated the
presence of endothelium-mediated peptidergic, cholinergic and
histaminergic mechanisms in the axon reflex vasodilation in the
rat hairy skin.
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Recently, increased interest in the interactions between endothelium
and other vascular and neural structures [11, 28] led to the development of
non-invasive tests of neurovascular function in human and experimental
diabetes mellitus [24, 30, 34]. These have demonstrated reduced neurogenic
inflammatory responses in diabetes mellitus [25, 33}, particularly in patients
with clinical evidence of neuropathy. Such impairment of neurovascular
responses in diabetics with small fibre neuropathy accords well with
previous observations of reduced histamine flare response in diabetics [13].

It has been known since the last century that stimulation of particular
nerve fibers with their cell bodies in the dorsal root ganglia influences blood
flow in the skin [3, 26). Responses of the same neurons to natural stimula-
tion of their receptor endings in the skin gave rise to vasodilation surround-
ing the stimulation sites. This effect was termed axon reflex or antidromic
vasodilatation [3, 17].

Nocifensor System

The functional significance of neurogenic (axon reflex) inflammatory
responses as a ‘nocifensor’ or damage-control system was first described by
Sir Thomas Lewis [18], and has been recently re-elaborated [15, 16]. This
system involves the interactive participation of both small nerves and blood
vessels. The defensive actions triggered by a noxious stimulus exciting the
nociceptive afferent pathway include: mediation of pain sensation, with
resulting adaptive behavioural responses; release of neuropeptides from
nociceptive afferent branches; vasodilation and plasma extravasation;
macrophage induction and increased phagocytosis; stimulation of lympho-
cytes and antibody production; effects on plasma kinins, complement and

15
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clotting systems; general systemic effects, including fever, leucocytosis and
increased erythrocyte sedimentation rate [32]. These effects depend upon
the release and action of many chemical mediators including neuropeptides
substance P (SP), calcitonin gene-related peptide (CGRP), neurokinin A
(NKA), neuropeptide Y (NPY), mast cell degranulation products - va-
soactive amines, histamine, S5-hydroxytryptamine (SHT); acidic lipids,
prostaglandins (PG-) and other autacoids; slow reacting substance of
anaphylaxis; lysosomal products; lymphocyte products; leucocytosis fac-
tors; pyrogens. The importance of the protective pain sensation as well as
other multiple efferent functions of the nociceptive afferent terminals [27],
for example in the prevention of pressure damage to feet in diabetics [4, 23],
emphasizes the importance of developing sensitive routine measures of
small nerve fibre function.

Neurovascular Function Test Strategy

Because the extent of erythema (flare) produced by this nocifensor
system depends on normal cutaneous vascular reactivity as well as the noci-
ceptive afferent C-fibres, a dysfunction of any one of the serial components
of the microvascular dilator cascade (fig. 1, 2) could result in reduced axon
reflex dilator response [31, 33]. These include the nociceptive afferent C-
fibres (I), the vascular endothelium (II), and smooth muscle (III) (fig. 1, 2).

In the present study noxious transcutaneous electrical nerve stimula-
tion (TENS) is used at a current strength sufficient to excite nociceptive
C-fibres and evoke a sensation of discomfort and an axon reflex
[30, 33, 34]. The latter tests all the components I, II, and II (fig. 1,2),
although sensations of discomfort depend only on the nociceptive C-fibres.
For this reason it is also necessary to measure the direct local red reaction
[17] which is non-neurogenic and this is sensitively measured using laser
Doppler velocimetry [32]. The red reaction can be produced in a variety of
ways, is confined to the area stimulated, and will reveal any intrinsic
vascular dysfunction such as may be associated with microangjopathy or
occlusive vasculopathy [25]. Mechanical pressure is used by Le Quesne
[24, 25], but the endothelium-dependent vasodilation without nociceptor
participation can be evoked by very small doses (1, 2, 4 mC) of acetyl-beta-
methacholine (MeCh), pilocarpine (Pil) or acetylcholine (ACh) ion-
tophoretically applied directly onto the skin under the laser Doppler probe
[30, 33, 34]. This local dilator response evoked by muscarinic agonists does
not depend upon functioning nociceptive C-fibres because it is present in
locally anaesthetised or denervated skin [31], and is reduced when mi-
crovascular endothelium function is impaired [19). It tests the function of
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Fig. I. Simplified schematic diagram of the cascade mechanism involved in axon reflex
vasodilatation. In sequence, i = a noxious stimulus activates primary nociceptive afferent fibres
(I); il = pain sensation occurs via orthodromic afferent propagation to CNS; iii = release of
neuropeptides e.g. SP, CGRP, from terminal endings via antidromic conduction (axon reflex);
iv = endothelium-dependent dilatation of skin microvessels by SP etc.; v = degranulation of
mast cells by SP and histamine also causes vasodilatation of skin microvessels; vi = some other
mechanisms including ACh release from sympathetic sudomotor endings may be involved in
cutaneous vasodilatation (see text). The vasodilatation resulting from iii, iv, v, vi is partly
dependent on release of EDRF from luminal cells of microvessels, and can be measured by
laser Doppler velocimetry [32).

both vascular endothelium and smooth muscle, i.e. components II, III of
the dilator cascade, and is mediated by the release of endothelium-derived
relaxing factor (EDRF). However, it should be pointed out that muscarinic
agonists are also capable of reducing noradrenaline release from sympa-
thetic nerves responsible for constrictor tone and this could contribute to
microvascular relaxation. The final test is of component III — that is,
vascular smooth muscle reactivity. This involves iontophoretic application
of a directly acting nitrodilator such as sodium nitrite (NaNo,) [31, 33] or
sodium nitroprusside (NaNP) [32, 34). This strategy of testing the serial
elements of the axon reflex flare, whose interactions are summarized in
figure 2, has particular applicability in diabetic neuropathy because of the
previous difficulty in measuring any neural function except the conduction
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Fig. 2. Cutaneous axon reflex microvascular dilator cascade. Diagram summarizes the
interactions described in the text leading to relaxation of microvessels and increased laser
Doppler flux.

velocity of the larger myelinated sensory and motor nerve fibres [8] and the
prevalence of small fibre disturbances in diabetes (2, 12].

Results

Examples of human cutaneous electrical axon reflex dilator responses
are shown in figure 3. When the current strength is below C-nociceptor
threshold, as in figure 3a, no stimulus-dependent axon reflex is seen, only
an increased oscillation of the flux record, occurring a few minutes after the
stimulus. When the current pulse trains are noxious (i.e. painful), stimulus-
dependent flux increases are seen irrespective of the type of laser Doppler
device used (fig. 3b, c). Compared with helium neon laser light (633 nm),
the infrared laser light (827 nm) of the diode Doppler penetrates more
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Fig. 3. a, b Helium-neon (633 nm) laser Doppler flowmeter (Periflux Pfld) measures
cutaneous blood flux changes (volts) with time (min). a At broken line, 16 transcutancous
electrical nerve stimuli (TENS) at a non-noxious current strength (40 V, 0.75 ms, 2 Hz) are
applied adjacent to the laser Doppler probe on the forearm of a non-diabetic volunteer. b At
arrow, 16 noxious TENS pulses (150 V, 0.75 ms, 2 Hz; for constant current stimulation, the
same supramaximal level of TENS was achieved by 45 mA) applied at the same skin site. ¢
Infrared diode (827 nm) laser Doppler velocimeter (Diodopp) measures the cutaneous blood
flux changes evoked by graded trains of 2, 4, 8, 16 noxious TENS pulses. Stimulus-dependent
blood flux changes (transient vasodilator responses) are evoked.
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deeply into the skin and therefore reflected light from deeper vascular beds
is measured, prolonging the flux change in response to the same stimulus
(compare 16P in fig. 3b and c). Such axon reflex responses are reduced
significantly in diabetics [33, 34].

Other functional tests of polymodal small fibres include warm thermal
acuity [10] and the usefulness of an improved automated method for the
measurement of thermal thresholds in normal subjects [14] and diabetic
patients [7] has been established using the Medelec TTT device. Such data
may be compared with the axon reflex tests of nociceptive afferent function
in order to help define a subgroup of diabetic patients who primarily
display dysfunction of the microvascular endothelium (fig. 4 provides an
example of such concordance studies).

Warm stimuli from a Peltier thermode are applied using a two
alternative forced-choice psychophysical paradigm with 4 or 6 reversals.
The results for 55 non-diabetic volunteers (fig. 4a) and 91 diabetic patients
(fig. 4b) tested on the foot dorsum are shown in figure 4. Of the 91
diabetics, 60 had a warm threshold higher than the upper 99% confidence
limit for non-diabetic subjects and of these, 18 had warm thresholds
exceeding 10 °C (the upper limit of the Medelec TTT).

When comparisons of warm perception threshold against electrical
axon reflex dilator responses in the same diabetic subjects are made (fig.
4¢), three groups of responses are obvious: those at the top left of the graph
(29/67) who exhibit clearly reduced electrical axon reflex (EAR) dilator
responses together with elevated warm perception threshold (WPT); those
at the lower right quadrant (11/67) with both normal WPT and EAR; and
finally a group in the lower left quadrant (27/67). This latter anomalous
group exhibit putatively abnormally reduced EAR but apparently normal
WPT which may indicate functional deficit beyond component I.

Therefore to discriminate further between endothelial or smooth muscle
dysfunction, skin blood flux changes in response to iontophoretic applica-
tion of endothelium-dependent chemical stimuli (ACh, MeCh) or endothe-
lium-independent stimuli of the direct nitrodilator type (NaNo,, NaNP) can
be measured. Typical records are seen in ref. [31, 32]. Significantly reduced
dilator responses to iontophoresed ACh and MeCh are found in diabetic
patients compared with non-diabetic patients. No significant reduction of
responses to NaNO, or NaNP was found in diabetic patients.

Because the multiple sensory-motor functions of cutaneous nociceptive
afferents are also demonstrable in the rat, we have developed both in vivo
[20, 34] and in vitro [19] methods of measuring neurovascular function in
the streptozotocin-diabetic rat model and these in vitro techniques are
directly applicable for studying microvascular reactivity of excised human
arteries.
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Fig. 4. Scattergram plots of warm perception thresholds recorded on foot dorsum in
normal volunteers (a) and diabetic patients (b, ¢) using a Medelec TTT automated device
described by Jamal et al. [14]. a, b Means and SD are shown for warm thresholds in normal
(0.70 £ 0.96 °C) and diabetic (4.89 + 3.78 °C) patients having similar age distribution. ¢
Compares warm perception threshold (Y-axis) as a test primarily of C-fibre function and
electrical axon reflex dilator responses (X-axis) as a test of total neurovascular function in the
same diabetic patients. Broken lines show 99% confidence limits for warm thresholds
(horizontal line) and for electrical axon reflex (vertical line). Warm threshold values below
3.0 °C are probably normal, and axon reflex responses smaller than 1.2 V-min are probably
abnormally reduced (stippled zone). Responses in ¢ fall into three main groupings (see text).
Although not shown in here, a similar distribution of elevated WPT was found on the anterior
forearm of diabetic patients and is an even more impressive functional deficit at this site
because clinical large fibre neuropathy is infrequent here [7).

Some of the contributions to the electrically evoked axon reflex dilator
responses in anaesthetized rat paw skin are shown in figure S [20]. Significant
reductions in the vasodilator responses to stimulus pulse trains of 8 and 16
pulses (2Hz, 100 V,1 ms) were observed in the animals after pretreat-
ment with systemic capsaicin in a dose sufficient to desensitize C-nociceptors
(fig. Sa). Similar reductions were observed 15 min after pretreatment
with an H, histamine antagonist, mepyramine maleate (fig. Sb) and
with a muscarinic cholinergic antagonist, atrophine sulphate (fig. 5c).
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Fig. 5. a—f Recording with Periflux Pfld laser Doppler (633 nm) flowmeter of axon
reflex vasodilatation from rat paw skin in areas supplied by the saphenous nerve, in response
to transcutaneous noxious electrical stimulation (TENS) with 8 and 16 pulses
(100 V, I ms, 2 Hz) applied to intradermal needle electrodes. Blood flux changes are expressed
as Volt-min (integral of area under blood flux response: time record). Effect of (a) capsaicin,
(b) mepyramine, (c) atropine on cutaneous axon reflex responses to noxious TENS. {For
methods see ref. 20, 34.] (@) Effect of halothane surgical anaesthesia compared with pentobar-
bitone 40 mg/kg on electrically evoked axon reflex responses showed significant attenuation of
vasodilator responses (p < 0.05, unpaired t-test, two-tailed). (e) Effect of gossypol infusion,
80 mg/kg retrogradely into the femoral artery for 30 min prior to retesting, showed signifi-
cantly reduced electrical axon reflex dilator responses (p < 0.05, unpaired t-test, two-tailed). (f)
The effect of untreated experimental diabetes mellitus, 100 days after streptozotocin diabetes
was induced (70 mg/kg i.v.), significantly reduced electrically evoked axon reflex dilator
responses (p < 0.05, unpaired t-test, two-tailed).

Because halothane inhibits endothelium-dependent vascular relaxation in
vitro [22], vasodilator responses in halothane-anaesthetized rats were tested
and found to be significantly smaller than those responses obtained from
the pentobarbitone-anaesthetized rats for the same stimulus pulse-trains
(fig. 5d). Gossypol, both in vivo and in vitro, is reported to inhibit
endothelium-dependent relaxation [1,9] and the effect of gossypol treat-
ment in vivo (80 mg/kg given over 30 min at 0.1 ml/min) is shown in figure
Se to produce significant reduction in the size of the electrically evoked
axon reflex dilator responses. Finally, untreated experimental diabetes
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mellitus (streptozotocin-induced, 100 days) also significantly reduces the
electrical axon reflex dilator responses (fig. 5f).

Gossypol and halothane have also been used in our rat in vitro arterial
preparation to verify whether they are selective inhibitors of endothelium-
dependent relaxations. Using a Mulvany-Halpern myograph for measure-
ment of circumferential force in the central tail artery segment,
dose-response relationships for the relaxant effects of cumulative doses of
carbachol (Carb) and sodium nitroprusside (NaNP) were established be-
fore and after gossypol (30 uM in DMSO, 30 min, followed by 30 min
washout). It was found that gossypol significantly attenuated the relaxant
effects of Carb, but not NaNP. The effect of gossypol was not reversible
and histological examination of silver nitrate stained preparations revealed
extensive damage to the endothelium [19]. Exposure of the artery to
halothane, in 95% O,, 5% CO,, markedly reduced relaxation to Carb, but
had no effect on NaNP, and this effect of halothane was reversible [19].

Discussion

Activity of nociceptor nerves in both human and rat skin can cause
vasodilation which is mediated initially by peptide substances such as
substance P, CGRP, etc., released by primary sensory nerves and is known
as ‘axon reflex vasodilatation’. Relative changes in blood flux may be
accurately monitored non-invasively using sensitive laser Doppler devices
[32).

It has been suggested that the loss of nociceptive C-fibre function is of
central importance to the development of neuropathic foot lesions in
diabetes [4, 25, 34]. Clearly, impairment of nociceptive afferent function
leads to reduced axon reflex flare evoked by chemical stimulation with
acetylcholine [24,25], noxious transcutaneous electrical stimulation
[30, 33, 34], and noxious heat. However, ACh, histamine (Hi) and SP have
all been shown to initiate endothelium-dependent vasodilatation mediated
by the release of a relaxing factor [21, 28].

In our in vivo rat preparation we have presented direct evidence that
electrically evoked axon reflex vasodilatation is endothelium-dependent
(fig. 5). These results are confirmed by the in vitro results of Low et al. [19],
also presented here. Therefore alternative explanations of reduced axon
reflex flare in diabetes mellitus must include primary endothelial dysfunc-
tion in the microvasculature perhaps due to the presence of mascrovascular
disease such as atherosclerosis [6] or a metabolic disturbance of endothelial
secretory functions. This latter view is supported by the rapid reversal of
abnormal levels of von Willebrand factor in diabetic patients after only 30
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days of treatment with Statil (ICI 128436), an aldose reductase inhibitor [5].
Thus in testing neurovascular function in diabetic patients, demonstration
of impairment of the spreading neurogenic axon reflex flare, whether elec-
trically evoked [30, 33, 34] or chemically induced by prolonged circumferen-
tial ACh iotophoresis [24, 25], should be followed by specific tests of the
direct endothelial function. This can be achieved by brief iontophoretic
application of ACh, and MeCh, dilator responses to which are then mea-
sured at the site of application [33, 34], rather than at a distant site [24, 25].

Normal vasodilator responses to these substances are good evidence of
the release by endothelium of its relaxing factor (EDRF), and the ability of
the vascular smooth muscle to respond to this [11, 28]. In addition, the
microvascular smooth muscle function itself may be tested by measuring
the laser Doppler flux responses to iontophoretically applied directly acting
nitrodilator compounds, NaNO, or NaNP [33, 34].

Now that other sensitive non-invasive tests of C-fibre function are
available [7, 14], we recommend that if a detailed measure of neurovascular
function is required (e.g. for initial assessment of a newly diagnosed
diabetic or to monitor a patient’s progress with new therapy), the warm
perception threshold should be measured at two sites, volar forearm near
the wrist, and on the foot dorsum.

Finally, the advantage of examining concordance between two differ-
ent measures of polymodal C-fibre function can be seen from the compari-
son shown in figure 4c. This revealed two expected groups of patients: those
with normal nociceptive function to both tests, EAR and WPT, seen at the
bottom right quadrant of figure 4c and those with apparently impaired
nociceptive afferent function to both tests. The latter appear in the upper
left quadrant of figure 4c and show both elevated WPT and reduced EAR.

Lastly, a third group of neurovascular responses was defined in which
patients appeared to have WPT within the normal range, but EAR was
reduced (fig. 4c, stippled zone). This group of patients contains some who
display a primary vascular endothelial dysfunction [29] while having func-
tional C-nociceptive afferents. These patients are defined after applying the
additional tests of endothelium-dependent dilatation (e.g. ACh, MeCh) and
of vascular smooth muscle function (e.g. NaNP). These patients also tend
to perceive the noxious TENS pulses as painful, unlike many diabetics. An
alternative explanation of a near normal WPT and functional nociceptive
afferent pathway in the presence of reduced EAR may lie in the dual
afferent system (C-thermal receptors and polymodal C-nociceptors) which
convey sensations of warmth in man [14]. The assessment of small and
large fibre function in long term diabetic patients with and without
symptoms of painful neuropathy is now becoming an important part of
their detailed clinical assessment [35]. It is hoped that an adequate case has
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now been made for the non-invasive measurement of microvascular en-
dothelial function, and of neurovascular interactions in diabetes [34).

Conclusion

We must now acknowledge that endothelial cells are obligatory partic-
ipants in the blood flux modulation and microvascular relaxation which
accompany neurogenic inflammation. Measurement of axon reflex dilator
responses using sensitive laser Doppler devices enables relative changes in
blood flux to be accurately monitored non-invasively. The serial testing of
nociceptive C-afferent fibre function, by measuring axon reflex dilator
responses as well as endothelium-dependent and direct smooth muscle
dilator responses to iontophoresed chemicals, tests all three major compo-
nents which mediate microvascular dilatation in the skin. By testing the
thermal threshold perception as well, a more comprehensive assessment of
nociceptive afferent function is obtained. Applied serially, such non-
invasive measures of neurovascular function enable the progress of disease
or toxic states to be monitored, and the results of current or new therapies
(e.g. aldose reductase inhibitors) in diabetic neuropathy on each compo-
nent of the microvascular dilator cascade to be more accurately evaluated.
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Tue effect of chronic nicotine exposure on the cutancous
neurogenic flare rcsﬂponse wasinvestigated non-invasively
in rats. Axon reflexes were evoked by transdermal
iontophoresis of acetylcholine, and resultant changes in
skin microvascular blood flux were measured by laser
Doppler flowmetry. Rats given five injections of
nicotinesulphate (1 mg kg™ i.p.) daily for 14 days were
compared to saline-injected littermates. Axon reflexes
were enhanced by 143% after 7 days exposure to nicotine,
and by 336% after 14 days exposure. Controls did not
display these increases. Axon reflexes measured 7 days
after nicotine cessation were similar to pre-nicotine lcvcrs.
These results may suggest that nicotinic cholinoceptors
on skin nociceptors and primary afferents upregulate
in response to chronic nicotine exposure, and return
to normal following nicotine cessation.

Key words: Nicotine, Nociceptors, Vasodilation, Receptors,
nicotinic, Receptors, muscarinic, Receptors, cholinergic,
Upregulation, Tontophoresis, Laser Doppler flowmetry,
Vasodilator agents
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Introduction

Cutaneous neurovascular responses to acetylcholine
(ACh) are of two types, nicotinic and muscarinic.
Stimulation of nicotinic cholinoceptors found on
cutaneous nociceptive sensory nerves'? produces
sensations of prickle, itch and burning pain,*** and
a flare which spreads via the axon reflex. This is
a component of Lewis’ inflammatory triple response.®
Local vasodilator responses, mediated by endothelial
muscarinic cholinoceptors,” depend on functional
microvascular endothelium.®*° These responses are
abolished by atropine,® and are limited to the area
stimulated.'®

Douglas and Ritchie? demonstrated that the excitatory
action of ACh on cutaneous unmyelinated fibres is
abolished by hexamethonium but not by atropine.
Parkhouse and Le Quesne' showed that pilocarpine
produces direct vasodilation identical to that evoked
by ACh, but no flare. These observations imply that
initiation of the axon reflex depends on stimulation
of nicotinic cholinoceptors.

It is commonly accepted that chronic exposure to
an agonist causes receptors to exhibit diminished
responsiveness to stimulation.'" Indeed, this phe-
nomenon, agonist-induced downregulation, has been
observed in some classes of peripheral nicotine
cholinoceptor.'*"* Paradoxically, chronic exposure to
nicotinic agonists causes upregulation of some central
nicotinic receptors, first demonstrated in rat brain
by Schwartz and Kellar," and subsequently in mouse
brain by Marks, Burch and Collins.”* Post-mortem
studies by Benwell and Balfour'® detected upregulation
in the brains of chronic smokers. Studies supporting
these original findings were reviewed recently by
Wonnacott,” who suggested that agonist-induced

©Rapid Communications of Oxford Ltd

upregulation is unique to central nicotinic receptors.
However, Hahn'® showed sensitisation of cutaneous
sensory nerves mediating the axon reflex in chronic
smokers, and interpreted this as indirect evidence of
nicotine-induced upregulation of nicotinic cholino-
ceptors on cutaneous Sensory nerves.

The aim of this study was to isolate the effects
of chronic nicotine exposure on specific neurovascular
responses in skin. It investigated (a) nicotine-induced
changes in ACh-evoked cutancous axon reflexes in
rats; and (b) whether these effects are reversed by
cessation of nicotine exposure.

Materials and Methods

Animals used: Female Wistar rats (180-220 g at 7-
9 weeks) obtained from Monash University Central
Animal House were housed in the Physiology
Department Animal House (12 h light, 12 h dark)
with food and water ad libitum.

Treatment schedule: Ten rats were given intraperitoneal
i.p. injections of nicotine sulphate (1 mg kg™') in 0.2 ml
saline, five times daily for 14 days. Eight littermates
received parallel injections of 0.2 ml saline as controls.
Testing schedule: Rats were tested at day O, then
randomly assigned to the nicotine-exposed or the
control group. Testing was repeated at days 7 and
14 of treatment, and at seven days post-treatment
(day 21). The growth rates of rats were determined
from daily body weight measurements.

Testing Procedure: Although not painful, the testing
procedure was performed under general anaesthesia
(pentobarbitone sodium, 40 mg kg™ i.p.) to eliminate
voluntary movements, which produce potentially
complicating changes in cutaneous blood flow.
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FIG. 1. Diagrammatic section {above left) of laser Doppler probe (A), probe holder (B), 8 mm (centres) from iontophoretic gel chamber (C) on the rat thigh
skin. Polymodal C-nociceptors, stimulated by ACh iontophoresis, release peptides which excite adjacent nociceptors initiating the inflammatory cascade,
and the spreading neurogenic flare (above right). Examples of skin blood flux changes during axon reflex are shown for a control rat and a nicotine-injected

rat.

Anaesthesia was considered adequate when a foot
pinch did not elicit the flexor withdrawal reflex.
The anaesthetised rat was laid supine, with hindpaws
extended, on a 37° C heated pad to maintain constant
body temperature. The probe/electrode chamber of
Parkhouse and Le Quesne,! who elicited cutaneous
axon reflexes in humans by ACh iontophoresis, was
redesigned for use on rats. Our chamber has two
compartments 8 mm’ apart; one receives an
iontophoretic electrode, and the other holds a laser
probe (Fig. 1). This separation of iontophoretic and
recording sites ensures that responses measured are
neurogenic flares.' The chamber was placed on the
shaved medial thigh without impeding blood flow, and
pinned into a foam block to ensure a fluid-tight seal.
The testing procedure involved transdermal
iontophoresis of a vasoactive substance on the medial
thigh, while resultant changes in skin microvascular
blood flux were measured by laser Doppler flowmetry,
to quantify the axon reflex vasodilator response. The
procedure was performed six to eight hours after
the previous injection, to discount short-term nicotine
interactions.
Iontophoresis: Transdermal iontophoresis delivers a
precise quantity of polar substance. Drugs
iontophoresed were: acetylcholine chloride (ACh);
hexamethonium bromide, a nicotinic antagonist; and
atropine sulphate, a muscarinic antagonist.

Drugs, dissolved in distilled water, were blended
with 4% methylcellulose gel, producing 1% aqueous
drug—gel solutions. A hemispherical perspex chamber
containing 80 pl of drug—gel solution on a stainless
steel electrode was inserted into the remote orifice
of the chamber.

A battery-powered constant current stimulator
(WPI 305-R) passed a direct current through the
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gel; an indifferent electrode placed on the rat’s
forepaw completed the circuit. The iontophoretic
electrode was cationic, the same polarity as the drugs
applied. A constant current of 0.2 mA was passed
for 20, 40 or 80s; the product of current and time
gives a charge of 4, 8 or 16 mC, which determines
the amount of drug transferred."”

Studies of receptor antagonism were performed in

control rats using consecutive iontophoreses of 16 mC
ACh, 16 mC hexamethonium or atropine, and 16 mC
ACh, at 20 min intervals.
Blood flux measurement: The Periflux PF1d Laser
Doppler Flowmeter (Perimed, Sweden) provided
continuous real-time measurements of microvascular
changes elicited by ACh iontophoresis."*"*"” A stable
baseline recording was obtained for 5-10 min before
stimulation commenced.®? Vasodilator responses to
ACh were monitored until blood flux returned to
its resting level.

Microvascular dilator responses were quantified by
measuring the area under the voltage-time curve
recorded on an ICI DP600 chart recorder. This area
was integrated using the Sigmascan image analysis
package on an IBM AT compatible PC with a
magnetic tablet and stylus attached. Blood flux response
(V min) is the integral of flux (V) and time (min).
Statistical analysis: Data are expressed as the mean
+ s.e.m. Bartlett and Cochran tests for homogeneity
of variance required square root transformations of
weekly data, and log transformations of cholinergic
antagonist data, before analysis of variance (ANOVA)
could be legitimately used. Having thus achieved
homogeneity of variance, the data were analysed
using ANOVA followed by Student Newman Keuls
multi-range tests. Results where p < 0.05 are termed
significant in this paper.
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Results

Effect of chronic nicotine exposure on axon reflex:
Examples of vasodilator responses to 16 mC ACh
iontophoresis before, during and after chronic nico-
tine exposure are shown compared with control
responses in Fig. 1. Onset latency is constant; however,
responses obtained during nicotine exposure show
increased amplitude and duration.

Axon reflex vasodilator responses evoked by graded
iontophoretic doses of ACh (4 mC, 8 mC, and 16 mC)
in control and nicotine-exposed rats are shown in
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seven days of nicotine treatment, responses had
reached 6.19 * 0.82 V min, a total increase of 336%.
Responses at day 21 were 1.48 + 0,32 V min, not
significantly different from those at day o.
Cholinergic antagonist studies: Hexamethonium
iontophoresis (16 mC) reduced the size of the axon
reflex vasodilator response to ACh from 2.03 + 0.60
Vmin to 021 * 007 Vmin, a 90% decrease.
lontophoresis of 16 mC atropine did not significantly
alter the response (control 2.03 + 0.60 V min; atro-
pine 2.26 = 0.70 V min) (Fig. 4).

Effect of nicotine on growth: The control group’s

AR

0 7 14 21

"INJECTION PERIOD
NICOTINE (n=10)

FIG. 2. Comparison of skin microvascular blood flux changes evoked by 4, 8 and 16 mC graded iontophoretic doses of ACh in rats injected i.p. with either
saline or nicotine for 14 days, and then allowed to recover for 7 days. Dose-responses are significantly enhanced at days 7 and 14 (p < 0.05).

Fig. 2. Nicotine-exposed rats exhibited significantly
enhanced axon reflexes at all doses on days 7 and
14. Seven days after nicotine cessation, responses to
4,8, and 16 mC ACh iontophoresis were comparable
to those at day 0. Responses in control rats were
unaccountably elevated by 0.346 V min at day 0
compared to the remainder of the testing period.

The extent of axon reflex enhancement in nicotine-
exposed rats is clearly shown in Fig. 3. Responses
to 16 mC ACh increased from 1.42 + 0.36 V min at
day 0 to 3.46 + 0.61 V min (143% increase) after
seven days of nicotine administration. After a further
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FIG. 3. Comparison of skin microvascular blood flux changes evoked by
16 mC graded iontophoresis in rats injected i.p. with either saline or nicotine
for 14 days, and then allowed to recover for 7 days. Responses of nictoine-
exposed rats are significantly enhanced at days 7 and 14 (p < 0.05).

growth rate was comparable to that of age-matched
rats in the animal house. During the 14 day inject-
lon period, growth rates of nicotine-exposed rats
were at first slightly retarded, then parallel to
but on average 10 g behind the controls. Following
cessation of injections, the nicotine-exposed group
showed supranormal growth rates, overtaking
the controls after 9 days, and were on average
10 g heavier after 21 days. Growth retardation during
nicotine exposure, and post-cessation weight
gain, were expected, and have been previously

reported.”®
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FIG. 4. Effects of hexamethonium (HXM) and atropine (ATR) on skin
microvascular blood flux changes evoked by 16 mC ACh iontophoresis
{n = 8). Responses are significantly attenuated by HXM (p < 0.05).
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Discussion

Our results provide direct evidence, supporting
previous findings,"**>"* that it is the nicotinic
cholinoceptors on primary sensory nerves in rat skin
which mediate the axon reflex flare. This phenom-
enon is distinct from the muscarinic endothelium-
dependent vasodilation also produced by ACh,’ which
persists in denervated skin.?

The primary finding of this study is that both 7
and 14 days exposure to nicotine in rats causes a
significant increase in the size of the neurogenic axon
reflex flare evoked by ACh iontophoresed 8 mm
from the laser probe. This is reversed by cessation
of exposure. Our results confirm, in rats, Hahn’s
association of nicotine with axon reflex enhancement
in chronic smokers," while eliminating the confounding
effects of the many other substances in cigarette smoke.

Alterations in the kinetics or sequencing of
neuropeptide mediators might explain this enhance-
ment of axon reflex flare; however, such effects of
nicotine have never been reported.

Alternatively, the present findings, revealing selec-
tive sensitisation of cutaneous nicotinic receptors on
primary sensory nerves during chronic nicotine
exposure, with resulting enhancement of ACh-evoked
axon reflex, can be interpreted in line with previous
findings describing upregulations of nicotinic receptors
in rat brains during chronic nicotine exposure.'*"

Similarly, the rapid attenuation of sensitised axon
reflexes in the nicotine exposed group, when tested
7 days after the last nicotine administration, may be
interpreted as a return to normal nicotinic receptor
levels. This phenomenon has been described in central
nicotinic receptors following cessation of nicotine
exposure,?"?? but has not previously been reported
in nicotinic cholinoceptors on peripheral nerves.

If the nicotine-induced upregulation is the mecha-
nism of axon reflex enhancement, it would refute
Wonnacott’s suggestion that central nicotinic receptors
are unique in exhibiting agonist-induced upregulation.””

Although in-vitro analyses of certain peripheral
nicotinic cholinoceptors have shown agonist-induced
downregulation,'>" these must be verified by in-vivo
studies, which are essential when investigating the
neurovascular system. When subject to normal
regulatory control, these receptors also may exhibit
upregulation in response to chronic agonist exposure.

The paradox of upregulation of central nicotinic
cholinoceptors in response to chronic nicotine ex-
posure has been explained in pharmacodynamic terms.
During continuous administration, nicotine may act
as a functional antagonist, causing prolonged de-
sensitisation,”” whch results in compensatory
upregulation of central nicotinic cholinoceptors.!412!
If repeated administration of nicotine causes pro-
tracted functional blockade of nicotinic cholinoceptors
on cutaneous sensory nerves, this may signal the cell
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to upregulate the receptor. However, the predomi-
nant nictotinic receptor subtypes expressed in brain
differ from those found in peripheral tissues.'?
Rats are widely used to study diabetic neuropathies
and vascular changes.* We have proven the rat useful
as a model of nicotine-induced neurovascular changes,
for investigations inappropriate in human subjects.
The simple, non-invasive nature of our testing procedure
will enable extension of research into nicotine’s
effects on cutaneous receptor function in humans.

Conclusion

Our findings establish that nicotinic cholinoceptors
on cutaneous nociceptive nerves, but not muscarinic
receptors on vascular endothelium,’ are sensitised by
chronic exposure to nicotine for 7 and 14 days in
rats. This suggests that chronic nicotine exposure
may induce upregulation of nicotinic cholinoceptors
on nociceptive skin nerves in the rat. Further, this
effect is reversed by cessation of nicotine. Although
this remains to be confirmed by ligand binding? and
by more specific receptor antagonists (eg. tetrodotoxin
or dihydro-beta-erythroidin?'), both the daily dose of
nicotine (5 mg kg™') and the time course of its effect
on cutaneous sensory nerves correspond to those
described for the upregulation of nicotinic receptors
in rat brain.?"?

Given that stimulation of cutaneous nociceptor
endings produces impulses which travel centrally to
produce the sensation of pain, and to axon collaterals
to initiate neurogenic vasodilation, it now remains to
be determined if chronic smokers experience enhanced
pain perception as a result of chronic nicotine exposure.
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SKIN sensory nerve nocifensor functions were investi-
gated non-invasively in rats by measuring neurogenic
inflammation and blister healing-rate after unilateral
hindlimb denervation. Axon reflexes were evoked by
transdermal iontophoresis of acetylcholine (ACh) or nox-
ious electrical stimulation (TNS). Sodium nitroprusside
(SNP) evoked direct dilator responses. Resultant changes
in skin microvascular blood flux were measured by laser
Doppler flowmetry. Compared with their sham-operated
control limbs, denervation reduced inflammatory res-
ponses (ACh or TNS) by more than 85% and SNP res-
ponses by 28% (p < 0.05). Healing of dry-ice blisters raised
on the hindpaw 14d post-denervation was significantly
slower to complete healing (42d) than controls (26d) and
initial inflammation was attenuated, confirming that
innervation is important for inflimmation and
blister-healing.

Key words: Denervation; Neuropeptides; Blister healing;
Neurogenic inflammation; Axon reflexes; Laser Doppler
flowmetry; Microvascular reactivity; Iontophoresis; Acetyl-
choline; Sodium nitroprusside
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Introduction

Since Lewis' first assigned nocifensor functions to
cutaneous primary afferent nerves, this role,? and that
of their neuropeptides has been extensively studied.™
Because of recent reports of possible trophic functions
of neuropeptides,® in wound healing,*” we aimed to
demonstrate the importance of sensory nerves in neu-
rovascular responses and cutaneous wound healing
processes. Our working hypothesis was that a
reduction in sensory nerve functions would impair
neurogenic inflammation and wound healing.

When a noxious stimulus either electrical, chemical,
thermal or mechanical impinges on the skin, poly-
modal nociceptors respond with a discharge both
orthodromically to the spinal cord and antidromically
along collateral branches generating the so called ‘axon
reflex’. Axon reflexes result in neuropeptide release
from all arborised nerve terminals and produces sub-
sequent vasodilatation through action directly on vas-
cular endothelium or smooth muscle or via the
liberation of vasoactive substances from mast cells.?

The project strategy in the rat was to denervate one
hindlimb surgically and to measure (a) electrically and
chemically evoked axon reflexes, as indicators of
neurogenic inflammation; (b) microvascular dilator
responses to direct iontophoretic application of endo-
thelial excitant ACh and smooth muscle relaxant SNP;
and (c) blister area® daily, to derive blister healing rate
in glabrous skin of both denervated and sham control
hindpaws.

Materials and Methods
Animals used: Female Wistar rats (185-254 g), aged
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8-12 weeks were used. Rats were housed at 19-23°C,
on a 12 h light/dark cycle, and caged in groups of four
except for recovery periods of 5-10 days following sur-
gery, when they were individually caged to minimize
autotomy. Rats were fed commercial rat chow and
watered ad libitum.

Testing schedule: On day 0, skin flare in response to
noxious electrical skin stimulation’® and iontophoresis
of acetylcholine (ACh) and nitroprusside (SNP) was
measured by laser Doppler velocimetry.’ Unilateral
hindpaw sensory denervation was immediately per-
formed and fourteen days later neurovascular function
was reassessed as above. Sodium pentobarbitone
(40 mg kg 1.p.) was used for general anaesthesia with
supplementary doses (10 mg kg™') as required. During
all surgical and testing procedures, body temperature
was maintained at 37°C.

Denervation: In one hindlimb cutting sciatic and
saphenous nerves resulted in denervation of that hind
footpad. In a sham operation on the contralateral limb,
nerves were isolated but not cut, each animal thus
served as its own control.

Neurovascular Testing: (a) Noxious Transcutaneous
Electrical Stimulation was performed on the plantar
aspect of the hind foot pad with a pair of 27G needle
electrodes placed intradermally, 1 cm apart on the hair-
line of the heel, with cathode distal to anode for stimu-
lation of the innervation zone of posterior tibial and
saphenous nerves.* A series of 2, 4, 16 rectangular elec-
trical pulses of noxious current strength (150 V, 2 Hz,
1 msduration) were delivered to the test site, while skin
blood flow was recorded immediately distal to the
cathode.’ (b) Iontophoresis of vasoactive compounds
has been described in detail previously.*® Doses of ion-
tophoretically applied drugs used, expressed in terms
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of the total charge transferred in milliCoulombs (mC),
were ACh 4 mC (direct), ACh 16 mC (indirect) and
8 mC SNP (direct).

Blood flux responses to vasodilator stimuli were rec-
orded using the Periflux Pf1d laser Doppler flowmeter
in the arrangement described previously.® Axon reflex
responses to electrical stimulation and to indirect ACh
iontophoresis were integrated between stimulus offset
and the point at which flux returned to baseline. Res-
ponses to iontophoresis of ACh and SNP directly
under the laser probe were integrated over the first 4
min of the response, as these responses often do not
return to baseline for many minutes. In all cases, the
response was defined as the integral of the voltage-time
trace analysed and measured using an LC digitizing
tablet.

Wound healing: Induction of blisters: Uniform, con-
trolled blisters were created bilaterally 14 days after
hindlimb denervation by application of a standardized
7 mm diameter pellet of solid carbon dioxide (dry ice)
for a period of 30 s at a constant pressure of 0.25 N.
Blisters were induced in a concave part of the foot pad
at the base of the toes to minimize post-wound trauma
and lameness. Measurements of the physical dimen-
sions of the wound margin (delineated as the neuro-
genic flare border, or the border of the scab) were taken
daily.

Statistics: Data are expressed as means and standard
error of the mean (s.e.m.). Statistical analysis was per-
formed using analysis of variance ANOVA with post-
hoc analysis and Student’s ¢-test for both paired and
unpaired data. Statistical significance was taken as
p < 0.05 for ANOVA or t-test. Pearson’s R-value was
used as an indicative significance for linear correlation
where appropriate.

Results

Neurovascular testing: Due to the incidence of auto-
tomy full results for only 12 out of 15 animals are avail-
able. Vasodilator responses elicited via the axon reflex
were significantly reduced by more than 85% in the
denervated compared with sham operated limb 14 days
post-surgery for both chemical and transcutaneous
noxious electrical stimuli (TNS).

Responses to noxious TNS: Electrical axon reflex
(EAR): Skin flare responses to noxious electrical stimu-
lation (16P, Fig. 1B, C) were reduced significantly by
96% in the denervated limb 14 days post surgery com-
pared with sham operated limbs (p < 0.01). In addition
responses to 16P were also significantly reduced in the
sham operated side 14 days post surgery compared
with the untreated response on day 0 (p < 0.05).
Chemically evoked newrovascular responses: Inset in
Figure 2A is an example of a chemically evoked neuro-
vascular response. Chemical axon reflex: The ACh-
evoked indirect (axon reflex) response in the dener-
vated limb was significantly reduced by 85% at 14 days
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FIG. 1. Denervation effects on electrically-evoked neurogenic inflam-
mation. Axon reflex blood flux responses to indirect (remote} stimuli in
both sham operated and denervated limbs at day 0 before surgery and
14 days post-operatively. Each animal is its own control (group n = 12).
A: shows typical dilator responses for 2, 4, 16 pulses (150 V, 2 Hz,1 ms)
of noxious electrical stimulation. Abscissa is skin blood flux {Volts),
ordinate time (min). B: depicts axon reflex dilator responses to 2, 4 and
16 noxious electrical pulses (150 V, 2 Hz, 1 ms duration). The Y-axis is
the voit.min integral on a logarithmic scale against number of pulses
on the horizontal (linear). * indicates mean denervated 14d response
significantly different from untreated day O value, p < 0.05.** indicates
significance of p < 0.01. C: shows the significant reduction in electri-
cally-evoked axon reflex responses in denervated (p< 0.001) and
sham (p < 0.05) limbs, compared with the pre-operative control values
for the same animais.

post surgery compared with sham operated control
limb responses at that time (paired t-test, p < 0.001).
There was no significant difference in the size of the
chemical axon reflex responses on days 0 and 14 in the
sham operated limb (paired ¢-test, p > 0.05) (Fig. 2A).
Smooth muscle and endothelium-dependent responses:
The response to the direct nitrodilator SNP (8 mC)
was significantly reduced in the denervated limb on
day 14 (p < 0.05) compared with the sham treated
limb, while the response to the endothelium dependent
ACh (4 mC) directly applied was not significantly
changed by denervation (p > 0.05) (Fig. 2B, C). There
was a trend for both direct nitrodilator and ACh res-
ponses in sham treated legs to be reduced on day 14
compared with day 0 but this was not significant
(p > 0.05, Fig. 2B, C).

Effects of denervation on blister healing: Healing-rate
profiles for denervated and sham-operated rats (i.e. dif-
ferent legs of the same animal) are shown in Figure 3.
Figure 3A shows the overall profiles for denervated
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FIG. 2. Denervation effects on chemically-evoked neurogenic inflam-
mation, and microvascular function. A, B, C: Histograms showing
direct dilator responses in both sham-operated and denervated limbs
at day 0 (before surgery) and 14 days post-operatively. Each animal is
its own control (group n = 12). Blood flux responseis volt.min £ s.e.m.
A: shows chemical axon reflex dilator responses to 16 mC of ientopho-
retic acetylcholine remote from the recording probe. Compared with
the responses on sham-operated limb, the **denervated limb showed
significantly reduced chemical axon reflexes (p < 0.01). B: shows the
microvascular dilator response to direct endothelial excitant ACh
(4 mC) directly under the laser probe which is not significantly reduced
in denervated skin compared with either controls on day 0 or sham-
operated limbs on day 14, p > 0.05. C: shows the responses to direct
nitrodilator SNP (8 mC), *indicates statistically significant decrease
compared with sham treated day 14 value, p < 0.05.
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FIG. 3. Blister healing rate after denervation. Comparison of healing
time in sham-operated (open symbols, broken line) and denervated
{filled symbols, solid black line) limbs of the same animals. A: Histo-
grams of area relative to initial blister size are shown against time and
B: shows raw healing profiles of area retraction. Significant reduction
in healing profile shape and overall duration (p < 0.05) is evident in
denervated compared with sham-operated limbs.

and sham-operated limbs, with a statistically signifi-
cant difference between the two (F(1,18)=5.78,
p < 0.05), the initial blister inflammatory response
being attenuated in the denervated paw. In addition,
the overall healing times of the two limbs were signifi-
cantly different (p < 0.0001, paired t-test), the dener-
vated limb showing a mean blister-healing time of 42d
compared with 26d for blisters on the sham-operated
limb. Figure 3B shows the high degree of data varia-
bility in wound area measurement of the denervated
limbs. Photographs of typical denervated and sham-
operated limb blisters are shown in Figure 4.

Discussion

Wound healing involves a complex, integrated series
of events with many neural, humoral, cellular and vas-
cular elements. The role of sensory nerves in the initial
inflammatory response to injury is well documented.>#
Lewis' reported that cutting skin nerve fibres in
humans abolished the ‘normal’ triple response (skin
flare, flush, wheal) to all modalities of noxious stimu-
lation. This observation has since been consolidated
with studies of surgical and chemical lesioning (chronic
capsaicin) demonstrating both the functional and mor-
phological demise of primary afferent ‘nocifensor’

FIG. 4. Photographs of healing blisters on sham-operated and dener-
vated rat paws. A: The plantar aspect of paws 4 days after induction of
cryothermal blister, The foot on the left was denervated 14 days prior to
blister formation (arrows) and shows less plasma extravasation or
oedema fluid in the blister, and the presence of spontaneous lesions
and dystrophic skin compared with the sham-operated right limb. B, C:
Non-operated control rat paws showing appearance of normal blister
healing at B: 7 days and C: 16 days after blister induction.

nerves.? Consistent with the notion that local inflam-
mation, evident as a spreading red flare, is a nerve
mediated phenomenon, the present study found sig-
nificantly attenuated dilator responses 6 mm from the
site of noxious electrical and chemical stimulation.
Since White and Helme!! found a 65% reduction in
substance P-like immunoreactivity 10 days after both
surgical and chemical lesions, it is likely that the pres-
ence of even a small response to both stimulus modal-
ities 14 days after surgical denervation in the present
study, may be attributed to a residual level of peptide in
the nerve terminal. The effect of movement artifact of
tissue elements, particularly following TNS cannot
however be discounted. The present observation of a
significantly reduced dilator response to 16 noxious
electrical pulses may reflect some alteration in neural
or vascular elements, or both.

Denervation altered sensitiviry: This phenomenon
which commonly follows surgical interruption of
innervation, shifts the dose-response curve to the left.
Fleming' described this as a state in which the amount
of substance required to produce a given biological
response is less than normal. In the case of vascular
smooth muscle, the increased sensitivity is non-speci-
fic and is not accompanied by any changes in receptor
density or affinity.” Whilst denervation super-sensi-
tivity has been demonstrated for a number of constric-
tor agents”? including adrenaline, the response to
dilators is less well documented due to the distinct loss
of vessel tone following denervation. No evidence of
neurovascular dilator denervation supersensitivity was
observed in the current study. In fact a tendency
toward generally reduced vasodilator responsiveness
was observed. As no changes in resting blood flux
occurred, this tendency is unlikely to be artefactual.
Reduced dilator sensitivity after denervation suggestsa
dose-response shift to the right and may indicate a
change in the level of soluble guanylate cyclase, the
cytoplasmic enzyme through which nitroprusside
mediates its effect.’” Measurement of a full dose-res-
ponse relation for SNP on each animal would be desir-
able to determine any shift and to properly eliminate
any ceiling effect of the dilation. Further, the reduction
in response to the nitrodilator SNP seen here in dener-
vated rat skin, also has been demonstrated in humans
with a genetic defect in which primary sensory dener-
vation 1is the prominent feature.” The non-significant
reduction in response size observed both for the endo-
thelium-dependent action of acetylcholine and for the
vessel smooth muscle itself (activated by direct nitrodi-
lator) in sham operated limbs, possibly indicates some
effect of surgery either directly or indirectly. This
observation is consistent with that of Helme and
Andrews® in which they also found a reduced cellular
inflammatory response (leucocyte and protein exu-
date) in sham operated legs. The ‘sham’ response
phenomena may be mediated by stress-related hor-
mones or reflexes and seems worthy of further study.
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Denervation—pathophysiology: The surgical denerva-
tion in the present study is highly non-selective and
non-specific with all nerve types lesioned. The role of
sympathetic post-ganglionic neurones is well estab-
lished in microvascular regulation. Recently Hotten-
stein'* et al demonstrated that neonatal capsaicin
treatment in rats (which chemically lesions capsaicin-
sensitive nerves) resulted in a lower persistent vasocon-
striction in the gut, suggesting that peptidergic afferent
nerves also may regulate resting vascular tone with
active dilatation. Furthermore, interactions between
C-fibre afferents and sympathetic post-ganglionic
responses have been demonstrated.” Both classes of
peptidergic and post-ganglionic sympathetic fibres
were sectioned in the current study resulting in loss of
vascular innervation and calibre regulation. Activity of
vascular smooth muscle may be necessary to retain
normal function, integrity and responsiveness, and
thus quiescence of the vessel may in itself contribute to
the reduced vascular responses presently observed.
The presence of spontaneous cutaneous lesions in cap-
saicin densensitized animals,* suggested a trophic role
of capsaicin sensitive afferents. In all present cases of
surgical denervation, spontaneous lesions were ap-
parent on the plantar aspect of the foot pad and the skin
was dystrophic and lustreless. Observations in the pre-
sent study support the incidence of spontaneous
lesions (Fig. 4) attributable to nerve section but do not
isolate primary afferent (capsaicin sensitive) sensory
nerves as the specific influence due to the non-selective
denervation technique.

Mechanisms of neuropeptide action in inflammation
and repair: The nervous system contributes to inflam-
mation and inflammatory disease,® but the precise
mechanisms and sequence are unknown. Neurogenic
inflammation and subsequent anti-inflammatory
actions of neuropeptides have been demonstrated con-
vincingly by antidromic stimulation of dorsal roots."”
A further action of neuropeptides in activating the
immune system and modulating lymphocytes has been
demonstrated® and substance P, either exogenous or
endogenous, activates regional lymph nodes.* Calcito-
nin gene-related peptide (CGRP) has improved wound
healing and musculocutaneous critical flap survival in
the rat? while capsaicin-evoked sensory denervation
decreased the survival of such experimental critical
flaps.? One possible mechanism mediating these
effects is increased blood flow,? as neuropeptides are
potent vasodilators.* Another possibility stems from
the demonstrated stimulation of connective tissue cell
growth.? An effect of neuropeptides on angiogenesis
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during the earlier phase of blister healing® is possible
but not proven, and is rendered less likely by the pre-
sent observations suggesting that the later stage of blis-
ter healing (after day 15) is most affected by
denervation. Finally, it is known that the presence of
nerve injury may create postural asymmetries between
the hindlimbs during stance and walking and may alter
self-licking behaviour. A contribution of such asym-
metries to different blister-healing rates cannot be
excluded.

Conclusion

Overall, following denervation the reduced axon
reflex and wound healing rate probably reflects
reduced peptide availability with a consequent decline
in neurogenically triggered humoral and cellular res-
ponses to injury, and delayed healing. Reduced micro-
vascular responsiveness to dilators such as SNP is a
new finding which would also be expected to retard
healing of cutaneous wounds, perhaps due to denerva-
tion-evoked desensitization of vascular smooth
muscle.
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CHRONIC nicotine exposure enhances axon reflexes in
adult rats. Since smoking mothers expose their infants to
nicotine, this study investigated whether late gestational
and or lactational maternal nicotine exposure affects neo-
natal axon reflexes. Osmotic pumps, implanted sub-
cutaneously in adult female rats, delivered either nicotine
(5 mg kg day™") or saline. Axon reflex responses of infant
progeny, evoked by iontophoresis of 2 mC acetylcholine,
were measured by laser Doppler flowmetry. Nicotine-
exposed infants showed significantly enhanced axon
reHexcs during both gestational and lactational nicotine
exposure, which recovered after exposure ceased. Con-
trols did not exhibit these changes. Maternal nicotine
exposure reversibly sensitized nicotinic cholinoceptors on
infant cutaneous sensory nerves, but not muscarinic cho-
linoceptors on vascular endothelium, This may result
from upregulation of cutaneous nicotinic cholinoceptors.

Key words: Nicotine; Osmotic pump; Nociceptors; lonto-
phoresis; Vasodilator agents; Laser Doppler flowmetry;
Asxon reflex; Receptors, nicotinic; Upregulation; Infants

neuroijgeport
18

NeuroReport 4, 635-638 (1993)

Maternal nicotine
exposure enhances
cutaneous axon reflexes in
the neonatal rat

Jennifer A. Grunfeld,
Garry J. Tiedemann and
Roderick A. Westerman®©

Department of Physiology, Monash University,
Clayton, Victoria 3168, Australia

¢4 Corresponding Author

Iintroduction

Infants of smoking mothers are exposed to nicotine
prenatally, as nicotine freely crosses the placenta,' and
postnatally, as it is found in breast milk.? Recent
studies’ have demonstrated that chronic nicotine
exposure causes enhanced cutaneous axon reflexes in
adult rats, with rapid attenuation following nicotine
cessation. This was interpreted in line with descrip-
tions of nicotinic cholinoceptor upregulation in rat
brain during chronic nicotine exposure.* Slotkin et a/*
subsequently demonstrated that foetal exposure to nic-
otine produced effects similar to those in mature brain,
that is, agonist-induced nicotinic cholinoceptor
upregulation.

The aim of this study was to investigate in neonatal
rats: (a) the effects of maternal nicotine exposure dur-
ing late gestation and/or lactation on acetylcholine
(ACh) evoked cutaneous axon reflexes; and (b)
whether these effects are reversed by cessation of
maternal nicotine exposure. Cholinergic antagonist
studies were performed to confirm that cutaneous
axon reflex responses measured were mediated by nic-
otinic cholinoceptors. A preliminary report of the
findings has appeared.¢

Materials and Methods

Animals used: Pregnant Wistar rats (7-9 weeks old)
obtained from Monash University Central Animal
House were housed in the Department of Physiology
Animal House (12 h light, 12 h dark) with food and
water ad libitum.

Treatment schedule: Three cohorts, each comprising
eight pregnant rats, were implanted with Alzet mini-
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osmotic pumps, model 2001 (1.0 ul h, 7 d). Pumps
were implanted subcutaneously (s.c.) between the
scapulae, under neurolept analgesia (fentanyl
50 pg kg™, droperidol 2.5 mg kg i.m.). In each cohort,
six rats received pumps delivering nicotine sulphate
(5 mg kg day™) in saline, and two rats received saline
pumps as controls. The three cohorts were treated as
follows: Cohort A (Late Gestational Exposure): Rats
in Cohort A received 7-day pumps at 14 days of ges-
tation, so that saline/nicotine exposure ceased on the
day of parturition; Cohort B (Late Gestational and
Lactational Exposure): Rats in Cohort C received
7-day pumps at 14 days of gestation, and at parturition,
providing saline/nicotine exposure during both the last
week of pregnancy and the first week of lactation;
Cohort C (Lactational Exposure): Rats in Cohort B
received 7-day pumps at parturition, providing saline/
nicotine exposure during the first week of lactation.

Testing schedule: Infant progeny of each cohort were
tested at day O (birth), day 7 and day 14 (cohorts B and
C only).

Testing procedure: Testing was performed under neu-
rolept analgesia (fentanyl 40 pgkg, droperidol
2mgkg' s.c.) to eliminate voluntary movements
which produce potentially complicating changes in
cutaneous blood flow. Rats were positioned on a 37°C
heat pad, presenting the lateral thigh. A probe-elec-
trode chamber applied to this site permitted iontopho-
retic stimulation and blood flux measurement.
Microvascular blood flux responses elicited by trans-
dermal iontophoresis of 2 mC acetylcholine chloride
(ACh) were measured by laser Doppler flowmetry
(Periflux Pfld), to quantify the axon reflex response.
The arrangement of the iontophoretic chamber and
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laser Doppler probe, together with details of the tech-
niques of transdermal drug delivery and measurement
of resulting blood flux, are based on methods previ-
ously described.* Cholinergic antagonist studies were
performed on infant rats from Cohort B both during
and after saline/nicotine exposure, using hexametho-
nium bromide (HXM), a nicotinic antagonist and atro-
pine sulphate (ATR), a muscarinic antagonist. A
control response was elicited by 4 mC ACh. The test
site was then pretreated with 4 mC HXM, and retested
20 min later with 4 mC ACh. This procedure was
repeated at another site, using 4 mC ATR instead of
HXM.

Statistical analysis: Data are expressed as the mean *
s.e.m. Bartlett and Cochran tests for homogeneity of
variance were used; these required square root trans-
formations of weekly data, and log transforms of both
types of cholinergic antagonist data, to enable the legi-
timate application of analysis of variance (ANOVA).
After thus achieving homogeneity of variance, the data
were analysed using ANOVA followed by Student
Newman Keuls multi-range tests. In this paper, results
where p < 0.05 are termed significant.

Results

Examples of cutaneous axon reflex responses to
2 mC ACh iontophoresis from infant progeny of nic-
otine-exposed mothers in Cohort C, are compared to
control responses in Figure 1. Onset latency was con-
stant, however, during maternal nicotine exposure,
response amplitude and duration were increased.
Seven days after cessation of nicotine exposure, res-
ponses were similar to pre-exposure levels. Infants of
control mothers did not exhibit these changes. The
effects of late gestational and/or lactational nicotine
exposure on cutaneous axon reflexes (Cohorts A,B,C)
are compared to saline controls in Figure 2. Blood flux
response (V.min) is the integral of flux (V) and ume
(min).

SALINE EXPOSED RAT

wf S

Cobort A (Late Gestational Exposure): Late gestational
maternal nicotine exposure produced significantly
enhanced axon reflex responses in infant rats, when
measured on the day of parturition (p < 0.05). At day
0, nicotine-exposed infants in cohort A exhibited mean
responses of 1.154 * 0.047 V.min (n = 40), which were
150% greater than control values (0.462 = 0.051
V.min, 7 = 16). Seven days after nicotine cessation
(day 7), responses from nicotine-exposed infants
(0.477 + 0.021 V.min) were similar to control res-
ponses (0.507 * 0.066 V.min). Control responses did
not differ significantly during the testing period.

Cobort B (Late Gestational and Lactational Exposure):
Following late gestational maternal nicotine exposure,
axon reflex responses in infant rats were significantly
enhanced on the day of parturition (p <0.05).
Maternal nicotine exposure, continued during early
lactation, produced significant further enhancement
(p < 0.05). Responses at day 0 (1.052 * 0.027 V.min)
were 144% greater than control values (0.432 % 0.053
V.min). At day 7, responses (1.727 * 0.058 V.min)
were 268% greater than control values (0.469 = 0.034
V.min). By contras, at day 14, responses
(0.470 + 0.023 V.min) were similar to control values
(0.482 % 0.051 V.min). Control responses did not dif-
fer significantly during the testing period.

Cohort C (Lactational Exposure): Maternal nicotine
exposure during the first week of lactation produced
significantly enhanced infant axon reflexes at day 7
(p < 0.05). Day O responses (0.494 = 0.031 V.min)
were similar to control values (0.466 + 0.033 V.min).
Responses at day 7 (0.968 * 0.060 V.min) were 106%
greater than control values (0.469 + 0.034 V.min). Day
14 responses (0.489 * 0.031 V.min) were similar to
control values (0.472 * 0.031 V.min). Control res-
ponses did not differ significantly during the testing
period. Each rat pup is sustained in utero by its own
unique placenta and amniotic sac. Therefore, data were
analysed in terms of numbers of rat pups, rather than

NICOTINE EXPOSED RAT

S

PAW SKIN BLOOD FLUX (V)

FIG. 1. Examples of cutaneous
axon reflex responses to 2 mC
ACh iontophoresis  from
progeny of nicotine-exposed
mothers in Cohort C are shown
in comparison to control res-
ponses: at day 0, before
exposure; atday 7, after 7 days
of lactational exposure; at day

DAY 0 DAY 7
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14, 7 days after cessation of
exposure.

DAY 14
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Table 1. Litter cohort data

Cohort

Cohort A
(N =8}

Cohort 8
(N=8)

Treatment Day 0

0.456 = 0.052
1.151 £ 0.078

0.432 = 0.028
1.032 = 0.038

Day7 Day 14

0.489 = 0.064 -
0.486 * 0.051 —

0.453 = 0.015 0.473 = 0.064
1.721 £ 0.061 0.470 = 0.013

CohortC 0.457 = 0.049 0.468 = 0.050 0.460 = 0.049
(N = 8) 0.496 = 0.040 1.013 = 0.079 0.505 = 0.037

Comparison of skin microvascular blood flux responses evoked by
2 mC ACh in infant progeny of nicotine-exposed mothers and saline
controls. In this table, data have been analysed in terms of number of
litters {N). Statistical analysis produced resuits comparable to those
achieved when rat pup data were analysed independently (p < 0.05).

Saline
Nicotine

Saline
Nicotine

Saline
Nicotine

numbers of litters. However, some researchers con-
sider that data such as these should be treated in terms
of litter ‘N rather than progeny ‘n’. If the present data
are re-analysed in this manner, the differences between
the treatment groups and their controls is still signifi-
cant (p < 0.05). This analysis is presented in Table 1.
Similar analyses of cholinergic antagonist data pro-
duced results consistent with those presented below.

Cholinergic Antagonist Studies: Results of cholinergic
antagonist studies performed on both saline- and nic-
otine-exposed infants from cohort B (Table 2) are sum-
marized as histograms in Figure 3. Pretreatment of the
test site with 4 mC HXM significantly reduced the size
of the axon reflex response to 4 mC ACh by 87% to
90% at days 0, 7 and 14 (p < 0.05). Pretreatment with

Table 2. Cholinergic antagonist data

FIG. 2. Comparison of skin
microvascular blood flux res-
ponses evoked by 2 mCAChin
infant progeny of nicotine-
exposed mothers and saline
controls. Cohort A (Late Ges-
tational Exposure): infants
exposed to saline (n=16) or
nicotine (n = 40) during the last
7 days of gestation, then
allowed to recover for 7 days.
Cohort B (Late Gestational and
Lactational Exposure): infants
exposed to saline (n=16) or
nicotine (n = 50) during the last
7 days of gestation and the first
7 days of lactation, then
allowed to recover for 7 days.

% P<0.05

0 7 14 Cohort c {Lactationai
Exposure): infants exposed to
saline (n=14) or nicotine

COHORT C {n = 39) during the first 7 days

of lactation, then allowed to
recover for 7 days.

ATR did notsignificantly alter the size of axon reflexes
at day 0, 7, or 14. These results take into account both
nicotine-exposed and control infants.

Discussion

The principal finding of the present study is that
maternal nicotine exposure, both during the last week
of gestation and the first week of lactation, results in
significantly enhanced cutaneous axon reflexes in neo-
natal rats. This phenomenon is reversed 7 days follow-
ing cessation of nicotine exposure. The occurrence of
nicotine-induced changes in rat pup axon reflexes may
be explained by previously reported mechanisms such
as transplacental' and lactational® transfer of nicotine
from mother to infant. The fact that control pups from
saline-exposed mothers did not exhibit these changes
discounts the possibility that procedural effects, such
as handling, or repeated anaesthesia, could be respon-
sible for the observed changes.

The results of cholinergic antagonist studies demon-
strate that axon reflex responses in infant rats are abol-
ished by HXM but not by ATR. This establishes that
the functional kinetics of cutaneous nicotinic cholino-
ceptors in nicotine-exposed neonatal rats are similar to
those observed in control and adult rats.’ Furthermore,
the present results support previous findings®” that nic-
otinic cholinoceptors on primary sensory nerves in rat
skin mediate the axon reflex. This vasodilator response
is distinct from that elicited by ACh at muscarinic

Drug used Saline Nicotine

Day 0 Day 7 Day 14 Day 0 Day 7 Day 14
Control 0.933 + 0.083 1.079 + 0.068 0.964 = 0.102 2.266 * 0.060 3.971 = 0.106 0.987 + 0.078
After HXM 0.124 = 0.018 0.108 = 0.015 0.101 + 0.019 0.240 = 0.010 0.410 = 0.034 0.117 = 0.023
After ATR 0.928 + 0.084 1.104 + 0.053 0.981 + 0.084 2.253 = 0.078 3.812 + 0.105 0.941 + 0.048

Mean blood flux responses are expressed as V.min * s.e.m. In both nicotine-exposed infants (n = 50) and saline controls (n = 16) from Cohort B,
responses are seen to be significantly attenuated by pretreatment with HXM, but not by ATR {p < 0.05).
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cholinoceptors on microvascular endothelium,® which
persists even after denervation.’ These data also suggest
that the muscarinic cholinoceptors at sympathetic
sudomotor terminals on sweat glands® are not
involved in the enhanced dilator responses. Alterations
in the kinetics or sequencing of neuropeptide
mediators might explain the observed enhancement of
the axon reflex flare, however such effects of nicotine
have not been reported. Although paradoxical," the
most suitable interpretation of the present findingsis in
line with descriptions of nicotinic cholinoceptor
upregulation in infant rat brain.* This phenomenon is
also seen in the brains of adult rats'? and humans" when
exposed to nicotine.

Some explanations which have been offered for the
upregulation of central nicotinic cholinoceptors fol-
lowing chronic nicotine administration are: (1) Nic-
otine may interfere with release or metabolism of ACh,
reducing available synaptic ACh, with resultant upreg-
ulation of nicotinic cholinoceptors;*** (2) During con-
tinuous administration, nicotine may act as a
functional antagonist, causing prolonged desensitiza-
tion,"® which results in compensatory upregulation of
central nicotinic cholinoceptors;*21* (3) Another poss-
ible mechanism could involve occupation of cholino-
ceptor by agonist, with resulting phosphorylation
and upregulation’ of the nicotinic cholinoceptors.
Although the predominant nicotinic receptor subtypes
expressed in brain may differ from those found in per-
ipheral tissue,'! these mechanisms may also be involved
peripherally.

Conclusion

These findings establish that, during maternal nic-
otine exposure, infant rats receive nicotine via placental
and lactational transfer, causing a significant, reversible
sensitization of nicotinic cholinoceptors on cutaneous
sensory nerves. The time course of this nicotine-
induced sensitization, and that of the post-cessation
attenuation, is similar to that seen in adult rats.
Cutaneous muscarinic cholinoceptors are not affected.
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Our interpretation of these data in light of Slotkin’s
evidence for nicotinic receptor upregulation in infant
rat brain during chronic maternal nicotine exposure®
suggests that a similar phenomenon may occur periph-
erally. This remains to be confirmed by ligand binding
studies.

These findings have implications for the infants of
smoking mothers, who have been shown to be at
greater risk of apnoeic attacks, Sudden Infant Death
Syndrome,”” low birth weight and failure to thrive,"
and who may incur other risks related to nicotinic cho-
linoceptor upregulation such as reduced intellectual
capacity'® or altered pain perception.?
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THE ROLE OF SKIN NOCICEPTIVE AFFERENT
NERVES IN BLISTER HEALING
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Department of Biological Sciencest, Deakin University, (Geelong Campus) Waum Ponds, Victoria

SUMMARY

Because sensory neuropeptides improve survival of critical skin and
muscle flaps in rats, skin nociceptive sensory nerve function in blister healing
was examined. Sensory nerve ablation by unilateral hindlimb denervation or
cutaneous axon reflex enhancement by 14 days systemic nicotine treatment (5
mg kg''day™) decreased and increased, respectively, peripheral motor functions
of nociceptive (peptidergic) skin nerves. Effects on nociception were measured
by a radiant heat tail-flick test. Axon reflex flares were evoked by transdermal
iontophoresis of acetylcholine or noxious electrical stimulation under pentobar-
bitone 40 mg kg anaesthesia. Resultant changes in cutaneous microvascular
blood flux were measured non-invasively by laser Doppler flowmetry. In
nicotine-treated rats compared with placebo-treated controls, acetylcholine-
evoked axon reflex flare was enhanced by 240% (p<0.01), without
enhancement of electrically evoked flare. Thus, nicotine-sensitized nociceptors
show stimulus specificity in their enhancement of neurogenic flare responses.
No significant changes were seen in other endothelial-dependent or smooth
muscle-dependent microvascular dilator responses. Nicotine-treated rats had
prolonged tail-flick withdrawal latencies to noxious radiant heat stimuli
compared with placebo-treated controls (p<0.05), suggesting an anti-
nociceptive or analgesic effect of nicotine-treatment. Neurogenic effects on
wound healing rate were assessed by measuring the dimensions of standardized
blisters twice daily. The blisters were raised on hindpaw glabrous skin using
a constant weight and diameter of compressed dry ice pellet applied for 30
secs at constant force. Dry-ice blisters raised on the hindpaw 14 days post-
denervation were significantly slower to heal completely (42 days) than
controls (30 days: P<0.05) and the surrounding inflammation was reduced. By
contrast, nicotine-treated rats showed more rapid blister healing (25 days) than
controls (30 days), seen only in the later phase after day 15. Finally, resting
substance P release from blisters, after direct cutaneous nerve stimulation,
appears to be enhanced in nicotine-treated rats. Thus nociceptive innervation
appears critical for inflammation and rapid healing of blisters in rat skin. The
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data signal a possible important role for neuropeptides in these processes and
question the function of nicotinic receptors on sensory nerves.

Lewis' and more recently Lembeck® described neurogenic inflammation and
its possible ‘nocifensor’ or protective actions. When a noxijous stimulus impinges
on the skin, polymodal nociceptors respond with a discharge both
orthodromically to the spinal cord and also antidromically along collateral
branches (the ‘axon reflex’) generating a local flush'*?. The axon reflex results
in release of neuropeptides eg, substance P (SP) and calcitonin gene related
peptide (CGRP), from arborised nerve terminals>**. Subsequent vasodilatation
occurs through their direct actions on vascular endothelium’® or smooth muscle
or their actions via the liberation of vasoactive substances from mast cells® (Fig
1). The neuropeptides, tachykinins and eicosanoids involved in this cascade
trigger the following spectrum of defensive and healing processes: macrophages
become phagocytic; lymphocytes in regional nodes are activated; microvessels
dilate and plasma extravasation occurs; the kinin and complement systems are
activated. Fever, leucocytosis and altered erythrocyte sedimentation rate may
follow if tissue damage results in accumulation of lysosomal products, pyrogens
and leucocytosis factors. Important roles of nociceptive primary afferent skin
nerves in the axon reflex flare', microvascular reactivity® and wound healing’
have been reported recently in a study’ which used unilateral denervation as the
primary strategy to in effect ablate the skin sensory nerves. In that study,

denervation adversely affected all measured nocifensor functions of skin sensory
nerves.

Based on these data, the present study tested the hypothesis that increases
or decreases in sensory nerve responsiveness will alter the neuropeptide release
and therefore the rate of wound healing. Its strategy employed the effect of
systemic nicotine treatment, which enhances axon reflexes®, to putatively
increase sensory nerve responsiveness. Thus, it was proposed that chronic
nicotine exposure should (i) increase neurogenic inflammation, (ii) alter
nociception, (iii) enhance neuropeptide release and (iv) alter the wound healing
rate. The present paper reports the testing of these proposals.

METHODS

Animals used

The rat husbandry, anaesthesia, neurovascular testing by noxious electrical
transcutaneous nerve stimulation (TNS), iontophoretic application of acetylcholine (ACh)
and sodium nitroprusside (SNP), and the use of laser Doppler velocimetry to measure the
microvascular blood flux responses to noxious stimulation of paw skin have been

described in detail in preceding papers”®®. Rats received electrical and iontophoretic
stimulation on days 0, 14, and 28.
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Nicotine administration

The naturally occuring isomer (-)-nicotine (hydrogen tartrate salt) dissolved in sterile
0.9% saline at a dose of 5 mg kg'day™ was administered systemically by an Alzet mini-
osmotic pump’. This device, implanted subcutaneously between the scapulae, delivered
the solution over a period of 14 days at a fixed rate of 0.5 + 0.1 pl/hr. A perspex pellet,
identical in size to the Alzet-2002 pump, served as a placebo implant"’.

Tail-flick (Noxious Thermal Latency Test)

Each animal was tested with the tail flick test on days 0,14 and 28 (Fig 2). The rat
was placed in a darkened immobilising perspex chamber with its tail protruding. A K-type
thermocouple provided feedback for temperature control; a halogen heat lamp (54°C)
focussed onto the tail elicited a reflex tail-withdrawal (flick). The tail-flick, sensed
optically by an infra-red beam chopping circuit and a stop watch, triggered synchronously
with the heat lamp onset, was stopped automatically by a beam chopper pulse. Rats were
placed in the perspex chamber for 20 mins acclimatisation, the noxious thermal stimulus
was applied and the reflex tail-flick latency recorded. Tail temperature was recorded 10
cm from the tail tip using a digital thermometer. Stimulation at a distance 6 cm from the
tail tip was performed twice on each rat at days 0, 14 and 28 (Fig 3A). In a small number
of rats, a 3rd stimulus was applied randomly either 2 cm rostral or caudal to the initial
stimulus site, i.e. 8 or 4 cm from the tail tip (Fig 3A). Based on these data, the order and
site of stimulus application (2 x 6 cm, 1 x either 8 cm or 4 cm) was randomised.

Electrical nerve stimulation

Noxious transcutaneous pulses were applied as previously described”'®'!. The hind
legs of rats anaesthetised with pentobarbitone (40 mg/kg, i.p) were shaved. Intradermal
needle electrodes were placed distal to the cathode, 1 cm apart, on the hair line of the
heel, for stimulation of the area innervated by the posterior tibial and saphenous nerves.
A heatpad maintained body temperature at 37°C. A series of rectangular electrical pulses
(150V, 2 Hz, 1 ms duration) were delivered to the site while blood flow was concurrently
recorded by laser Doppler immediately distal to the cathode’. In each animal, the electrical
stimulation consisted of short trains of 2, 4, 16 pulses from a Grass S8 stimulator and
SIUSA isolation unit’.

Neurovascular testing

Dual probe-holder/iontophoretic electrode chambers’®® attached by double-sided
adhesive discs on the medial aspect of the hindlimb (secured to a contoured foam pad)
minimised fluid leakage without impeding blood flow. The 2 circular chambers (6 mm
diameter) were separated by 6 mm, allowing remote stimulation of test skin areas and thus
only nerve-mediated alterations in blood flow at the recording site™®’. This indirect test
was performed using ACh on all rats in an attempt to reproduce enhanced nerve function
mediated by nicotine, previously described®’.

Tontophoresis of vasoactive compounds
This was carried out as described previously™**'™!" and was performed after
electrical stimulation”. Acetylcholine chloride (ACh) and sodium nitroprusside (SNP) as
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Fig 3 Tail flick withdrawal latency. A. Histograms showing tail-flick latencies (s) to 54°C noxious radiant heat
stimuli at different locations (4,6,8 cm from the Lip) along the rat's tail. All responses shown were obtained on day
0, before nicotine or placebo implants. "** indicates a significant reduction in tail-flick latency compared with those
obtained 4 cm from the tail tip (p<0.05): "**" indicates a significance of p<0.01. B. Time (s) to withdraw from a
noxious stimulus of 54°C applied 6¢cm from tail tip on days 0, 14, and 28 shown in each group of placebo (28d);
placebo (14d) - nicotine (14d); nicotine (14d) - placebo (14d) and nicotine (28d) animals "*" indicates a significant
reduction or increase in latency compared with the untreated day O value, p<0.05.
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1% w/v solutions in inert 4% methyl celtulose gel in distilled water were each applied in
a hemispherical 50 pl electrode chamber to the skin: a constant current stimulator
provided a 0.2 mA galvanic (direct) current through the gel, with an indifferent electrode
on the rat's forepaw’*’. Doses of ACh (direct) 4mC (0.2 mA X 20s), ACh (indirect) 16
mC (0.2mA X 80s), SNP (direct) 8mC (0.2 mA x 40) which produce sub-maximal
responses were selected during pilot observations”™®!%!".

Blood flux responses

Laser Doppler velocimetry (LDV) with the Periflux PF1d (Perimed, Sweden) as
previously described'™!' was used non-invasively to assess cutaneous vasodilatation in
response to specific quantified electrical or chemical vasodilator stimuli as an indicator
of neural and vascular function. Typical dilator responses are shown in Fig 4 for
iontophoretic stimuli applied either remotely from a circumferential chamber, or directly
onto the skin (being monitored by LDV). Axon reflex dilator responses to noxious
electrical stimulation have been shown in previous reports’'®!!.

Wound healing: induction of blisters

Uniform, controlled blisters were created 14 days after implanting a nicotine or
placebo pump. A standardised 7mm diameter pellet of solid carbon dioxide (dry ice) was
applied for a period of 30 secs at a constant pressure of 0.25N. Blisters were induced in
a concave part of the foot pad at the base of the toes to minimise post-wound traurna and
lameness’.

Assessment of blister-healing

Daily measurement of physical dimensions of the wound margin, delineated as the
neurogenic flare border or the border of the scab, whichever was the larger, assessed the
wound retraction/healing. Vernier calipers and a 6x lens with an overlay grid were used
to determine the longitudinal and cross-sectional dimension and the total area,
respectively’.

Neuropeptide release study

To test the effect of nicotine treatment on neuropeptide release from skin sensory
nerves, substance P (SP) release was measured during periods before, during, and after
direct electrical stimulation of the sciatic nerve*. Using methods previously described'?,
the SP was assayed in the fluid collected from paw suction blisters*'? raised after 14 days
of systemic nicotine or placebo treatment. Twelve rats in each of the 2 groups (nicotine
treated and control) were screened with chemical neurovascular tests and implanted with
pumps. Fourteen days after implantation, animals were retested using the chemical
neurovascular test battery.

Suction blister creation

Induction of bilateral suction blisters was performed with the animal under
anaesthesia in a similar manner to that first described by Kiistala"™ in 1968. The device®
consisted of a large brass plate with two 8mm diameter ports manifolded to a single outlet
and attached to a venturi water pump for suction. The solid brass plate was heated with




EPVOUE)

i FLUX
(e

BLOO
5

e .
\MINUTES |

Fig4 Blood flux responses. Recording of cutaneous blood flow by Periflux PF1d laser Doppler flowmeter (Perimed, Sweden), provided
a continuous, real-time, non-invasive measure of evoked microvascular flux changes. Microvascular dilator responses to stimulation were
quantifie¢ by determining the area beneath the voltage-time response recorded on an ICI DP600 chart recorder. Responses to indirect ACh
jontophoresis™ (centre) were integrated between the stimulus offset and the point at which the flux returned to baseline. Responses to
iontophoresis of SNP (left) and ACh (right) directly under the laser probe were integrated over the first 4 miris of response.

9

A3ojoinaN [ejuowadxyg pue [eorul)



Skin nociceptive afferents 47

a 10 ohm, 25W resistor to 42°C and maintained via a K-type thermocouple feedback.
With the animal laid supine on a heated pad (37°C), the plantar aspects of the hind feet
were placed over the suction ports and secured with an elastic strap and an airtight seal
was assured with the use of high vacuum silicone grease (Ajax Chemicals). Application
of a 30 kPa negative pressure (-220T) for a period of 30 mins (or to effect) resulted in
an epidermal-dermal separation, and thus a blister. The epidermal layer was removed
surgically. The foot was placed in a fluid-tight perspex clamp with the blister base
exposed and the perspex cover forming a small fluid well.

Blister fluid collection

Standard Krebs-Ringer buffer (138 mM NaCl, 5 mM KCl, 2 mM CaCl,, 1 mM
MgCl,, 1 mM NaH,PO,, 11 mM NaHCO; 1 mM C,,H0;, 11 mM CH,,0y), 0.3%
aprotinin (a protease inhibitor) and 0.25% bovine serum albumin were aliquoted as 300
ul samples into the blister well. Fluid was aspirated from the blister well after 15 mins
using a Terumo p-100 insulin syringe with a 29G needle (<1pl dead space), and collected
into acetic acid (final concentration 0.1 M). Samples were centrifuged at 12,000 rpm for
2-3 minutes to remove any contaminants (especially blood cells or platelets) and 220 ul
of supernatant was aspirated for assay. Samples were collected serially in triplicate for the
resting, stimulation and recovery periods.

Nerve stimulation

The sciatic nerve was isolated surgically and transected in the upper thigh. To evoke
peptide release the nerve was stimulated using two platinum electrodes (cathode distal to
anode), at 50 V, 8 Hz, | ms duration®'®. Periods of 15 mins were used, after which blister
fluid was removed, frozen and stored for assay.

Neuropeptide assay — substance P

Radioimmunoassay of samples was performed by a method similar to that previously
detailed by Morilak et al” in which samples were collected into polyethylene tubes on
ice, centrifuged, aspirated vortexed then frozen and allowed to stand at -80°C. Samples
were thawed, reconstituted in 100 ml of buffer and lyophilised. The substance P (SP)
content was determined by radioimmunoassay using an antiserum raised against SP in the
rabbit, and iodinated SP labelled with the Bolton and Hunter reagent. The SP detection
limit was 0.3 — 0.4 pcg per sample.

Statistics

Data were expressed as means and standard errors of the mean (sem). Statistical
analysis was performed using analysis of variance (ANOVA) with post-hoc analysis, for
both paired and unpaired data. Statistical significance was taken as p<0.05 for ANOVA
or t-tests. Pearson’s r value was used as an indicative measure of significance for linear
correlations where appropriate.
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Table 2 Results from random testing of 6 rats for nicotine exposure. Urinary cotinine levels
(ngl™) tabulated for 2 groups of rats (n=3) with placebo exposure and 7 days nicotine exposure.

TREATMENT GROUP PLACEBO (14 days) NICOTINE (14 days)

- cotinine (ug/1) 833313475 4140 £ 1099

Mean body weights of rats (n=12)

The mean body weight of each of the 4 groups of animals viz. placebo-
placebo; placebo-nicotine; nicotine-placebo and nicotine-nicotine measured at
days 0, 14 and 28 is shown in Table 3. No statistically significant differences
(p>0.05) were found when tested by multiple ANOVA.

Table 3 Mean body weights of rats (n=12) in each of the four groups viz. placebo-placebo;
placebo-nicotine; nicotine-placebo and nicotine-nicotine measured at days 0, 14 and 28. No
statistically significant differences (p>0.05) were found when tested by multiple ANOVA.

TABLE OF PLACEBO (284d) PLACEBO (14d) NICOTINE (14d) NICOTINE (28d)
BODY WEIGHT NICOTINE (14d) PLACEBO (14d)

(grams)

DAY 0 213.83 £ 3.35 213.33 + 501 211.27 £3.63 21592 +3.01
DAY 14 22542 £ 3,78 225.00 + 4.24 219.83 £+ 3.5t 22775+ 2.60
DAY 28 231.36 £ 391 22391 +£323 226.00 + 3,07 22942 +2.09

Tail-flick test

Results from the 4 nicotine treatment regimens in rats on days 0, 14 and 28
are shown in Fig 3B.

Placebo-implanted animals showed a significant reduction in tail-flick
latency over the experimental period but the reduction was significant only by
the 3rd testing (post hoc analysis p<0.05). In contrast, animals which received
nicotine throughout the 28 day period showed a progressive statistically
significant increase in withdrawal latency (p<0.05). The 2 combinations of
placebo and nicotine showed no consistent trend.

Neurovascular testing

Fig 4 shows typical responses to neurovascular tests. Fig 5 shows the mean
blood flux response to a chemically-evoked axon reflex (AR) measured at days
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0, 14 and 28 with the 4 nicotine treatment regimens. In each case placebo
implants had no effect on the AR response to ACh. However, a statistically
significant increase (p<0.05) in the size of the AR response was observed after
14 days of nicotine treatment. Further, this nicotine-induced AR enhancement
reverted to normal following cessation of nicotine therapy.

By contrast, none of the nicotine treatment schedules produced a significant
change in the AR responses to electrical stimulation (p>0.05, Fig 6) or to directly
applied microvascular dilators SNP or ACh (p >0.05, see Figs 7A,7B).

Stimulus specificity was tested, but no correlation was found between
thermal and chemical nociceptive function tests at day O (r=-0.187, n=32,
p>0.05) or following 14 days of nicotine treatment (r=0.139, n=33, p>0.05).

Wound healing

Fig 8B shows the healing rate profiles of nicotine pre-treated rats (circles)
and placebo treated or control rats (triangles). No significant difference was
found for orthogonal comparisons of profile shape between groups (F(1.22) =
2.13, p > 0.05). However, a divergence of the profiles is apparent at approxi-
mately day 16 after blister induction, highlighted by the enlarged inset (B),
indicating a trend towards decreased healing time from this point onwards. On
repeated measures analysis this is significantly different (p<0.05).

Neuropeptide release

Substance P (SP) release (pg/200ul) was assayed in blister fluid during rest,
stimulation and recovery, samples being collected over 15 minute periods (Fig
9). Control rats showed a stimulus dependent increase in SP levels but this was
not statistically significant. In rats treated with nicotine no such stimulus
dependent increase was observed - instead there was a tendency for the absolute
level of SP to be elevated in basal terms but the change fell short of statistical
significance (p=0.061). By contrast, Table 4 shows that the increase in SP release
with direct nerve stimulation correlated significantly with an indicator of
nociceptor function, viz, the size of the chemical axon reflex response in control
animals (r=0.945, n=6, p<0.01). However, there was no significant correlation for
stimulated SP release levels and tests of vascular endothelial reactivity and
smooth muscular function.
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Fig 5 Nicotine effects on chemical axon reflex. Nicotine Treatment Schedule. In a 2 way cross-over arrangement,
rats were on a 28 day schedule and received either a nicotine or placebo implant for the first 14 days followed by
a reimplant of either placebo or nicotine for the remainder. The histograms show the effect of nicotine on the
chemically evoked axon reflex response, measured at days 0, 14 and 28, in the 4 treatment regimens. Open bars
represént responses following 14 days of placebo implant and shaded bars represent those following 14 day nicotine
treatment. Black filled rats indicate nicotine treatment during the corresponding 14 day period, while unfilled rats
indicate placebo. "*" indicates a significant increase in size of the axon reflex compared to day 0 (p<0.05).
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Fig 6 Nicotine effects on electrical axon reflex. Blood flux dilator responses are shown to noxious electrical
stimulation (150V, 2Hz, 1msec) of (A) 4 pulses and (B) 16 pulses in the 4 nicotine treatment groups, placebo (28d);
placebo (14d) — nicotine (14d); nicotine (14d) — placebo (14d) and nicotine (28d), on each test day, 0, 14 and 28.
Stimuli were administered by a cathode remote from the LDV probe, the anode being 2cm further away (see
methods). Open histograms show dilator responses after placebo treatment; filled histograms depict responses
following 14 days of systemic nicotine. There was no significant difference between responses in either group on
any test day (p>0.05).
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Fig 7 Nicotine microvascular effects. Histograms showing blood flux dilator responses (volt.min
+ sem) in each nicotine treatment group, placebo (28d); placebo (14d) - nicotine (14d); nicotine (14d)
- placebo (14d) and nicotine (28d) on each test day 0,14 and 28. Open histograms show responses
in untreated animals or following placebo treatment. Solid histograms show responses after 14 days
of preceeding nicotine treatment. The graphs show responses elicited with (A) the endothelium

independent nitro-dilator, SNP (8mC) and (B) the endothelium-dependent dilator, ACh (4mC).
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Fig 8 Blister healing rate after nicotine treatment. A: Healing rate profiles of nicotine pre-treated
rats (circle) and placebo treated or control rats (triangle). No significant difference was found for
orthogonal comparisons of profile shape between groups (F (1,22) = 2.13, p > 0.05). However, a
divergence of the profiles is apparent at approximately day 16 after wounding, highlighted by the
enlarged inset (B), indicating a trend towards decreased healing time from this point onwards. On
repeated measures analysis this portion is significantly different (p<0.05).
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Fig 9 Substance P release. Levels of SP (pcg/200ul) assayed in blister fluid during rest, stimulation
and recovery. Samples were collected over 15 min periods. Dotted lines show the initial (resting)
level of SP release (n=6). Control rats showed a stimulus dependent increase in SP levels which was
not statistically significant. In rats treated with nicotine no such stimulus dependent increase was
observed. Instead there was a tendency for the absolute level of SP to be elevated in basal terms but
there was not significant (p=0.061). The SP levels are near the lowest detection limits of the assay
and the data should be considered indicative only.
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Table 4 Relationship between substance P (SP) release in response to direct electrical
stimulation of the sciatic nerve, and axon reflex blood flux responses to indircctly applied ACh.
The correlation between the size of the chemical axon reflex and the net increase in SP release
upon stimulation (ie. amount released upon stimulation minus amount rcleased during rest
periods) is statistically significant (r=0.945, n=6, p<0.01)

Net SP release Chemical Axon Reflex
(pg/200 uly (V.min.)
0.185 0.319
0.245 0.252
0.620 0.293
0.635 0.329
0.780 0.396
1.810 1.116
DISCUSSION

The overall project strategy was to alter sensory nerve function in 2 ways:
viz. (i) denervation — to impair axon reflexes, neurogenic inflammation,
nociception, wound healing rate (reported by Carr er al’) and (ii) nicotine
treatment — to enhance axon reflexes®’, neurogenic inflammation, nociception,
neuropeptide release and wound healing rate.

Denervation has adverse effects on all nocifensor functions of skin sensory
nerves, which clearly are important for inflammation and speed the late phase of
blister-healing™"". The present study provides evidence that systemic nicotine-
treatment enhances neurogenic axon reflex flare if evoked by ACh (Fig 5), but
not the axon reflex evoked by noxious TNS (Fig 6) — i.e., the effect is stimulus
specific. This may be interpreted in terms of the present understanding of
cutaneous neurovascular mechanisms®>%"* (Fig 1). All noxious stimuli impinging
on the skin evoke axon reflexes resulting in neuropeptide release*®’ from nerve
terminals, leading to vasodilatation evident as skin reddening”®, Dilator responses
for noxious electrical stimulation’ were not enhanced (Fig 6), which suggests that
nicotinic acetylcholine receptors (nAChr) are not involved in producing the
electrically-evoked axon reflex flare. Such stimulus specificity (Table 5) also
points to different transduction mechanisms being involved in initiating the
electrical and chemical axon reflex flare. Maintained electrical depolarization
induces a large electrical gradient across nerve terminals producing a receptor

.\
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potential and thus a response'*. Chemical stimuli such as ACh bind to specific
receptors to open cationic channels', whilst thermal and mechanical stimulus
transduction involve different mechanisms'®. Furthermore, there are no micro-
vascular effects of short nicotine exposure (Fig 7) which is explicable by the
presence of nAChr on primary sensory nerves’, but only muscarinic AChr on
microvasculature®.

Table 5 Stimulus specificity: Correlation between thermal and chemical (ACh) nociceptive
function. Tail flick latency (sec) against integrated area of chemical axon reflex response
(V.min.). First row shows results for rats on day 0 before nicotine or placebo implant (r=0.187,
n=32, p>0.05) and second row shows results for the same animals after 14 days nicotine
treatment (r-0.139, n=33, p>0.05). Lincar regressions and p values indicate lack of statistical
significance for both correlations.

Day Correlation Number of animals Significance (p)
coefficient (r)

0 -0.187 32 >0.05

14 0.139 33 >0.05

It is believed that synthesis of neural nAChr is regulated by phosphory-
lation®®, and is dependent on such factors as activity levels, and desensitisation
by chronic exposure to agonist or antagonists'®. Thus the enhanced flare response
is best interpreted in the light of nAChr upregulation”*. In Figure 3B the effect
of prolonged tail-flick latency seen with N-treatment is significant and indicates
some form of anti-nociception. Regional variation in sensory acuity or inner-
vation density is excluded by testing at the same level in all rats"”, and the test
is not dependent on basal skin temperature'”. There are published data suggesting
that such an action may be mediated centrally, peripherally, or both""*%,

The nAChr blocker hexamethonium, which does not cross the blood brain
barrier, has no effect on the anti-nociceptive effect of nicotine'>***"*%. This
suggests a central site of N-anti-nociceptive action. The mechanism underlying
N-analgesia may involve participation of endogenous opioid peptides, since
naloxone (opiate antagonist) blocked the anti-nociceptive effect of systemic
nicotine in rats®. Supporting this, are the observations of Eiden et al®
demonstrating release of metenkephalin from adrenal chromaffin cells after N-
treatment. Another possible mechanism involves nicotine interaction with
substance P (SP) , which has anti-nociceptive properties*’. SP does not act on
opioid receptors?, but produces naloxone-reversible anti-nociception in rats after
both intracerebral and systemic administration”**:. SP may induce release of met-
enkephalin from nociceptive brain regions®, but SP-induced anti-nociception does
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not block N-induced anti-nociception®?*. In spite of these findings™?,it is still
possible that nicotine may partly mediate its effects at the periphery. Noxious
stimuli induce peptide release from skin nerves®, as does nicotine. Interactions
between the nicotine-evoked actions on eicosanoids®®, peptides and tachykinins
modulate nociceptor sensitivity?’. Nevertheless, in spite of N-enhanced neuro-
genic inflammation®, N-induced changes in the amount of peptide released in
response to measured stimuli have not previously been reported. Therefore the
trend shown in Fig 9 needs to be confirmed.

Denervation has been shown to prolong blister healing time in recent reports
by Carr et al""". The effect is noted as a reduction of the acute inflammation
surrounding the blister during the first 7 days after induction. The healing
profiles diverge dramatically after 10 days, with a significant prolongation in
healing time from 26 days (sham) to 42 days for the denervated hindlimb. This
conforms with the finding of decreased survival of experimental critical flaps
after sensory denervation with capsaicin®. The converse also applies, in that
calcitonin gene related peptide (CGRP) increases survival of such flaps®. In the
case of nicotine treatment, the only group of N-treated animals which showed a
significant decrease in the blister-healing rate was the 14 day pre-blister nicotine
treatment group. The effect was significant during the latter part of the healing
profile, after day 15. In addition, healing was shortened by 5 days. Although SP
release correlated significantly with an index of sensory nerve function, the axon
reflex flare (Table 4), it is difficult to imagine that the mechanism underlying this
effect is simply enhanced neuropeptide release at the time of blister induction.
This would be expected to be manifest as a divergence of the healing profile
early, analogous with the early reduction in inflammation acompanying
denervation’. Since the divergence in healing profiles occurs late, it is presumed
that some other mechanisms may be involved. These may involve increased local
blood flow®, alterations in the local turnover of eicosanoids’', or modulation of
growth factors®. Furthermore, there may be dose-dependent and/or time-
dependent processes such as changes in SP or neuropeptide kinetics®, which
could mediate the nicotine effect. If higher doses are effective, the topical
application of nicotine may be a better method of achieving appropriate levels
locally®®, The present result is tantalising, and in conflict with the observed
adverse effects of smoking on skin flap healing®¢, although Hahn® has shown
that smoking also increases axon reflexes, presumably via nicotine. If these
effects are nicotine-dependent, how are the nAChr on sensory nerves involved
in the process? Clearly these questions should be explored further.

Primary skin sensory nerves which mediate neurogenic inflammation (axon
reflex flare) are sensitised by chronic exposure to nicotine. Axon reflex responses
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to ACh applied by iontophoresis are enhanced, but not those evoked by noxious
transcutaneous electrical nerve stimulation. This indicates stimulus specificity of
the polymodal nociceptors which may respond to both stimulus modalities by
different excitation mechanisms. Also it suggests that nicotinic ACh receptors are
not involved in the electrical axon reflex response. Nicotine treatment is anti-
nociceptive for noxious thermal stimuli, and this may reflect either a central or
a peripheral desensitisation effect. Nicotine treatment appears to produce a small
alteration in the substance-P release during resting, nerve-stimulated and recovery
collection periods. Nictotine pretreatment also accelerated the late phase of blister
healing by 5 days.
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Effects of Topical Capsaicin on Normal Skin and
Affected Dermatomes in Herpes Zoster

R.A. Westerman,* R.G.D. Roberts,* R.R. Kotzmann,"
D.A. Westerman,t C. Delaney,* R.E. Widdop™* and
B.E. Carter*

Clinical disorders of sensation are routinely assessed by bedside examination
tests which lack sensitivity and quantitation.! In particular, disorders of thin nerve
fibre function such as those that occur in post-herpetic neuralgia, diabetes and
other neuropathies? have been difficult to diagnose and measure in the absence of
clinical or other evidence of dysfunction.? Now non-invasive tests which measure
nociceptor and primary afferent function are available 4-%

The present study used infrared emission thermography and thermal threshold
testing to estimate the degree of desensitisation ir the primary afferents innervating
a skin zone or dermatome induced by repeated topical application of capsaicin.”8
This solenaceous plant derivative, trans-8-methyl-N-vanillyl-6-nonenamide, is wide-
ly used as a skin rubefacient and also as a hot spice in foods. It is a neurotoxin.
probably specific for unmyelinated peptidergic sensory fibres.”.%-10 Its effects are
reversible in human skin8:1! and it does not appear to affect adversely autonomic
functions or blood vessels® (cf ref. 12). Capsaicin elevates noxious heat thresholds,
and desensitises the C-polymodal nociceptors, reducing the axon reflex dilator re-
sponses to noxious electrical stimulation.5-7 Therefore, it was proposed as a treat-
ment for chronic post-herpetic neuralgic pain'? although there was no measure of
cutaneous nociceptor desensitisation nor of the most efficacious concentration of
the active ingredient in this study. The present report describes the results of non-
invasive measures of nociceptor function before and after capsaicin desensitisation
in normal subjects and in the affected dermatome(s) of patients with herpes zoster.

* Department of Physiology, Monash University, Clayton, Vic. ¥ Department of Radiol-
ogy, Roval Southern Memorial Hospital, Caulfield, Vic. +Royal Melbourne Hospital,

Parkville. Vic. ** Department of Clinical Pharmacology, Austin Hospital, Heidelberg,
Vic,
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Figure 1. (A) Photograph taken 40 minutes after application of graded concentrations of
capsaicin cream (a, 0.4%; b, 0.2%; ¢, 0.1%, d, 0.05%) to the left arm of a healthy volunteer.
Graded inflammatory skin flares are seen at a, b, ¢, d. As a control, corresponding sites on
the right forearm were treated only with ointment base and show no flares.

(B) Intermittent temperature readings at left forearm sites a, b, ¢, d taken with a handheld
emission thermograph (Biotherm C-600M) show graded warming during 40 minutes follow-
ing the application of capsaicin cream (0.4%, 0.2%, 0.1%, 0.05% respectively). The max-
imum warming occurred at 25—30 minutes after capsaicin application and was 4.5 °C.

Methods

Fifteen patients with post-herpetic neuralgia, ranging in age from 56 to 91
years (mean 75 years), and 69 normal subjects were used in this study. In 9 normal
subjects, capsaicin cream (0.01%—0.4%) was applied acutely to the anterior skin of
the forearm while for the patients it was applied to the post-herpetic dermatomes
for periods ranging from 4 to 16 weeks (0.01% or 0.05% capsaicin cream applied 3
or 4 times daily to the herpes-affected skin zone). The capsaicin was diluted and
dissolved in sorbolene cream base that was inert when tested separately (Figure 1).
Thermal thresholds were measured for both warm and cold stimuli using the
Medelec TTT microprocessor-controlled Peltier device. This has a thermode with a
skin contact surface measuring 80 x 30 mm. The device uses a forced-choice
psychophysical paradigm with 2, 4, 6, or 8 reversals selectable. The method of use
and results in some clinical conditions are described by Jamal et al.!-3-* This device
was used to measure warm and cold thresholds in the herpes-affected dermatomes
and in the corresponding contralateral unaffected dermatome (Table 1).




Table 1. Details of subjects and responses to capsaicin

Patient  Age Affected %
1D (years) dermatome capsaicin Thermal threshold difference °C
TTT readings °C used (desensitisation)
Before After Before After
capsaicin capsaicin capsaicin capsaicin
Normal side PHN side PHN side
Warm Cold Warm Cold Warm Cold H C H Cc
2000 79 L Trigem | 005 005 033 005 745 0.05 0.05 +0.28 0 +7.12 0
2001 79 R Trigem I, Il 1.05 8.15 275 0.05 — 0 +7.10 0
2002 61 RTh5,6(6,7) 045 025 1.05 055 060 055 0.01 +0.6 +0.3
210 135 0.05 +1.05 ~0.40
2003 91 LTh23 — — 055 0.55 115 020 0.05 — =] +0.60 -0.35
0.35 015 060 0.01
2004 86 RTh7,8 — — 025 040 1.05 025 0.05 +0.4 —-015 +080 -0.15
005 010 055 025 0.17
2005 71 RTh3 025 010 405 050 >10 010 0.05 +3.8 +0.4 +6.05 —-0.40
2006 77 RThs5, 6 030 005 065 025 65 0.05 -0.3 +0.2 +585 -0.20
2007 80 LTh2,3 105 045 415 335 605 605 0.05 +3.1 +2.9 +1.90 +2.0
2009 73 LTh3 240 20 >10 2.0 0.05 — — +7.60 0
2010 76 L Trigem. | — — 0.55 0.20 0.65 0.10 0.01 — — +0.10 -0.10
2012 80 RTh5 0.25 0.20 1.35 0.95 1.55 1.65 0.01 -0.05
025 020 505 015 0.05 — —_ +4.80
2016 56 LC6(SupRad) 015 010 045 035 210 065 005 +030 4025 +205 +0.3
2008 76 R Trigem 1, Il — — 435 065 75 030 0.01 — — +3.00 -0.30
2016 65 RThs 025 0.15 1.00 155 — — +0.75 +14
201 78 LTh5,6 — — +8.55 +8.5
n =15 n= 8 8 13 13
X =752 S =%1.19 0.7 3.69 0.08
S =+9.06 x2= 142 0.99 2.8 0.62
x2=82.2 2.06 0.98 7.86 0.38

Abbreviations: PHN = post-herpetic neuralgia, H = hot, C = cold, R =right, L = left, Th = thoracic, Trigem

= trigeminal,
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Figure 2. (A) Infrared emission thermographs of both hands in a patient with herpes zoster in
the skin area supplied by the left superficial radial nerve, within the C6 dermatome. The left
hand exhibits warming of 1.5—-2.0 °C compared to the right in the skin zone supplied by the
herpetic sensory nerve. (B) The warm and cold detection thresholds after 4 weeks of desen-
sitisation with 0.05% capsaicin cream applied topically 3 or 4 times daily.
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Infrared emission thermograms of affected and normal skin areas were taken
with an Agema 782 system and with a handheld Biotherm C-600M (Figures 1
and 2).

The assessment of pain intensity before and after capsaicin treatment was
made by each patient using a linear visual analog (VAS) scale recorded with pencil
and paper, described in the McGill Short Form Pain Questionnaire.'* The length
(in mm) of the patient’s mark estimating pain intensity was calculated as a fraction
of the 100 mm VAS line length, and the difference between the pre- and post-
capsaicin VAS rating was calculated as a percentage pain relief (Table 2).

Table 2. Summary of changes produced by capsaicin treatment

Patient VAS rating of Pain TTT warm threshold
ID pain intensity relief (%) elevation °C
Before After
capsaicin capsaicin
‘ 2000 (Fig. 3)  0.76 (0.05%)  0.12 -84 +7.12
' 2001 0.65 (0.05%) 0.35 —46 +7.10
2002 0.78 (0.01%) 0.43 —45 +0.30
(0.05%) 0.9 —88 +1.05
2003 0.58 (0.05%) 0.13 -78 +0.60
(0.01%) 0.43 —-26
2004 0.84 (0.05%) 0.19 —-77 +0.80
2005 +6.05
2006 0.65 (0.05%) 0.9 —86 +5.85
2007 0.54 (0.05%) 0.1 —80 +1.90
2009 0.64 (0.05%) 0.28 —56 +7.60
2010 0.77 (0.01%) 0.49 —36 +0.10
2012 0.65 (0.01%) 0.41 —40
(0.05%) 0.8 —88 +4.80
2016 (Fig. 2) 0.32 (0.05%) 0.4 -87 +2.07
2008* 0.79 (0.01%) 0.75 -5 +3.0
20141 0.72 (0.05%) 0.92 ‘Much worse’ —withdrew
2011¢ 0.71 0.71 0 TTT >10
before

Pain relief with: 0.05% n=10, x=77%, S=14.5%, x2=209.3
:0.01% n= 5, x=30%, S=15.8%, x2=250.3

*This patient had a history of shingles, but had probable cluster headaches and was referred
to a neurologist. 1t This patient was unable to persist with capsaicin for more than 3 days, and
withdrew because of intolerable burning discomfort. $ This patient had a dorsal rhizotomy 10
years before testing but was still denervated in the affected dermatomes with TTT >10°C to
both warm and cold stimuli.

Results

Figure 1 shows that the acute inflammatory responses to graded doses (0.4%,
0.2%, 0.1%, 0.05%) of topical capsaicin ointment applied to normal forearm skin
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reached their maximum by 25-30 minutes, the extent of warming being dose-
dependent and consistent with the capsaicin-evoked temperature elevation already
described.® During the acute vesicular phase of herpes zoster, skin temperature in
the affected dermatome may be elevated by 1-4 °C. An example of one patient’s
thermogram is shown in Figure 2A. Presumably this largely reflects the degree of
neurogenic inflammation evoked by virus-containing primary afferent nerve fibres
being similar to the immediate effects of topical capsaicin in elevating skin tempera-
ture (Figure 1). Thermal thresholds to warm and cold stimuli were measured at the
wrist for normal subjects (Figure 3) and on the herpes-affected dermatome and also
on the contralateral unaffected dermatome of patients (Figures 2B and 4; Table 1).
The distribution and low variability of warm and cold thresholds measured at
site, viz. for normal forearm/wrist skin, show
data.l.3.4

Capsaicin was then used to desensitise the
application of 0.05% or 0.01%

one
n herc agree closely with published

painful herpetic skin zone by topical
cream 3 or 4 times daily for 4 weeks, after which
thermal thresholds for warm and cold detection were again measured. This com-

parison permitted estimation of the extent of capsaicin-induced desensitisation of
nociceptors in treated skin, as shown in Table 2.

Figures 2B and 4 show examples of the warm and cold threshold Medelec
printouts, and Figure 4 gives the thermal threshold results obtained in one female
patient aged 78 years who had suffered from post-herpetic neuralgia in the left
ophthalmic division of the trigeminal nerve for 4 years. The initial pre-capsaicin
warm threshold for the post-herpetic dermatome was 0.33 °C, only slightly higher
than the corresponding normal skin. After 22 days of treatment with 0,05% cap-
saicin cream the warm threshold showed an elevation of 7.12 °C. By contrast, there
was no difference between cold detection thresholds of normal and herpetic skin
even after topical capsaicin treatment. This patient (No. 2000; Table 1, 2) achieved
a high degree of pain relief (84%) from the capsaicin. The warm threshold eleva-
tion (2.07 °C) but not pain relief (87%) was less for the patient in Figure 2B after
0.05% capsaicin treatment of the affected left C6 hand skin (No. 2016; Table 1, 2).

Thermal threshold darta for all 15 patients are presented in Table 1. The der-
matomes affected included the trigeminal in 4 patients, the cervical in 1 and the
thoracic in the remaining 10 patients. For technical reasons not all patients in this
series had pre-capsaicin thermal threshold measurements. The difference between
both thermal detection thresholds on corresponding normal and herpes-affected
skin indicates the extent of desensitisation caused by herpetic damage. Before cap-
saicin treatment, often warm detection and sometimes cold detection thresholds
were elevated in the herpetic dermatome by comparison with the corresponding

normal skin. The mean elevation of warm threshold in untreated herpes-affected
skin was 1.19 °C and for cold detection was 0.70 °C. However in some instances the
affected dermatome was hypersensitive to warm stimuli and exhibited a lower
threshold (Table 1). The average desensitisation resulting from 4 weeks of topical
capsaicin treatment was 3.69 °C in the case of the warm detection threshold and
0.08 °C for the cold detection threshold.

Varying elevation of warm detection thresholds and the corresponding patient
estimate of pain relief calculated from the VAS rating scale before and after cap-
saicin was seen in capsaicin-desensitised skin zones compared with their corres-
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Figure 3. Thermal detection thresholds to warm stimuli measured by a Peltier device
(Medelec TTT).
(A) (Upper) The warm detection thresholds (mean 0.144 + 0.07 °C) measured on the anterior
aspect of the forearm above the wrist for n = 87 observations on 58 normal subjects. The
mean and 99% confidence limits are indicated as solid and broken lines respectively.
(B) (Lower) Cold detection thresholds (mean 0.147 + 0.10 °C) measured on the anterior
aspect of the forearm above the wrist for n= 36 observations on 27 normal subjects. The
mean and 99% confidence limits are shown.
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Figure 4. Thermal thresholds of a 78-year-old woman with post-herpelic neuralgia of 4 years
duration. (A) (Upper, left) The herpetic dermatome (L, trigeminal ophthalmic division) (stip-
pled) and the sites of application of Peltier thermal probe (solid). (B) (Upper, right) The warm
threshold tested on herpetic skin was 0.33 °C pre-capsaicin. (C) (Centre) After 22 days of
treatment thrice daily with 0.05% capsaicin cream the warm threshold on herpelic skin was
markedly elevated by 7.45 °C compared to normal side 0,05 °C. (D) (Lower) Cold thresholds
on capsaicin-treated herpetic and normal skin were identical and normal,
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Figure 5. Abscissa: The elevation in °C of the warm detection thresholds for 12 patients
measured by Medelec TTT on herpes-affected skin after 4 weeks of topical capsaicin treat-
ment. Filled circles indicate 0.05% and open circles 0.01% topical capsaicin cream treat-
ment.

Ordinate: Pain relief calculated from patient estimates of pain using a visual analog scale
rating.'* Pain estimates were made as a mark on 2 linear 100 mm scale ranging from NO
PAIN to WORST POSSIBLE PAIN and were calculated as a fraction for each subject before
(x) and after (y) capsaicin treatment. The pain relief (2) was then calculated by expressing the
pain after capsaicin treatment as a percentage of the pain before capsaicin, according to the
formula z= (x — y)/x (see Table 2). No significant correlation existed between the extent of
pain relief and the warm threshold elevation (r = 0.069).

ponding normal skin (Figure 5; Table 2). The mean elevation of the TTT warm
threshold in capsaicin-treated skin was 3.69 °C (n = 13), but no consistent alteration
in cold threshold was observed (Table 1). On average. the degree of pain relief
achieved by 0.01% capsaicin was lower, only 30%, compared with a mean 77%
pain relief from 0.05% capsaicin.

Discussion

Repeated chronic capsaicin treatment of normal skin has been shown to pro-
duce desensitisation of peptide-containing primary afferent nerves’- 516 which is
reversible®- ! and does not adversely affect microvascular or autonomic function$
(cf ref. 12). This suggested a possible topical therapy for post-herpetic neuralgia'?
which appeared to be effective in relieving pain in about 75% of the 14 cases
treated. However, although temperature sensitivity has been reported to be re-
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duced and pain and thermal thresholds to be elevated in neuropathy,'0 no estimate
of capsaicin-evoked desensitisation was made in Bernstein’s study'? except for sub-
Jective pain ratings before and after treatment—and this study did not use a stan-
dard scale such as the McGill visual analog scale (VAS) for pain rating.!4 The
present study relies on the fact that normal detection thresholds for warm sensa-
tions require intact C-thermal and polymodal sensory fibres: impairment of this
primary afferent transmission by capsaicin treatment elevates warm thermal detec-
tion thresholds and provides a measure of the extent of desensitisation of treated
skin.!6-17 Therefore it was not unexpected to find no appreciable effect of capsaicin
treatment on the cold threshold which depends upon A-delta cold afferents (Figure
3). This finding can be correlated with the subjective estimates (i.e. VAS pain
ratings) before and after treatment. The results reported in the present preliminary
study raise a number of questions, as follows.

What is the Optimum Concentration of Topical Capsaicin to
Achieve Maximum Pain Relief in Treating Post-herpetic
Neuralgia?

In the present study, the concentrations of capsaicin in aqueous cream base
used for desensitisation treatment of post-herpetic neuralgia dermatomes were
0.05% or 0.01% applied 3 to 4 times daily for 4 weeks. The lower concentration has
the advantage of a milder acute response to cach application of topical capsaicin
and reduced risks of severe discomfort after inadvertent contamination of conjune-
tiva or mucosa. However, in the limited preliminary trial reported here, the degree
of pain relief was less with the lower 0.01% capsaicin than with the 0.05% prepara-
tion (Table 2).

The apparent efficacy of low concentrations of topical capsaicin 0.05% and
0.01% in the present study, and 0.025% used by Bernstein er al.13 suggests a pos-
sible selective uptake mechanism for capsaicin and makes it desirable to test the
minimum effective concentration able to achieve satisfactory desensitisation.
Nevertheless, 0.05% appeared more effective than 0.01% in our group of patients,
based on the average pain relief of 77% and 30%, respectively. A prospective
double-blind controlled trial is now being planned to test this important question.

What is the Optimum Duration for which Topical Capsaicin
Desensitisation should be Continued?

In this study of IS patients, 4 were treated continuously for between 3 and 4
morths. The continued application of topical capsaicin 3-4 times daily maintained
a high degree of pain relief in these 4 patients. The remaining patients received
capsaicin cream over shorter periods, and their pain relief is shown in Table 2. In 3
of these patients a reduction of capsaicin strength from 0.05% to 0.01% resulted in
a return of pain sufficient to require the use of analgesics. Therefore in future stu-
dies all patients will be treated continuously for 6 months before we attempt to
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discontinue treatment. There is as yet no answer to this question, but because
capsaicin desensitisation is reversible®- 1 16 the topical application should continue
for some time.

What is the Correlation Between the Extent of the Cutaneous
Nociceptor Desensitisation Measured by Warm Threshold
Elevation, and Pain Relief Obtained by Capsaicin Treatment?

Even with the limited numbers of subjects in this preliminary study, many
different dermatomes were affected by herpes zoster. It is well recognised that
different skin regions have different stratum corneum thicknesses and therefore
differing penetrability to the topical capsaicin.'® Furthermore, different innervation
density and different sensory thresholds for warm, cold and two-point discrimina-
tions are well recognised.!? For these reasons, until a larger number of patients is
tested for each of the affected dermatomes, any correlation of pain relief with de-
sensitisation can only be very approximate (see Figure 5; Table 2). The surprising
feature of the present study is the apparently poor relationship between degree of
pain relief and warm threshold elevation afforded by topical capsaicin treatment
shown in Figure 5 and Tables 1 and 2. This could be explained in part by the fact
that warm detection is not solely a function of C-polymodal nociceptors, but if it is
primarily desensitisation of these nociceptors which is to be measured one should
examine noxious heat pain thresholds.!7 (This is not practicable with the Medelec
TTT device.) This is also begs the questions as to which sensory fibres are affected
by capsaicin treatment,% ¢ and as to what degree of herpetic damage to sensory
nerves has occurred in affected skin before capsaicin treatment is applied. The
usefulness of thermal threshold testing will probably lie in the prediction of which
patients are most likely to respond well to capsaicin treatment, and therefore to the
selection of those more likely to benefit from other forms of treatment.

Are There Any Adverse Effects or Complications from Chronic
Repeated Capsaicin Treatment?

In one of the patients in the present study the application of capsaicin caused
the reappearance of small vesicles at the margin of the capsaicin appplication. This
may be interpreted as reactivation of the herpes zoster which occurred 16 months
after the original attack of shingles. The frequency of this occurrence is not known.

Are All Types of Post-herpetic Neuralgia Pain Suitable for
Topical Capsaicin Desensitisation Treatment?

One of the patients studied (No. 2011) had been treated by dorsal rhizotomy 3
years earlier, but had been afforded no pain relief by this procedure. The pain was
still perceived as being present in the truncal dermatomes T3, 4 although the skin
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was totally desensitised to warm and cold stimuli and both thresholds were elevated
by more than 10 °C. In this case, post-herpetic neuralgic pain appeared to involve
elements of causalgia associated with sensory nerve destruction.® The attempted
desensitisation of peripheral nociceptors in such a denervated dermatome should
not be expected to afford any appreciable amelioration of pain—nor did it in this
patient. Theoretically this may result from the viral neuropathy itself in the absence
of any neurosurgical destruction, In such cases one might expect to find greater
thermal desensitisation of the herpetic dermatome before capsaicin treatment, and
consequently less pain relief. This is an important matter, but remains to be tested.

The present results indicate some complexities in what is reportedly a simple
and frequently effective treatment for the pain of cutaneous nociceptor origin de-
scribed as post-herpetic neuralgia.!3 The need for further objective measurement of
small nerve function in this condition is emphasised by the findings. It is hoped that
such studies will predict those patients most likely to respond to topical capsaicin
treatment, and identify subgroups of patients with different mechanisms of pain
pathogenesis.

Summary

Hyperalgesia and allodynia, lasting for months or even years, occurs in the
form of post-herpetic neuralgia in approximately 70% of adults previously infected
with the varicella herpes zoster virus.

The present study aimed at testing the analgesic desensitising actions and re-
versibility of repeated application of topical capsaicin on disordered polymodal
nociceptors and peptidergic sensory fibres mediating warm and pain sensation.
Cutaneous nociceptor desensitisation was measured using the Glasgow automated
thermal threshold test (Medelec TTT). For normal subjects (n = 69) the mean fore-
arm warm threshold was 0.15 + 0.07 °C and the cold threshold was (.14 + 0.10 °C.
A variable degree of partial desensitisation of herpes-affected skin was found in 15
patients with post-herpetic neuralgia before capsaicin treatment where the mean
threshold elevation for warm detection was 1.19 °C and 0.7 °C for cold detection.
compared with the corresponding normal skin.

In preliminary studies of 15 patients with post-herpetic neuralgia, good pain
relief averaging 30% or 77% occurred in the affected dermatome(s) after 3 to 4
weeks of 0.01% or 0.05% capsaicin cream respectively, applied 3-4 times daily.
The warm thresholds, after chronic capsaicin treatment, increased between 0.1 and
7.60 °C, the average elevation being 3.69 °C. By contrast cold thresholds after
capsaicin altered inconsistently and by only an average of 0.08 °C. The results sug-
gest that elevation of the warm threshold may indicate the desensitisation achieved
by capsaicin treatment of skin polymodal nociceptors. Cold detection, being depen-
dent upon A-delta cold fibre function, is unaffected by capsaicin treatment.

There was a poor correlation between pain relief and elevation of warm detec-
tion in response to capsaicin treatment. Generally, it was found that those patients
with less initial desensitisation to warm detection as a consequence of post-herpetic
neuralgia experienced better pain relief after capsaicin was applied.

The method used permits determination of the minimum effective desensitis-




Capsaictn and Herpes-affected Skin 83

ing dose of capsaicin, enables patient compliance and progress to be monitored and

should allow the prediction of patients likely to achieve the best response to treat-
ment.
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Capsaicin:

21

Hot Stuff for Pain Relief

the main active, hot ingredient in Hungarian
1li and curry powders. This pungent chemical
lly obtained in its pure form more than 100
r oily extraction from various members of the
family (nightshade plants) and is responsible
rkable heating properties of these condiments.
oid, trans-8-methyl-N-vanillyl-6-nonenamide,
lily synthesised. Although its pharmacological
Molnar 1965) and physiological effects (Buck
'6; Holzer 1988) have been investigated exten-
‘he last 50 years, its therapeutic role has only
:n considered (Bernstein 1987; Jansco et al.

reck 1988).

gical

ological actions
in have been
lin both human
1l experiments
ently indicated
ywerful, specific
which exerts its
marily on a
f the unmyeli-
bres. In peri-
rves C-fibres
itsynaptic sym-
bres and slow
, high threshold
fferents which
arious somatic

Within this
Jgeneous group
stide-containing
olymodal noci-

ceptors, capable of responding to various natural noxious
stimuli (mechanical, chemical and thermal) and largely
responsible for mediating prickle, itch and acute and
chronic pain sensation. It is primarily these fibres which
are susceptible to capsaicin.

Polymodal nociceptors normally respond to stimuli by
releasing neuropeptides at their peripheral and central
nerve endings. This comes about because the natural
stimulus causing the initial release from the peripheral
ending, e.g. in the skin, muscle, gut, etc., simultaneously
activates the process whereby an action potential is estab-
lished, sending a stimulus to the dorsal root ganglion cell

and then through the central connection of the primary
afferent fibre to the dorsal horn of the spinal cord.

Salient Points

Topical capsaicin produces significant pain
relief in both the acute phase of a shingles
attack and in chronic postherpetic neuralgia.

Low concentrations of capsaicin (Capsig
0.025%) are more effective in the acute
phase.

Higher concentrations of capsaicin (Finalgon
diluted to 0.05%) are more effective in
chronic postherpetic neuralgia.

Pain relief tends to be less in more caudally
affected dermatomes.

Higher initial thermal threshold suggests
effective pain relief is less likely.

Visual analogue pain rating scales provide
good estimates of pain relief.

Long lasting pain relief is not provided by
surgical treatment.

G _(;urrent

UL S

At least one of the neuro-
peptides released from the
central connections of these
fibres is believed to act as
the synaptic transmitter for
this pain pathway (Lem-
beck 1988). In the
periphery, stimulation of a
single C-fibre nerve ending
activates collateral pre-
terminal branches of that
nerve ending producing
what is known as an ‘axon
reflex’. In this way the
effect of the stimulus
spreads, e.g. in the surface
of the skin for a few
millimetres. This usually
produces a flare resulting
from the vasoactive effect
of neuropeptides released
from the C-fibre nerve
endings, hence a neurally
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AFFECTING PRIMARILY A SUBGROUP OF
UNMYELINATED C-FIBRES

vasodilatation-neurogenic inflammation
D.
m vasodilatation, other protective functions
peptides released by noxious stimuli include
n of plasma protein and blood cells; mast cell
on; histamine and tachykinin release;
" phagocytosis by macrophages; chemotaxis
hils; proliferation of lymphocytes and
synthesis of acidic lipids and prostaglandins;
“the kinin, complement and clotting systems;
of fever by pyrogen production; and antigen
and growth of new microvessels (Buck &
Chahl 1988; Holzer 1988; Lembeck 1988).
:ation of capsaicin, e.g. to the skin, in suffici-
concentration appears to activate these
iociceptor fibres causing them to release such
dilator neuropeptides as substance P and
ene-related peptide inducing dilation of the
dermal vessels, hence the rubefacient effect
I. Simultaneously, the sensation of pain is
1e central connections. The neurotoxic action
becomes apparent on repeated applications
pheral (vasodilatation) and central (burning
ffects are progressively lessened, inducing a
nsitisation to noxious stimuli (Buck & Burks
il 1988; Holzer 1988). How does this
desensitisation occur?

animals administration of successively
ases of capsaicin on consecutive days induces
‘om primary afferent C-fibres and tissues
1y these fibres of substance P and calcitonin

peptide, in addition to several other
es including somatostatin, cholecystokinin,
ttestinal polypeptide, corticotrophin-releasing
lin and neurokinin A. Radioimmunoassay of
1erve has shown reduction in substance P
m whereas in structures not innervated by
rrents (ventral horn and midbrain structures)
remain unchanged.
istochemical identification of neuropeptide-
bres, which is a more sensitive technique than
oassay to detect these changes, indicates that
1ic sympathetic C-fibres,which also contain
les (vasoactive intestinal polypeptide,
e Y, galanin), are unaffected by capsaicin
Following this regimen of capsaicin
t, animals develop a long lasting desensitisa-
ul stimuli without any effect on their response
sory stimuli. These effects have been demon-
ingle fibre recordings of identified receptor
ensory myelinated and unmyelinated fibres
in of rats receiving repeated topical appli-
|% capsaicin (Kenins 1982). The evidence
at there is a specific subgroup of primary

aurrent

afferent nerve fibres which is susceptible to the toxic
effects of capsaicin. This subgroup includes unmyelinated
neuropeptide-containing polymodal nociceptors with
perhaps the involvement of a small group of the thinnest
myelinated fibres which also subserve nociception. While
acute application of capsaicin causing an initial release
of neuropeptide from susceptible nerve endings is usually
associated with hyperaesthesia (where warm stimuli feel
uncomfortably hot), repeated exposure progressively
depletes these nerves of neuropeptide resulting in desensi-
tisation. Since neuropeptides are synthesised in the nerve
cell bodies of the dorsal root ganglion and transported
to the nerve terminals by axonal transport, progressive
depletion at the terminals may be due to the inability of
the capsaicin-treated nerve to resupply the nerve terminals
with neuropeptide. Local application of capsaicin to rat
sciatic nerve blocks fast axonal transport of substance
P and somatostatin (Gamse et al. 1982; Jansco et al.
1980), whereas capsaicin-treated neonatal rats exhibit
reduced substance P synthesis in the dorsal root ganglion
(Harmar et al. 1981). These effects, combined or singly,
would account for the neuropeptide-depleting effect of
capsaicin, given the neuropeptide release it evokes.
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Therapeutic Uses of Capsaicin

Postherpetic Neuralgia

Based on the known pharmacology of capsaicin, the
search for therapeutic uses led immediately to the painful
neurocutaneous eruption associated with the Herpes
zoster varicella virus. Although seen in the very young,
this is commonly an infection of the elderly (Burgoon
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Now there is Capsig, a new
topical analgesic cream specifically for
posther petic neuralgia. By depleting
substance P Capsig interrupts pain
transmission between the skin

periphery and the CNS.
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In clinical trials, over 70% of
patients who completed 28 days’
therapy experienced substantial or

complete pain relief.-?

New Caps lg Cream

(capsaicin 0.025%)

rst against postherpetic neuralgia

>harmaceuticals Pty. Ltd., 1408 Centre Road, Clayton, Vic. 3168. Ph. (03) 542 9777.

setic neuralgia and topical capsaicin, Watson, C.EN, et al, Toronto, Canada, Pain , 33 Elscvier Science Publ.
pp. 333-340. 2. Treatment of chronic postherpetic neuralgia with topical capsaicin, Bernstein, J.E. etal, J. Am. Acad. Derm.,
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USEFUL PAIN RELIEF IN POSTHERPETIC
NEURALGIA WAS ABOUT 65%

m 196 patients, aged 19-93 (average =70) years*

Acute herpetic pain - duration <10 weeks

:ngth 0.025% 0.05%

Postherpetic neuralgia - duration > 10 weeks

All patients 0.025% 0.05% All patients

60 46 57 26 49 33

"topical capsaicin 0.025% and 0.05% applied 3 times daily for 1 month in the treatment of patients suffering from acute herpetic pain
) weeks) and postherpetic neuralgia (duration > 10 weeks). Per cent pain relief was calculated from the difference between visual analogue

it the 2 visits, 1 month apart.

4.2% of postherpetic neuralgia patients are
an 20 years, while 47.5% are over 70 years
986). Because many pharmacological, anaes-
urgical therapies have been proposed for the
it of postherpetic neuralgia, a multimodal
s been advocated which aims to alleviate acute
ise risks of developing refractory pain in those
zoster and improve any impediments which
ress in pain management (Portenoy 1986).
advocated therapies is consistently effective
:ts.
pes zoster is followed by marked destruction
s nerves (Hasegawa 1971) with the axon reflex
on of neurogenic origin found to be markedly
ansco et al. 1983), consistent with a loss of
ction. The continuing pain following herpes
tion is therefore most likely comparable to
a pain of partial deafferentation.

of its relatively specific effects on
le-containing unmyelinated sensory nerve
1eir polymodal receptors, capsaicin may have
ic effect in chronic pain states involving
tociceptive pathways. Bernstein et al. (1986)
he first preliminary report on the effects of
saicin in alleviating pain in 14 patients with
> neuralgia. A similar larger study by Watson
in 33 patients confirmed Bernstein’s findings
in relief in about 65% of patients. Westerman
rattempted to quantify the degree of desensi-
ieved after topical application of capsaicin in
f 0.05% nonylvanillamide 3 times daily to
‘matomes of postherpetic neuralgia patients
1g thermal perception threshold increase over
atment period. Warm and cold sensations are
runmyelinated (C-) and thinly myelinated (A-
ry fibres, respectively; the former contain the
les substance P and calcitonin gene-related
bbins et al. 1987) and so should be desensi-
reater extent by repeated topical capsaicin.
ely, the degree of pain relief assessed by a

o Current

visual rating scale did not correlate significantly with the
degree of desensitisation achieved by topical capsaicin
therapy. However, the use of a microprocessor-controlled
thermal threshold measuring device Medelec TTT
(Westerman et al. 1988) did help in the optimum selection
of patients with postherpetic neuralgia most likely to
respond to topical capsaicin and provided pointers for
future research. Patients with more elevated thermal
thresholds (initial desensitisation) before capsaicin
treatment, who presumably had more extensive viral
damage to nociceptor sensory pathways, achieved less pain
relief with topical capsaicin. There was a non-significant
trend for greater pain relief in patients who demonstrated
greater thermal desensitisation after 1 month’s capsaicin
treatment. However, the overall rate of useful pain relief
(30% or better) is only about 65% in the 3 preliminary
trials published to date (Bernstein et al. 1986; Watson et
al. 1988; Westerman et al. 1988) [table 1].

Many questions concerning the use of capsaicin in post-
herpetic neuralgia remain unanswered. Although capsaicin
concentrations of 0.025% (Bernstein et al. 1986; Watson
et al. 1986) and 0.05%"' (Westerman et al. 1988) were
almost equally effective, the optimum concentration to
achieve maximum pain relief in treating postherpetic
neuralgia is not yet known; neither is the optimum duration
of treatment for which topical capsaicin should be
continued. Adverse effects only of an uncomfortable
nature have been reported, including local burning and
irritation severe enough to cause cessation of treatment
in 2 patients; reactivation of the vesicular herpetic eruption
usually at the border of treated dermatome and untreated
skin, occurring infrequently (2 patients); and inadvertent
but painful introduction of capsaicin into conjunctiva,
mouth or other mucocutaneous junctions (avoided by using
disposable gloves to apply capsaicin cream).

1 Capsaicin is available in Australia as ‘Capsig’ cream (0.025%) Sigma
Pharmaceuticals and as ‘Finalgon’ cream and ointment (Boehringer
Ingelheim) 0.17% and 0.4% nonylvanillylamide, respectively. ‘Finalgon’
also contains another rubefacient, butoxyethyl nicotinate.
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INCLUDE ARTHRITIS, RHINITIS AND
PSORIASIS VULGARIS

challenging patients are 1 in 3 who fail to
useful pain relief from topical capsaicin
Irgical or radiotherapeutic dorsal rhizotomy
temporary pain relief but the postherpetic
turns intractably and, not surprisingly, is
sponsive to topical capsaicin treatment.
1 placebo controlled trials using 0.025% and
ical capsaicin on postherpetic neuralgia
are presently in progress are most timely.
xtensive knowledge of the pharmacology of
ad its effects on peptidergic afferents,
estions about its pain relieving effect on post-
ralgia remain unanswered.

erapeutic Uses

(1988) describes preliminary observations
ther possible therapeutic uses of capsaicin
ly to target tissue with the aim of desensitising
1sitive afferents, including treatments for
Ipaert et al. 1983), rhinitis (Wolf et al. 1987)
isoriasis vulgaris (Bernstein et al. 1986). In
re recently, capsaicin has been shown to be
he treatment of painful diabetic neuropathy
ipapa 1989) and the alleviation of chronic
following amputation (Rayner et al. 1989).
ive specificity of capsaicin’s action on
fibres suggests that it may prove to have
herapeutic uses and be more than just ‘hot
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Effects of capsaicin on cutaneous vasodilator responses in

humans
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Abstract

The neurovascular responses to noxious electrically evoked axon reflex (EAR) stimulation and iontophore-
tic application of endothelium-dependent [acetylcholine (ACh)] and independent [sodium nitrite
(NaNO,)] vasodilator substances were examined in human forearm skin using laser Doppler flowmetry,
before and after repeated topical applications of the neurotoxin capsaicin (chronic capsaicin pre-treatment).
Following 3 or 4 days of capsaicin pre-treatment the normal vasodilator response to acute application of
capsaicin was significantly reduced as was the EAR response. There were, however, no significant changes
in the vasodilator responses to either ACh or NaNQ,, suggesting that the neurogenic axon reflex is in series
with the endothelial and microvascular smooth muscle mechanisms of vasodilatation. Recovery of normal
EAR occurred within 2-4 weeks of cessation of capsaicin pre-treatment.

Introduction

Elements of the cutaneous neurogenic inflamma-
tory response can be separated into axon reflex
vasodilation induced by noxious stimuli (e.g. mech-
anical, chemical, thermal, or electrical) applied to
the skin, releasing vasodilator substances from
nociceptor nerve endings [1-4], and more direct
effects which can be induced by iontophoresis of
vasodilator agents that are endothelial-dependent
or -independent in their action [5, 6]. The primary
afferent neurotoxin capsaicin (8-methyl-N-vanillyl-
6-nonenamide) has been used to desensitise noci-
ceptor C-fibre afferents from human skin [7, 8], in
order to investigate further their participation in

* Deceased 3 Jan. 1991.

the mechanism of the neurogenic inflammatory
response. In the present study, we examine: (i) the
time course and nature of neurovascular responses
to acute application of varying concentrations of
capsaicin, (ii) the correlation between cutaneous
blood flux change and temperature and (iii) the
recovery of neurovascular responses after several
days of chronic capsaicin desensitisation, using
non-invasive techniques. Some of these results have
been presented in preliminary form [9, 10].

Methods and materials

Subjects

Eighteen normal healthy Caucasian volunteers, 5
women and 13 men, aged between 19 and 56 years,
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were the subjects for the experiments described. No
medication had been taken by any of the subjects
prior to the test. Informed consent according to the
Helsinki IT declaration was obtained. The protocol
was approved by the Monash University Human
Ethics Committee.

Methods

All experiments were carried out in a quiet room at
a thermo-neutral temperature of 22-24°C in which
direct air flow was prevented (rom falling on and
affecting the subjects who were comfortably
clothed and seated.

In the first series of experiments, changes in skin
blood flow (defined as laser Doppler blood flux)
were recorded in 9 subjects using a Periflux Pl1d
laser Doppler flowmeter (Perimed, Sweden), ac-
cording to the technique described previously [4,
6]. In brief, normal cutaneous dilator responses to
our standard noxious electrically evoked axon re-
flex stimulation of 150 V, 2 Hz, 0.75 ms duration
(EAR) were obtained from the volar surface of both
the left (L) and right (R) forearm of each subject.
The intensity of the resultant flare was monitored
adjacent (6-8 mm) to the cathode stimulating elec-
trode by the laser Doppler. In addition, the ionto-
phoresis of 2mC of 1% acetylcholine chloride
(ACh) and 4 mC of 1% sodium nitrite (NaNO,) in
3% methyl cellulose gel was performed [6]. This
was achieved by inserting an applicator containing
the drug into the laser probe holder. A direct
current was then applied to the skin area immedi-
ately under the probe, and the resultant change in
blood flow was measured by the laser Doppler after
its reinsertion into the holder. Vasodilator re-
sponses evoked by either EAR or drug iontophor-
esis were recorded on an ICI 2 channel pen recorder
and quantified by measuring the area of each
response as a V-min integral. This encompassed
the total EAR response [4, 6], while 4 min was
chosen as the cutoff point for drug responses [6].
Immediately following this assessment of each
subject’s response to the standard electrical and
iontophoretic tests, capsaicin 1% in ethanol was
applied to a rectangular area of the volar surface of
the L forearm, approximately 30 cm?, and the
blood flow monitored for the next 15-30 min (acute
capsaicin treatment). The R forearm served as the
contralateral control at the times of testing. Some-
times, immediately preceding the capsaicin applica-
tion and for the next 15-30 min, a standard electri-
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cal stimulus of either 2 or 4 pulses (150 V, 2 Hz,
0.75 ms) was given at regular intervals of 3—4 min.
During these procedures the surface temperature of
treated skin was monitored simultaneously with
blood flux, using either a calibrated Biotherm
C-600 infrared emission thermometer or Agema
782/disco thermograph system. These instruments
were directed to focus on a small area of treated
skin, immediately adjacent to the probe holder, i.c.
the laser Doppler measurement site. Skin tempera-
ture recorded by the Biotherm unit was read direct-
ly from the digital display every 2.5 min or was
available as an analogue output on the 2 channel
pen recorder. The Agema system was calibrated
according to the manufacturer’s specifications ag-
ainst a black body and a known 30°C reference
temperature source so that the colour scale could
be directly related to surface temperature. Skin
temperature was, thus, determined from the anal-
ysis of coloured thermograms printed at 2.5 min
intervals from the continuous video of infrared
emission. The average temperature of the skin
viewing area was determined by counting the num-
ber of pixels at each temperature (colour) in
the area and averaging their combined sum.

A second series of experiments was carried out to
examine the characteristics of this acute capsaicin
response in more detail. In 7 subjects, standard
electrical stimuli of 1, 2 or 4 pulses (150 V, 2 Hz,
0.75 ms) were applied to a previously untreated
forearm skin area at regular intervals immediately
before and for several minutes following the applic-
ation of different concentrations of a capsaicin
cream preparation (0.001-0.005% capsaicin in an
inert sorbolene cream base). Resultant skin blood
flux changes were monitored as above with the
laser Doppler.

The third experimental investigation involved the
assessment of responses to chronic effects of capsai-
cin. In 6 subjects, reapplication of 1% capsaicin in
ethanol to the initially treated L forearm area was
continued at approximately 4 h intervals for the
next 3 or 4 days (chronic capsaicin pre-treatment)
until its application no longer evoked redness or
pain [4]. On the day following this desensitisation,
the initial test procedures of EAR and drug ionto-
phoresis were repeated. Recovery of function was
assessed by repeating these procedures in all sub-
Jects at 1 and 2 weeks, and in 2 of these subjects also
at 4 weeks, after the conclusion of the chronic
capsaicin pre-treatment.

The Mann-Whitney single tailed test was used to
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Figure 1

Laser Doppler skin blood flux recorded before and after topical
application of % capsaicin in ethanol to the left mid-forearm.
{A) Naive skin, initial application of capsaicin - broad inverse
arrow. (B) Similar acute capsaicin response in the same subject as
in (A) after 4 days chronic capsaicin pre-treatment. Time bar
=3 min, flux bar=0.1 V.
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compare groups, before and after the various proce-
dures. A p value of 0.05 was selected as the minimal
level of statistical significance.

Results

Typical blood flux responses (expressed in volts)
measured after acute topical application of 1%
capsaicin in ethanol to normal and chronically
capsaicin pre-treated skin of one subject are shown
in Fig. 1A and B, respectively. Initial exposure to
1% capsaicin in naive subjects caused a marked
vasodilation equivalent to an increase in flux of
0.66+0.22 V (mean + SEM, n=9) measured as the
maximum (plateau) vasodilatory response, usually
achieved after about 20 min exposure to capsaicin.
When this procedure was repeated after chronic
capsaicin pre-treatment, the peak plateau vasodila-
tation was significantly reduced by 65% (p<0.02).
Parallel changes in skin surface temperature and
blood flux as shown in Fig. 2. were observed in all
cases where both were measured. After a brief fall in
skin temperature due to evaporative cooling of the
solvent ethanol, an average increase in skin temper-
ature of 1.87+1.11°C (mean+ SEM, n=9), which
was significantly different from pre-application res-
ting values (p <0.05), occurred on initial capsaicin
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Figure 2

Simult‘aneous changes in laser Doppler blood flux and skin surface temperature in a single subject, measured by infrared thermography,
following acute topical application of capsaicin (1% in ethanol) to normal naive forearm skin. Mean pre-treatment levels indicated by

pre-zero data points.
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exposure. In contrast, however, the maximal in-
crease in skin temperature following acute applic-
ation of capsaicin to skin previously desensitised by
chronic capsaicin pre-treatment was only 0.64
10.59°C(mean + SEM, n = 6), which was not signi-
ficantly different from the resting skin temper-
ature immediately prior to capsaicin application (p
=0.33).

In the separate experiments, in which flux responses
to a standard short train of electrical pulses were
measured, before and after the acute application of
capsaicin cream of varying concentrations, variable
effects were observed. Responses from one subject
are shown in Fig. 3, where a capsaicin concentra-
tion of 0.001% was not effective in eliciting any
change in either resting skin blood flux or the
response to EAR, but an increase in concentration
to 0.005% produced increases in both. Essentially,
at a critical threshold of concentration there occur-
red a slowly rising resting flux on which was
superimposed an increased response to a standard
electrical stimulus (Fig. 3C). At concentrations
above the threshold, the resting flux rose rapidly, as
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Figure 3

Effect of noxious electrical stimuli in the presence of capsaicin
cream. (A) Laser Doppler skin flux responses in normal skin to
repeated noxious electrical stimuli of 2 pulses at arrows (150 V,
2 Hz, 0.75 ms) showing typical variability — including response to
4 pulses at asterisk — immediately prior to (B), where similar
responses followed the application of 0.001% capsaicin cream
praoducing only increased “resting” activity. In (C), when the dose
was increased to 0.005% capsaicin, both an increased response o
electrical stimulation and a slow rise in the baseline occurred.
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in the response to 1% capsaicin in alcohol (Fig. 1A),
making it difficult to determine precisely the size of
the superimposed EAR response during this phase.
Results {rom 9 subjects tested are presented in
Fig. 4. On an average a non-significant increase in
EAR occurred even at 0.001%, becoming signifi-
cant at a capsaicin concentration of 0.0025% in an
inert sorbolene base (p <0.05).

Results from the chronic capsaicin pre-treatment
series of experiments are shown in Figs. § and 6. In
Fig. 5, skin blood flux increases to electrical stimuli
applied to the forearm skin area either untreated
with capsaicin (control) or chronically capsaicin
pre-treated are graphed as V-min integral re-
sponses to 1, 2, 4, 8, 16 and 32 pulses. Mean
responses in 6 subjects [rom skin untreated with
capsaicin (control) are compared with those from
their capsaicin-treated skin, at varying intervals
after the completion of the period of chronic capsai-
cin pre-treatment. In agreement with earlier work
[4, 6], responses to electrical stimulation above 2
pulses were significantly reduced after capsaicin
pre-treatment (p<0.05), but the present experi-
ments indicate that subjects show a progressive
recovery within 2—4 weeks to values of 70-80% of,
and not significantly different from, control. The
equivalent responses to drug iontophoresis on

= X
—E- . [J Untreated
= XX 0.001%
S 0oip 30.0025%
[ Ml Desens
x
=)
o
0.01{
0.005
Capsaicin Treatment
Figure 4

Effect of variable concentration of capsaicin. Open histogram
shows EAR flux changes to 2 pulses applied to normal untreated
forearm skin. This is compared with similar responses in the
period of up to 20 min following acute application of capsaicin -
0.001% and 0.0025%-0.005% (pooled data) - in an inert sorbol-
ene cream base applied on separate occasions at the same site (n
=9, mean +SEM). The EAR is significantly increased in skin
acutely treated with capsaicin at the higher concentrations.
Responses from chronically pre-treated (desensitised) skin are
also shown for comparison. Asterisks indicate responses signific-
antly different from normal (p <0.05).
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Increases in skin microvascular blood flow, defined as a V- min
integral of laser Doppler fux, from forearms of 6 subjects before
and following chronic capsaicin pre-treatment, in response 1o
noxious electrical stimuli (150V, 2 Hz, 0.75 ms) of a graded
number of pulses (1-32). Each point on the graph is the mean, and
vertical bar the SEM of responses of: normal untreated skin - a
pooled average from left (L) pre-capsaicin-treated forearms and
right (R) control forearms at the times of testing - (filled circles),
skin chronically pre-treated with capsaicin for 3-4 days (open
circles), and capsaicin-treated skin one (filled triangles) and two
(open triangles) weeks after the cessation of chronic capsaicin
pre-treatment. An asterisk indicates a value significantly less than
the corresponding control value (p <0.05),

chronic capsaicin pre-treated skin are shown in
Fig. 6. The vasodilator responses to ACh, an endo-
thelium-dependent vasodilator, and NaNO,, an
endothelial-independent vasodilator [5], are dis-
played in histogram form. While there was some
variation in responses between testing periods,
there were no significant differences in vasodilator
responses to either ACh or NaNO, between capsai-
cin-treated and control forearms at any time follo-
wing chronic capsaicin pre-treatment (p > 0.05).

Discussion

The acute application of capsaicin caused marked
vasodilatation as a result of its action to release and
deplete potent vasodilator neuropeptides such as
substance P (SP) and calcitonin gene-related pep-
tide (CGRP) from susceptible C-fibre primary af-
ferents [11-13]. Increases in skin temperature were
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Increases in skin microvascular blood flow, defined as a V- min
integral of laser Doppler flux, before and following chronic
capsaicin pre-treatment, in response to iontophoresis of 2mC
ACh (A) and 4mC NaNO, (N) on control {open bar) and
capsaicin-treated (filled bar) forearms of 6 subjects. Each column
is the mean, and vertical bar the SEM of responses before
chronic capsaicin pre-treatment (C), immediately after 3-4 days
of chronic capsaicin pre-treatment (3/4d) and 1, 2 and in 1wo
subjects only, 4 weeks after its cessation. No significant differ-
ences were observed among any of the ACh responses or any of
the NaNO, responses (p > 0.05).

temporally associated with these blood flux re-
sponses but reflected both intra- and inter-subject
variations in factors such as skin thickness and skin
test site [14]. The vasodilator responses, both to
reapplication of capsaicin and to electrical stimula-
tion, of chronically desensitised skin were markedly
depressed compared with their respective controls,
in accordance with a reduced supply of vasoactive
neuropeptides being available for release from the
pre-terminal nerve endings after continuous capsai-
cin exposure. The fact that some desensitisation
was still apparent in the EAR at 2-4 weeks post
capsaicin pre-treatment [15] may indicate that the
time for recovery is dependent on the restoration of
mechanisms such as axonal transport and neuro-
peptide resynthesis [16, 17]. This present serial
measurement of the recovery of cutaneous axon
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reflex dilator function is of clinical significance if
repeated topical capsaicin application is to be
used therapeutically, such as in the treatment of
postherpetic neuralgia [18, 19]. Moreover, this
ready reversal of capsaicin desensitisation provides
support for the continued acceptance of this tech-
nique for use in human subjects to investigate
cutaneous neurovascular function [16, 20, 21].
Further support for the specificity of action of
capsaicin derives from the observations of un-
altered sympathetic nerve activity in skin treated
with capsaicin. When capsaicin-provoked vasodila-
tor response reached maximum on acute topical
application and the skin blood vessels were fully
dilated, only unopposed vasoconstriction was ob-
served in response to electrical stimulation. Sim-
ilarly, there was no difference in resting blood flux
between normal and capsaicin-pre-treated (desensi-
tised) skin, indicating that sympathetic vasocon-
strictor tone was unaltered by capsaicin. Clearly,
these observations suggest that sympathetic vaso-
constrictor mechanisms are intact in capsaicin-
treated skin, inferring that these sympathetic nerves
are not adversely affected by topical capsaicin [16].
An effect of capsaicin on sympathetic vasodilator
fibres cannot, however, be discounted by these
results [21].

The experiments investigating responses to differ-
ent concentrations of capsaicin in a cream base
applied acutely to capsaicin-naive skin demon-
strated a wide intra- and inter-subject variability in
vasodilatory response. The results suggest that the
acute action of capsaicin on susceptible C-fibres
may be concentration-dependent, with an initial
effect occurring only when the dose exceeds a
certain threshold and the response at higher con-
centrations being determined by the sensitivities of
the various mechanisms by which the vasoactive
neuropeptides are released from their sites of stor-
age [3, 11, 16]. This is supported by the observa-
tions of capsaicin-induced cutaneous hyperalgesia
[6, 14, 15] and subjective reports by the present
volunteers describing enhanced discomfort from
the same EAR immediately after capsaicin applica-
tion, presumably as a consequence of increased
nociceptive afferent discharge related to increased
amounts of neuropeptide being released for a given
stimulus.

It is well-known that ACh exerts its vasodilator
effect via the endothelium while nitro-vasodilators
act directly on vascular smooth muscle [5]. How-
ever, it is conceivable that the small current
(0.2 mA) used to effect iontophoresis, or the drugs
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themselves, could stimulate neuropeptide release
from primary afferent fibres [22-24]. Previous re-
ports [4, 6] and the present study show that
neurogenically mediated vasodilatation by axon
reflex mechanisms is markedly reduced in capsai-
cin-desensitised skin. Accordingly, the activity of
the other elements of the vasodilator mechanism —
the endothelium and vascular smooth muscle - in
capsaicin-desensitised skin were also tested in this
study. Since responses to iontophoresed ACh and
NaNO, were unchanged throughout the experi-
mental period (Fig. 6), the indication is that neither
the endothelial-dependent mechanisms nor the di-
rect arteriolar smooth muscle relaxing mechanisms
of vasodilatation were affected by capsaicin. These
findings further suggest that neither of these types
of vascular responses requires a primary afferent
sensory input when activated by iontophoretic
application of appropriate compounds. Similarly,
the local vasodilator responses to ACh and NaNO,
have been shown to persist in skin accidentally
denervated 15 days previously [25].

Thus, it is proposed that the neurogenic peptidergic
component of the Lewis triple response [2] is in
series with the endothelial and microvascular
smooth muscle mechanisms, and that each of these
components of the dilator response may be tested
separately and non-invasively by the methods de-
scribed above. Moreover, capsaicin appears to
affect only the peptidergic primary afferent com-
ponent of the cutaneous vasodilator mechanisms.
The advantages of these kinds of tests have recently
been demonstrated where dysfunction of primary
afferent and/or endothelial mechanisms was ob-
served in diabetic patients with neuropathy [6, 25].
These neurovascular tests, therefore, allow for the
early detection of conditions such as diabetic
neuropathy, and for the appropriate therapy to be
commenced and re-evaluated at regular intervals,
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1 to day 6. He s now 4 months old ind has remained {ree of the
clinical features of chickenpox or shingles.

Varicella ina woman from 4 days before to 2 days after delivery is
dangerous because the baby will lack maternal antibodies. The rash
starts 5-10 days after birth and the case fatality rate is high.* Passive
immunisation with VZIG or Z1G attenuates without preventng
the illness. We suggest combination of this treatment with acvelovir
since viral replication starts as carly as primary inoculation. Linle, if
any, toxicity is observed. “Contact isolation” should be adopted for
mother and intant. This approach may be the safest, until a safe and
effective active immunisation, which could then be coupled 10
passive immunisation, is generally available.

JosErn Haboap
UMBERTO SiMEONT
JuaN MESSER
DAaNIEL WILLARD

Neonatal Service,
Hopital de Hautepierre,
67088 Strasboury, France

I Endens G Varicella-zoster virus infection in pregnuncy. Progr Med Pirol 1984; 29:
lo6-96

LOWERED SKIN BLOOD FLOW AND
ERYTHROCYTE SPHERING IN COLLAPSED FUN-
RUNNERS

Sik,~—Elite athletes are usually sufficiently well trained and
informed to avoid heat-induced illnesses. However, enthusiastic
amateurs in endurance events may be so highly motivated as to
exercise to the point of collapse which, if not properly treated, can be
fatal.!

Research in animals and clinical experience? strongly implicate
circulatory phenomena in heatstroke. One of us has recently
proposed* that the high skin blood low necessary to lose body heat
during heat stress falls in advanced stages of heat stress. The
consequences of very high core temperatures (above about 41:5°C)
may be fatal; death scems 0 be due to diffuse cellular and
neurological damage, probably resulting from microthrombi and
coagulative necrosis from disseminated intravascular coagulation.”
Erythrocyte sphering would make this situation worse and has been
observed in hyperthermic sheep (unpublished). We describe here a
study in collapsed athletes of both skin blood flow and erythrocyte
shape.

"I'he Sun City-to-Surf 14 km fun-run was held in Sydney on Aug
4, 1985, between 1000 and 1130 hours in full sunshine, with an
average wind speed of 3 m/s, and with ambient dry and wet bulb
temperatures of about 12:5°C and 10-0°C, respectively (relative
humidity 70",), and a corrected effective temperature of 13-5°C,
Runners who collapsed and presented for medical attention and
volunteers who completed the race without collapsing were
examined 5-15 min after they stopped running. They lay on their
sides in rooms at 14-18°C ambient air temperature, which should
have been a cool environment for them. Observations were
restricted to young adult males.

As an indicator of skin blood flow we measured the tissue
perfusion index (I'PI) using a Stephens Tissue Perfusion Monitor
(Perfusion Diagnostics Australia, Northbridge, Sydney). The
method  is  non-invasive.  Time-integrated  photoelectric
plethysmography is used to sense rhythmic changes in erythrocyte
flux in the superficial inicrovasculature, Measurements were taken
on the mid-outer surface of the forearm. Rectal temperature was
measured at a depth of 10 am, using a resistance thermometer
calibrated against laboratory thermocouples. A fingerprick blood
sample was taken for assessment of erythrocyte shape by scanning
clectron microscopy.

Of 36 collapsed runners 31 were males aged 19-36 years. 9 had
rectal temperatures of 42:0-42-5°C, compared with 38:3-403°C in
the 20 male volunteers. TPI measured in 7 patients with rectal
temperatures of 41:4-42'5°C was 54+ 14 units (mean + SE)
compared with 117+ 21 units in the 20 healthy volunteers. The
high variability of skin blood flow was probably due to the widely
varying physiological states of patients and volunteers. Our data
suggest that skin blood flow in patients was about half that in
volunteers. In the most severely affected patient core temperature
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Sphering of cerythrocytes, conspicuous in all collapsed runners
(lower) and not detectable in healthy runners (upper).
Field of view was rotated untl dimiples on spheres were identified and
possible confusion with a direct face view of a disc was thereby avoided.

fell from 42:5°C 10 37-8°C aver 1:6 h while 'T'PI doubled from 30 to
60 units before talling to resting levels. Such a reduction in skin
blood flow would greatly restrict the loss of body heat and lead to a
further increase in body temperature. Possibly, the increase in skin
blood flow in response to thermoregulatory demands during
physical cxertion becomes sufticiently great to reduce central
venous pressure, eliciting reflex cutanceous vasoconstriction via
low-pressure baroreceptors.?

T'he most severely affected patient not only exhibited the lowest
skin blood flow but also had the highest rectal temperature (42:5°C)
and the most conspicuous change in erythrocyte morphology. He
was mentally obtunded when admitted and within a few minutes
became combative and confused; his skin was faintly moist and
cyanosed. In this patient, about 10", of erythrocytes had become
spherical (figure). ‘T'he prevalence of spherical erythrocytes was not
estimated in every other patient or volunteer, but such cells were
conspicuous in all patients and were found in only one volunteer
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(rectal remperature 40-0°C, 05", sphenical erythroeytes). Such
cells would increase blood viscosity, which is detrimental 1o lissue
perfusion, and would probably be unable o assume the
“parachute” shape usually associated with capillary perfusion.
Heatstroke death is thought 10 be caused by microthrombi and
coagulative necrosis; erythrocyte sphering may be an important step
in this process.

We thank the many athletes who volunteered 1o act as controls;
H. I. Clements Pty Ltd, Sydney, for the loan of the IVAC thermometers; and
Miss S. Westerman for technical assistance.
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N-myc ONCOGENE AMPLIFICATION IN
RHABDOMYOSARCOMA AT RELEASE

Sir,—Amplification of the N-mye oncogene is a clinically
important prognostic variable in neuroblastoma where it strongly
correlates with advanced disease and rapid tumour progression, ™4
N-mve amplification has also been reported in other neuroecto-
dermal tumours, including retinoblastoma® and astrocytoma.* This
apparent restriction to tumours of neurocctodermal origin has led o
the suggestion® that N-mye amplification may be g useful marker in
the differential diagnosis of those anaplasue small round cell
tumours (neuroblastoma, rhabdomyosarcoma, Ewing’s sarcoma,
and lymphoblastic leukacmia/lymphoma) that are difficult to
classify by conventional or immunohistological techniques. This
report  describes Nemye  amplification in - an embryonal
rhabdomyosarcoma.

A 15-month-old boy was admitted, in October, 1982, 10 the
Hospital for Sick Children, London, with a 6-week history of an
cnlarging palatal mass. T'his was an embryonal rhabdomyosarcoma,
clinical stage I11. Radiotherapy and chemotherapy produced a
temporary remission but the tmour recurred locally and with
pulmonary metastases after 18 months. The original tumour and
tissue taken from the palatal recurrence at post mortem exhibited
characteristic cytoplasmic cross-striations and expressed desmin®
on immunohistological staining, features that support the diagnosis
of rhabdomyosarcoma and rule out neuroblastoma,

Nemye amplification was demonstrated by Southem blotting
(figure). DNA was extracted from snap-frozen tumour tissue
and digested with EcoR1, Restriction fragments were separated by
electrophoresis and hybridised with a “P-labelled N-myve probe.
Autoradiographs were exposed for 48 hours on preflashed Kodak
XAR-5 film with an intensifier screen, The N-mye gene copy
number was estimated refative to placental DNA single copy
mtensity and molecular weights were caleulated from lambda
HindlI1 restriction fragment standards.

“T'o ensure that the amplification seen in the recurrent mour was
not due to a loading error in the wtal amount of DNA applied to the
gel, the filter was washed and rehybridised with the DNA probe
1.2:30. This probe recognises a 22 kb EcoR1 fragment present in
the human genome as a single copy. There were bands of equal
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A B C D

Southern blot demonstrating N-myc amplification in recurrent
rhabdomyesarcoma.

(A) 10 ug human placental DNA; 2 kb band of single copy intensity faintly
visible.

(B) I ug DNA from neuroblastoma cell line “Kelly” which has 100-fold
amplification of N-nmyc gene;” intense 2 kb band represents 10 copies of
N-mye per haploid genome.

(C) 10 pg DNA from first biopsy specimen; faint 2 kb band of single copy
intensity.

(D) 10 pg DNA from recurrent tumour; intense 2 kb band representing
10-fold amplification,

Arrow = 20 kb

intensity in both the original and the relapse samples (not shown),
thus eliminating the possibility of loading error.

The increase in N-myc gene copy number during the disease in
this patient supports the hypothesis' that N-myc amplification is
concerned primarily with progression of the malignant phenotype
rather than with the initiation of neoplasia. The possibility that the
amplification was related to the cytotoxic therapy cannot be
definitely excluded but we have not seen such amplification in
several other rhabdomyosarcoma patients treated with the same
drugs.

This report demonstrates N-»#rye amplification in a tumour of
mesodermal origin and suggests the need for caution in using such
data for differential diagnosis. Nevertheless, the striking correlation
between amplification of N-nryc and rapid tumour progression will
ensure that it remains, in the context of neuroblastoma at least, a
clinically important prognostic variabie.
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SUMMARY

L. A ‘tissue perfusion monitor’ (TPM) to non-invasively provide an index of skin
blood flow (SkBF) has been developed; it employs photoelectric plethysmographic
principles to measure changes in the nett flux of red blood cells in superficial
microvasculature.

2. The ‘tissue perfusion index’ (TPI) varies in proportion to SkBF, provided local
haemoglobin concentration does not change significantly. TPl of humans and ex-
perimental animals has been shown to indicate reliably, well established phenomena
such as decreased SkBF in response to mechanical restriction, cold or Valsalva’s
manoeuvre, or increased SkBF in response to heat, acetylcholine, sodium nitrite or local
nerve blockade.

3. SkBFinsheep was varied between | and 156 mL/100g per min as measured with
radioactive microspheres. Simultaneous measurements were made using the TPM and
four laser-Doppler instruments. The TPI yielded a correlation coefficient of 0.938, and
when data were expressed as percentage change, the regression line did not differ
significantly from the line of identity and the root-mean-square-error was 6.2%. Data
for the laser-Doppler indices of SkBF were, respectively, 0.549-0.786, highly significant
deviations in slopes, and 13.6—16.7%.

4. Thus, the TPL is a reliable index of changes in SkBF. Compared with some other
available instruments, the TPM is more precise; it is also less sensitive to movement
artefact, can be completely portable by battery operation, probes can be multiplexed to a
single meter and it is likely to be much less expensive than current lasers.

5. Applications include, for example, experimental investigations of SkBF in man
and animals, clinical uses such as evaluation of the efficacy of regional nerve blockade or
of circulatory restitution after reconstructive surgery, and clinical tests of neurovascular
function.

Key words: blood flow measurement, laser-Doppler, microspheres, plethysmography,
reconstrucﬁvg surgery, skin.
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INTRODUCTION

Changes in gross cardiovascular parameters such as heart rate and blood pressure may be so small
asto beclinically or even experimentally undetectable, and therefore it can be critically important
to assess activity at the effector site of the cardiovascular system, that is, the highly sensitive
microcirculation.

The very early physicians relied on subjective indices of changes in skin blood flow (SkBF),
namely, visualization of changes in skin colour or feeling for a temperature change. Since the
1930s, photoelectric plethysmography has been employed with limited success (Hertzman
1937a,b,1938), and since at least the late 1940s, more quantitative studies have involved
highly sophisticated techniques necessitating considerable skill, such as venous occlusion
plethysmography, local heat dissipation, or washout of radioactive inert gases (Ludbrook 1981;
Lassen et al. 1983). Approximately 16 years ago a completely non-invasive technique employing
Doppler shifts in laser light to detect the velocity of movement of red blood cells in superficial
microvasculature was first reported (Riva et al. 1972), and approximately 7 years ago the first
commercial instrument based on this principle became available (the Periflux by Perimed KB,
Sweden). Since that time at least three laser-Doppler-based ‘blood flow monitors’ have been
manufactured (the LD 5000 by Medpacific Corp., the LaserFlo by TSI Inc. and a prototype made
in Japan). In all cases the wave frequency of emitted light is shifted, according to the Doppler
principle, by erythrocytes moving in any direction; positive and negative effects result in the
parameter sensed being the nett speed of erythrocytes which is broadly proportional to blood flow
provided local haematocrit remains insignificantly changed. We have developed an instrument
based on photoelectric plethysmography and report here our observations on its validity in
providing an index of changes in SkBF.

METHODS

Subjects

Observations on humans were made on 30-45 year old healthy males with the approval of
the Monash University Standing Committee on Ethics in Human Experimentation. Animal
experiments were performed on five Merino sheep, two trained to lie quietly in ventral
recumbency, while conscious and minimally restrained by cords over the shoulders and hips, and
three trained to stand quietly held by a yoke in a climatic room; relevant protocols were approved
by the Animal Care and Experimentation Ethics Committee, CSIRO, Prospect.

Tissue perfusion monitor

The tissue perfusion monitor (TPM) is based on photoelectric plethysmographic principles,
that is, the reflection of light by a tissue varies with the quantity of red blood cells present.
Classically, photoelectric plethysmography involves measurement of the total transmission
through or reflection from a tissue, of light from a nearby, localized source (Hertzman 1937a,b).
The TPM is unique in that only the pulsatile component of reflected infrared light is processed
over and above a non-pulsatile level of reflection characteristic of the non-perfused tissue. That is,
a d.c. component is ignored while an a.c. signal is processed as the pulse rate multiplied by the
height of the curve generated by the flux of red cells into and out of the microvasculature; this
quantity is defined as the ‘tissue perfusion index’ (TPI). Two light-emitting diodes (LED) provide
the light, and the sensor is a phototransistor, all mounted in a probe module which can be
encapsulated in a range of probes such as for placement on the skin surface (Fig. 1) or against
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Figure 2 illustrates the basic principles of a commercial prototype of the TPM. Thus, the

excitated probe (1) feeds to an operational amplifier (2). The ‘raw’ signal can at this point be
recorded for analysis of the characteristics of the pulsatile microvascular perfusion curve. The
output of the amplifier passes in two directions, to a band pass filter (3) which has been adapted to
remove unwanted artefact from the microvascular ‘perfusion’ input signal. A Schmitt trigger
circuit (4) is fed to a monostable multivibrator circuit (5) which regularizes the trigger signals. The
occurrence of regularized trigger signals is averaged in the integrator (6) and fed into a voltmeter
(7) calibrated to read beats per minute (heart rate) which is also recordable. The circuit section
*5_6" also connects (via a flashing LED heart rate indicator) with a multiplier circuit (10) which
f the monostable multivibrator (5) with the pulse amplitude
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Fig. 2. Schematic representation of the fundamental components of the TPM.
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the TPI gain control (11). The integrator (12) drives the TPI display which can be digital or
analogue and also has a recorder outlet.

The probe modules are factory tuned by adjusting the LED excitation current to yield a
‘standard’ (suitable, for example, for the normal human digit) or ‘high’ probe sensitivity which
has to date been set for convenience at three times standard sensitivity (suitable, for example, for
normal human limb or torso, or for sheep skin). The entire equipment (probe and meter) is
standardized against an in vitro reference signal (No. 8 in Fig. 2) by adjusting the TPI gain control.
This reference consists of an oscillating voltage supplied to the probe LED while the probe is
mounted on an empirically selected, reflective red surface; the meter reading so generated
(usually set at mid-scale for convenience) approximates the TPI of healthy human digital pulp
skin in a thermally comfortable environment.

Each probe is mounted in a 12 mm thick sponge rubber wrap which is compressed to
approximately half thickness on application to the skin. Too much application pressure will
mechanically hinder local blood flow, whereas too little pressure may lead to artefacts due to, for
example, variations in configuration of the probe=skin interface, direct illumination of the
phototransistor by the LED or entry of extraneous light.

In the quantitative comparisons with microsphere measurements, the millivolt outputs of
the TPM and Periflux models were continuously recorded on a physiological recorder (Devices
M19) and a strip chart recorder (ICI, DP600), respectively. Neotrace 200 ZEF, Grass (Model
79D) or Elmeasco (Model 485) recorders were used for the ‘trend’ recordings which are
illustrated.

Laser-Doppler instruments used

Three commercially available instruments and one prototype rely on laser-Doppler
velocimetry to obtain an index of SkBF. The former three, that is, the Periflux (Model Pf 1d and
2B, Perimed, Sweden) and the LaserFlo (Model BPM 403, TSI Inc., USA) have become widely
used, and we were fortunate in having a Japanese-made prototype available to us. These were all
used according to the manufacturers’ instructions. The probes of the Periflux models and
Japanese prototype employed the identical plastic Periflux holders attached to the skin by
double-sided adhesive rings. The probe of the LaserFlo was held against the skin by a
reproducible pressure achieved by elastic straps left in place for the duration of the entire
experimental period.

Radioactive microsphere measurements

The sheep had chronic catheters in a femoral artery for ‘reference organ’ blood sampling, and
in the left ventricle for dose injection. The microspheres used were nominally 15 um in diameter,
labelled with 141Ce, 5!Cr, !!38n, 103Ry, 95Nb and 46Sc (New England Nuclear Co., USA);
approximately 0.3 X 106 per kg bodyweight was injected per dose and the reference sample was
withdrawn at approximately 20 mL/min. On completion of the period of observations, the sheep
was killed by an overdose of barbiturate anaesthetic, full depth skin samples were dissected from
under each probe site, and the radioactivity assayed and blood flows calculated. All of these
procedures have been previously described in detail (Hales 1974; King & Hales 1982).

Experimental protocols

Demonstrations of established blood flow responses (i) To demonstrate that TPI decreases
when SkBF is known to decrease, after the establishment of a ‘control’ level of TPI for a finger or
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forearm, three treatments were separately applied, namely, application of a tourniquet to the
upper arm, application of iced water to the contralateral arm, and performance of Valsalva’s
manoeuvre. (i) To demonstrate that TPI increases when SkBF is known to increase, sodium
nitrite and acetylcholine were separately applied iontophoretically to the human forearm, and in
three conscious sheep, TPI and microsphere measurements were made in a thermoneutral and

again in a hot environment.

Validation by comparison with the established microsphere technique TPI and the outputs
of the three laser-Doppler instruments were monitored from 12 sites on the midsides of each of
two restrained conscious sheep. Throughout the period of observations, on four sites, four TPM
probes remained unmoved; on a different four sites, the plastic mounts remained unmoved and
the Periflux and Japanese Prototype probes were rotated between sites to obtain three readings
for each position, spanning the time of microsphere dose injection; on the third group of four
sites, the elastic straps remained in place and the LaserFlo probe was rotated between sites to
obtain readings at times comparable to the other laser-Doppler instruments. Epidermal growth
factor, which is known to be an exceptionally potent stimulus to increase skin capillary blood flow
(Carter et al. 1988), was infused (5.4 ug/kgperh, i.v.)for3.5h. The six doses of microspheres were
injected when progressive increases in SKBF were indicated by one or more of the monitors.
These data were treated in two ways. First, the regression equation and correlation coefficient
were calculated for TPI versus blood flow rate. Second, to enable comparisons of all instruments
with the microsphere-measured blood flow rate, all data were expressed in a common unit,
namely, percentage of maximum level. Standard statistical analyses were applied (Snedecor &
Cochran 1980), that is, the correlation coefficient, significance of the difference between cach
correlation coefficient and that for the TPM, regression equation, and significance of difference
in slope of the regression line from unity (by standard t-test). Further, to provide a direct estimate
of the mean difference between the blood flow measurements obtained by each instrument and
what was taken to be the true values for blood flow (obtained using microspheres), the
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‘root-mean-square-error’ was calculated, that is, the square root of the mean value for the squar
of the difference between the instrument and microsphere measurement of blood flow.

RESULTS

Demonstrations of established blood flow responses

The expected decreases in SkBF were clearly demonstrated in human subjects in response
to a tourniquet (Fig. 3), to contralateral limb cooling (Fig. 4) and to Valsalva’s manoeuvre
(Fig. 4).

The expected increases in SkBF were clearly demonstrated using locally applied sodium
nitrite or acetylcholine in humans (Fig. 5), and by exposure of sheep to a hot environment. In the
latter, simultaneous measurements were made with microspheres, and there was an increase in

TPI of magnitude comparable with that of the microsphere values in seven of eight measurements
(Table 1).

Comparisons of the TPM and three laser-Doppler instruments with microsphere measurements

In Fig. 6, TPI readings are plotted against absolute values for blood flow ranging from 1 to
156 mL/100 g per min. The regression equation is y=0.961x+3.313 and correlation
coefficient =0.939,

Figures 7-10 present, respectively, the data expressed as per cent of maximum response, for
the TPM, Periflux, LaserFlo and Japanese prototype. The statistical analyses for these
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Fig. 4. Original recording of the TPI of an index finger of a healthy human subject seated in a room with an air
temperature of approximately 23°C. Note the fall in TPI within a few seconds of applying ice to the
contralateral arm or of commencing Valsalva’s manoeuvre. Instantaneous read-out.

01V
1 min

Fig. 5. Changes in skin blood flow measured as TPI when (a) sodium nitrite (dose=4 mC) and (b)
acetylcholine (dose =2 mC) are applied iontophoretically to the human forearm.
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Table 1. Skin blood flow rate (mL/100 g per min) and TPI (mV) of three conscious sheep standing in a
thermoneutral (TN) environment and then after ambient temperature had been raised to 44°C (Heat)

Animal Blood flow TPI
TN Heat TN Heat
1 1.2 4.2 13 25
5.6 6.1 20 20
4.4 11.4 18 33
2 15.7 16.8 40 35
5.6 17.0 7 59
5.9 24.7 20 71
3 8.6 9.9 17 19
3.3 13.7 10 30
Mean 6.3 13.0 18 37
s.e.m. 1.5 2.3 4 7

comparisons with microspheres, are given in Table 2. The regression line relating TPI to
microspheres was the only one not significantly different from the line of identity, and TPM
showed a root-mean-square-error of less than half that of the best of the other three instruments.
All instruments yielded statistically significant correlation coefficients, however, that for the
TPM versus microspheres was highly significantly different from that for each other instrument

versus microspheres.

DISCUSSION

A non-invasive, low skill method for the assessment of SkBF, particularly for clinical use but also
for some experimental applications, has been a longstanding need. Also, the most common
method used to obtain quantitative measurements of human SkBF, namely, venous occlusion
plethysmography, may be used for only (i) discrete rather than continuous measurements, (ii)
relatively large tissue masses, and (iii) is applicable only to limbs under conditions in which
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Fig. 6. Skin TPI of four sites with four probes in each of two conscious sheep (1, ®). SkBF was quantitatively
measured using microspheres while epidermal growth factor was infused (i.v.) to elicit the demonstrated
increases in SkBF.
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Fig. 7. The same data as in Fig. 6 plotted using common units for the two methods of measuring tissue
perfusion (TPM and microspheres), namely, the percentage of their maximum values. Solid line represents the
line of identity and the dotted line represents the regression line. The two symbols denote data from two

sheep.
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Fig. 8. Skin perfusion in a sheep as a percentage of the maximum levels indicated by the Periflux laser-Doppler
compared with microspheres. The solid line represents the line of identity and the dotted line represents the
regression line.
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Fig. 10. Skin perfusion in two sheep (8, 0) as a percentage of the maximum levels indicated by the Japanese
prototype compared with microspheres. The solid line represents the line of identity and the dotted line
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Table 2. Simultaneous comparisons between the percentage change in skin blood flow as indicated by five
instrum .nts and radioactive microsphere measurements. Observations in two conscious, restrained sheep
with blood flows of 1-156 mL/100 g per min stimulated by i.v. epidermal growth factor

TPM Perifluxes LaserFlo *Japan Prot.’

Regression y=0.925x+ 1.875 0.710 x+26.0 0.702x+24.3 0.441x+27.6
equation

Correlation 0.938 0.786 0.742 0.549
coefficient (r)

P for r difference® — <0.01 <0.001 <0.001

P for slope >0.05 <0.05 <0.01 <0.001
deviationt

Root-mean- 6.2 15.7 16.7 13.6
square-error

Number of 38 31 44 82
observations

*Significance of difference between r for TPM and each other instrument.
*Significance of deviation of slope of regression line from line of identity.

muscle blood flow remains unchanged (Detry et al. 1972; Ludbrook 1981). Photoelectric
plethysmography is applicable to the skin of all body regions (Hertzman 1937a,b; Hertzman et al
1947; Hertzman & Randall 1948) but attempts at its use in a quantified fashion have met witt
limited success (Hertzman et al. 1946; Bini et al. 1980). The relatively recent introduction o
several instruments based on laser-Doppler principles purportedly largely solved the abow
problems (Westerman ef al. 1988a). However, the available instruments might not only b
regarded as quite expensive, but in each case the fibre-optic lead to the probe is sensitive t
movement, and publications to date indicate that their overall precision as an indicator of SkBF i
questionable.
In advocating the application of this new instrument, there are two fundamental questions t
be answered. First, does the TPM respond in a predictable manner when ‘textbook’ responses i
SKBF are evoked? This has been clearly demonstrated in two ways. (i) The marked decreases i
TPI with limb occlusion or as a reflex response to either a remote cold stimulus or t
compromised venous return induced by Valsalva’s manoeuvre. 1t is worth noting that with th
first of these procedures, that is, mechanical stoppage of the complete blood supply, TPI fell to
level which differed insignificantly from zero; this contrasts with studies of laser-Doppic
instruments under comparable conditions, which have invariably yielded a significantly positit
and quite variable perfusion value at zero SkBF (Engelhart & Kristensen 1983; Johnson et ¢
1984; Saumet et al. 1986). Presumably, this is due to the fact that laser-Doppler instrumen
measure blood volume flow only as a derived function of the speed of movement of t
erythrocytes and no distinction is made between erythrocytes and other moving structures with
the field, for example, collagenous materials making up tissue elements. This means that, fi
example, laser-Doppler estimates of heat-induced increases in SkBF would be unreliable, as :
accurate knowledge of instrument output at zero SKBF is necessary. The TPM does not suffer th
shortcoming, and in fact, the following supports this point. (ii) The increases in TPI on exposu
of sheep to a warm environment accurately reflected the quantitative changes in SkBF measur
by microspheres in seven of eight comparisons (Table 1). The good correlation between the tv
methods is even more surprising when it is recognized that SkBF is such a labile parameter ai
each microsphere measurement takes place only over a period of time of no more than “a fi
seconds’: TPI values corresponding to these times were read from the continuous record, where
in many comparable applications of the TPM, TPI would normally be averaged over a mu
longer period to allow for normal fluctuations in SkBF. Also, the drug-induced increases in T
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correspond with the well established enhancement of SkBF by nitrodilators such as sodium
nitrite, sodium nitroprusside or nitroglycerine acting directly on the microvascular smooth
muscle (Bowman & Rand 1980) or endothelium-dependent-dilators such as acetylcholine and
acetyl-B-methacholine (Furchgott 1984).

The second question to be answered is whether skin TPI is a precise indicator of SkBF. As
radioactive microsphere measurements of tissue blood flow rely on simple physical principles,
the technique has become widely accepted as a standard against which other methods may be
compared (Hales 1974; Warren & Ledingham 1974; Heymann et al. 1977); this is particularly so
with tissues such as skin for which the anatomy precludes the timed collection of venous outflow
or, for example, electromagnetic monitoring of arterial supply. The TPM and four laser-Doppler
instruments were therefore compared with microsphere measurements of SkBF.

The provision of a reliable and precise measure of changes in SkBF by the TPM is shown by
the high value for the correlation coefficient of the relationship between TPI and microsphere
values for SkBEF, the significant difference between this and the other correlation coefficients, and
the non-significant difference between the regression line and the line of identity. These data are
for different probes on different body locations and on different animals. The Periflux aiso
yielded an acceptable correlation, and this has been reported previously for skin when compared
with venous-occlusion plethysmography (Johnson et al. 1984; Saumet et al. 1986). However, as
with the other laser-Doppler instruments that we tested on skin, other investigations have yielded
much poorer correlations for other tissues, such as renal cortex (Stern ef al. 1979) and intes-
tinal mucosa (Kvietys ef al. 1985), when compared with microsphere or hydrogen clearance
measurements. Shepherd et al. (1987) have reported acceptable correlations between LaserFlo
measurements of hepatic or gastric mucosal blood flow, and total blood flow measured by
collection of venous outflow or electromagnetically, respectively. However, as with the skia
studies by Johnson et al. (1984) and Saumet ef al. (1986) employing the Periflux, the LaserFlo
showed highly significant variations in slope of the regressions obtained for different sites or for
different occasions on what was supposed to be the same site. Qur poor correlation between the
LaserFlo and microspheres agrees with current comparisons of the LaserFlo with forearm
plethysmography (G. L. Brengelmann & M. Savage, pers. comm.). The favoured explanation
offered in the above publications was that the small volume of tissue sensed by the laser-Doppler
probe was not representative of the very much larger tissue volume included in the measurement
by the other method. It appears therefore, that our failure to experience this shortcoming with the
TPM may be at least partly attributable to the much larger tissue volume viewed by the TPM
probe.

Smolander and Kolari (1985) did not obtain a linear relationship between the Periflux and
venous occlusion plethysmography and suggested that besides the importance of the detected
tissue volume, significant influences on the Periflux could come from variable characteristics of
blood flow through cutaneous venules and accumulation of sweat. [n addition to these factors, the
widely different fundamental principles of operation of the TPM and laser-Doppler instruments
should render the former more likely than the latter to be able to provide a measure of SkBF.
Thus, the laser-Dopplers are said to be measuring velocity of particle movement whereas they in
fact are measuring speed (Haumschild 1986). Their algorithms are applied on the assumption
that speed is equal to velocity, which of course is true sometimes but is not necessarily so. Thus,
‘usable’ correlations between Doppler shifts in light wave frequency and blood volume flow
would be anticipated but close correlations should not be expected. As our photoelectric
plethysmography depends upon variations in light reflection with variations in skin colour due to
pulsatile changes in erythrocyte content, a relatively superior correlation with blood volume flow
could be expected.
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The LaserFlo and Japanese prototype utilize algorithms in microprocessor-based signal
analyzers to provide an actual ‘flow’ readout. However, this is of limited value if the signal is
based on speed rather than velocity and the flow being computed is in such a minute volume of
tissue as to be unrepresentative of the ‘greater’ organ in which the experimenter or clinician is
interested. The TPM could be regarded as equally quantitative because the signal derived from its
in vitro calibration is equal to the TPI of digits of healthy humans in a thermally comfortable
environment: but this has been empiricaily determined and therefore, at least for the time being,
we would prefer to advocate the use of the TPM only to measure changes in blood flow.
Nevertheless, whether the skin being studied is ‘relatively vasoconstricted’ or ‘relatively
vasodilated’ is clear by comparison with the human digital perfusion defined above. This is a
distinct advantage of the TPM over the laser-based instrument which correlated best with
microspheres, that is, the Periflux, the latter therefore being useful only for measurements relative
to the starting reference level.

It is also worth noting that the fibre-optic lead, which is an essential part of the laser-Doppler
system, is very sensitive to movement; thus, its application is limited to co-operative, non-
moving subjects or parts of subjects, a shortcoming not experienced with the TPM which employs
a highly flexible electrically conductive lead of essentially unlimited length. Two further
advantages of the TPM compared with currently available instruments are that it can be battery
powered, making it highly portable; and several probes can be very simply multiplexed to the one
meter, greatly reducing the cost of recording from several body sites (so long as simultaneous
measurements are not essential).

The following applications of the TPM are envisaged. (i) In experimental studies such as to
check the common assumption that under many conditions, changes in forearm volume provide a
measure of SkBF of the forearm (Tripathi & Nadel 1986), and often that this in turn is
representative of the remainder of the body excluding acral regions. The TPM has been used in a
study of the pathophysiology of heat/exercise exhaustion in fun-runners (Hales et al. 1986). (i1) As
a clinical tool, such as to assess the efficacy of regional nerve blocks (J. R. S. Hales, F. R.N.
Stephens, W. B. Conolly, J. Stamell, unpubl. data), or monitoring the progress of tissue
revascularization and viability following burns and other forms of trauma or after reconstructive
surgery; it should be useful in clinical tests of skin small nerve function and microvascular
reactivity in conditions such as diabetes where neuropathological signs may be measured in
otherwise symptomless patients (Westerman et al. 1988b).
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Abstract. Indices of perfusion were obtained using commercial laser-Doppler instruments with
differing wavelengths on metatarsal skin of sheep (which is abundant with AVAs) and
compared with quantitative measurements of AVA and capillary blood flow using microspheres;
an infra-red photoplethysmograph was also compared. The data provide physiological evidence
that laser-Doppler instruments of longer wavelength sense to a greater depth, and our
photoplethysmograph behaves similarly to a “near-infra-red” laser, Thus. we suggest that near-
infra-red light, either laser-Doppler or photoplethysmograph, should be used 1o measure a
parameter most representative of total local blood flow, and light of a very much shorter
wavelength, probably green light, would allow more confidence in estimates of true capillary
perfusion. Because the commonly used visible red light can, but does not necessarily detect
deep AVA perfusion, the influence depending upon the magnitude of the AVA perfusion,
measurements by an instrument based on such red light is difficult to define.

Introduction

Blood flow in skin serves several purposes, viz., regulation of blood pressure
and body temperature, metabolite exchange and assistance with the pro-
tective barrier provided by skin. Therefore there are widely varying require-
ments for perfusion of the nutrient pathways (capillaries) or of the non-
nutrient, high volume, low resistance pathways provided by arteriovenous
anastomoses (AVAs). Of course, the possible extent of physiological and
anatomical variations between capillaries and AVAs also varies markedly
with body region and animal species. However, with the exception of some
animal studies in which microsphere techniques could be applied [5], it is
rare to find attempts to define which of the cutaneous microvascular
compartments is being measured.
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quantitatively measure capillary blood flow under each individual probe and
the total femoral flow through AVAs as previously described [4]. Phentola-
mine bolus doses of 1-10 mg were injected to elicit marked increases in flow
through AVAs with decreases or only small increases in flow through
capillaries.

Results and discussion

In metatarsal skin of sheep [9] as with some human regions such as plantar
skin [2], the superficial plexus of capillaries lics generally within approxi-
mately 1 mm of the skin surface, whereas AV As are much deeper, generally
at 2-3 mm, with some of the venules and arterioles in between, Thus, if the
characteristics of equipment designed to monitor microvascular perfusion
can be manipulated to penetrate to different depths it should be possible to
distinguish between the different microvascular compartments — still clearly
bearing in mind that the presence of AVAs and the relative depths of
compartments varies enormously between species and body regions. Two
basic characteristics of optically-based instruments determine their depth of
penetration into tissues, viz., wavelength [1] and emitter-sensor separation
[8].

Gush and King [3], while pointing out that the shorter wavelength green
light (543.5 nm) is absorbed much more by blood than is red light
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Fig. 1. One complete set of simultaneous measurements of total limb blood fow passing
through AVAs, capillary blood flow at each of the four different probe sites and instrument
responses. First bar in each pair is the control and second is the response to 1 mg of
phentolamine.
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halving of capillary flow, whereas the TPM increased 1.4-fold. That is,
‘large’ but not ‘moderate’ increases in AVA perfusion completely obliter-
ated the P633 response to changes in capillary perfusion, whereas the TPM
was always dominated by the AVA flow but was still influenced by the
capillary flow.

With respect of the importance of emitter-sensor separation, our data are
inconclusive. Thus, while we do not doubt theoretical considerations [8]
supported by some experimental observations [7, 8], on the one hand our
M670 and P633 showed indistinguishable responses despite their very differ-
ent fibre separations (Fig. 1), and on the other hand our TPM clearly
detected much deeper blood flow than did our P633 (Fig. 2); but the TPM
had both wider emitter-sensor separation and higher wavelength. Notwith-
standing this, comparisons with the TPM must be made cautiously because
of its entirely different principle of operation; it is included in this study
because of its potential value in monitoring total local skin blood flow, and
not because of its wavelength and emitter-sensor characteristics.

In conclusion, the present pilot observations provide physiological evi-
dence that laser-Doppler instruments of longer wavelength sense to a
greater depth, and our TPM behaves similarly to the M810. Since the red
light can, but does not necessarily detect deep AV A perfusion, the influence
depending upon the magnitude of the AVA perfusion, measurements by an
instrument based on red light are difficult to define. Thus we suggest that
measurements could be defined more confidently if a much lower wave-
length, probably green light, was used to measure superficial capillary
perfusion and an infra-red system, either laser-Doppler or TPM was used to
measure a parameter more representative of total local blood flow. The
latter would have the further advantage of being less susceptible to regional
anatomical variations in the distance of even the capillaries below the skin
surface due, say, to variations in thickness of the cornified epithelium.

Investigators should specify, particularly while instrument design is evolv-
ing so rapidly, (a) instrument and probe characteristics, (b) species and
(c) microvascular anatomy of the body region.
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Concordance Between Different Measures of Small
Sensory and Autonomic Fibre Neuropathy in
Diabetes Mellitus

R.A. Westerman,* C. Delaney,* A. Ivamy-Phillips,*
M. Horowitz' and A. Roberts.?

Diabetes mellitus commonly leads to neuropathic complications which include
disturbances of the smallest nerve fibres. Symptoms may be those of sensory or
autonomic dysfunction such as dysaesthesia, paraesthesia, pain or disturbance of
sweating.! Until recently, conventional clinical neurophysiological tests such as
nerve conduction velocity (NCV) have measured the function of only the larger
myelinated nerve fibres.? Now, the neurophysiological assessment of small sensory
nerve fibre meuropathies has been greatly advanced by the development of an
improved automated method for measurement of thermal thresholds® and by
other non-invasive tests of neurovascular function which measure electrically
evoked axon reflex and endothelial-dependent vasodilator responses.5~’

Thermal threshold detection for warm stimuli depends upon functional C-
thermal and C-polymodal nociceptors and their primary afferent fibres. The axon
reflex tests of cutaneous microvascular dilatation depend upon the integrity of 3
serial components — C-polymodal peptidergic primary afferents, microvascular
endothelium and smooth muscle. Autonomic neuropathy is also a well recognised
complication of diabetes'® and may result in abnormal gastrointestinal motility as
well as impotence, faecal or urinary incontinence, postural hypotension or sweating
disorders.'!" Delayed oesophageal and gastric emptying measured by scintigraphy
has been demonstrated both in insulin-dependent and non-insulin dependent
diabetics even without symptoms.'!-*?

There are little data regarding the prevalence of abnormal oesophageal or
gastric emptying in diabetics,'! partly because of the previous lack of sensitive and
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stmple tests, and the fact that asymptomatic patients may have functional abnor-
malities of small sensory or autonomic nerves.® 2 Furthermore, sparse information
exists about simultaneous prevalence of small cutancous sensory neuropathy.
Because both warm threshold detection and electrical axon reflex share a common
functional component in the C-polymodal nociceptor/unmyelinated afferent
pathway, we have sought a correlation between both these test methods applied to
the skin of the forearm and the dorsum of the foot in each of 25 diabetic patients in
whom gastric and oesophageal emptying has been recently measured. This
provided an opportunity to examine the impact of diabetes mellitus on both
cutaneous sensory and gastro-oesophageal vagal unmyelinated nerve fibres. A
short communication about this has already been presented.™

Methods

Twenty-five patients were sclected initially by random numbers from the diabetic oulpaticnt
register of the Endocrine Department, Royal Adclaide Hospital. Both Type I and 1 diabctics were
included in the study.

In the Medelee TTT automated thermal threshold test’ thermal stimuli, witrm or cold, e
delivered to the skin surface through a metal Peltier thermode. The magnitude and duration of the
current applied regulate the thermal stimulus and 4 constant rate of change of temperature (1°C per
second) is provided for each stimutus. Thermal stimuli are provided during one of 2 time windows
shown to the subject by illuminated LEDs und the subject must indicate using a switch in which time
period a stimulus oceurred. The subject’s success rate is analysed by the microprocessor using the
‘Up-Down Transform Rule” to define the temperature which the subject can reliably deteet. Sample
records appear in a recent paper concerning sensory neuropathy in herpes zoster," as well as in
Figure 1.

The electrical axon reflex vasodilator responses of forcarm or foot dorsum skin® are evoked by
noxious transcutancous clectrical stimulation at i pulse strength adequate to exeite C-polymodal
nociceptors (150V, 0.75ms, 45-50mA). Trains of such pulses (1, 2, 4, 8. 16) a1 2Hz are used 1o
provoke stimulus-dependent cutancous axon reflex vasodilation which s measured by a helium
neon (638nm) laser Doppler velocimeter (Periflux Pr1d). This technigue, which has demonstrated
reduced axon reflex responses in diabetic patients” and rits.* has been recently reviewed.” Because
reduction of the clectrically evoked axon reflex may result from microvascular endothelial
dysfunction as well as from primary afferent ncuropathy, iontophoretic tests of cndothelium and
microvascular smooth musele functions arc applied.”® Acetylcholine chloride, pilocarpine or
mcthacholine is the endothelium-dependent stimulus, and sodium nitroprusside is the endothelium-
indcpendent nitrovasodiliator now used.

Figure 1. Examples of records — thermal thresholds and electrical axon reflexes. A.B: show
examples of the triple T printout for warm and cold detection thresholds for a normal subject (A) and
a diabetic patient (B), recorded in bath instances from the skin of foot dorsum. C,D: show sample
records of the laser Doppler flux change corresponding to cutaneous axon reflex vasodilalor
responses evoked by 2,4,8,16 noxious TENS pulses in a normal subject (C) and diabetic patient
(D). All records were taken from the skin of the foot dorsum in the same normal subject, and the
same diabetic patient as in A,B.

The cross-hatching shows, as an example, the total flux response to 16 noxious TENS pulses
and such areas are measured as Volt.min integrals by a digitising tabtet in order to derive the data
presented in Figures 5,6,7.

The main records shown in C,D were obtained using a Periflux Pfid laser Doppler
velocimeter with a 638 nm helium neon light source. Inset in C shows the responses from the
control subject simultaneously recorded using an infra red diode laser Doppler (DIODOPP, Applied
Laser Technology) having a wavelength of 820 nm. Responses from both machines are similar.
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The size of the laser Doppler flux responsc recorded against time is measured as the voltage:
time integral using a digitising tablet and arca mcasuring programme.

Measurcment of gastric emptying was performed by a double isotope test which measures both
solid and liquid gastric emptying simultancously and has been deseribed previousty. ' The
scintillation camera was behind the scated subjects who fasted from 1900 (for solids) or 2400 (lor
hquids) from the previous day. The subject ate the solid meal over @ S-minute period and then
immediately drank the dextrose solution, the study continuing for 2 hours after completion of the
whole meal.

Data were corrected for patient movement, radionuclide decay, Compton scatter and gamma-
ray attenudtion as previously deseribed.' From the histograms of solid and hquid cmptying
(cxpressed as @ pereentage of the total meal remaining within the stomach vs. time) several
parameters were derived for Fater analysis. For the solid portion of the meal these parameters were
the lug period before food left the stomach and the percentage remaining at 100 minutes afier meal
completion (Tyy%). For the liquid component the percentage remaining at 10 minutes after meal
completion (1) and the time for 50% cmptying (Te) were obtained. The percentage of Liquid
reminining at 10 minutes was used as an index of the early phase of gastric emptying.

Results

Examples of the automated thermal threshold test record and the electrically
evoked axon reflex are shown in Figure 1A and B, respectively, for foot dorsum of
one normal subject and one diabetic patient (sec also Figures 2, 4 reference 14;
Figure 3 reference 9). The thermal thresholds for both warm and cold are elevated
and the electrical axon reflex dilator responses reduced in the diabetic compared
with the normal subject. In Figure 2, thermal thresholds to warm and cold stimuli
are shown as histograms for the forearm and foot dorsum sites, both on normal
subjects and diabetic patients. It is noteworthy that although none of the diabetic
patients tested in this study had any symptoms relating to the forearms, mean
thermal thresholds (n = 25) for both warm and cold stimuli applied to the forearm
were elevated (W = 0.97°C £ 2.02°C and C = 0.87°C * 1.8°C) compared with the
mean control values of W = 0.17°C £ 0.15°C and C = 0.18°C # 0.15°C (n = 53),
respectively. In the case of the foot dorsum, 14 of 25 diabetic patients tested had
symptoms suggesting mild to moderate distal neuropathy. Thermal thresholds for
warm detection in these patients were elevated more (mean = 4.67°C + 3.99°C)
than for cold detection (mean = 3.75°C + 4.38°C). The distribution of warm
thresholds for the 25 patients in the concordance study is not discernably different
from that of 91 other unselected diabetic patients from the Lions International
Diabetes [nstitute in Melbourne (Figure 2C).

There is a positive correlation between thermal thresholds for both warm and
cold vs. recent HbA,C (as an index of glycaemic control) illustrated in Figure 3; 9

Figure 2. Distributions of thermal thresholds. A: Thermal threshold data of 25 diabetic
patients compared with 82 to 98 normal subjects to hot and cold stimuli applied to the forearm.
Means + S.D. are shown above each histogram. B: Thermal thresholds to hot and cold stimuli
applied to the fool dorsum of 24 diabetic patients compared with 43 1o 59 normal subjects. Means
+ 8.D. are shown above each histogram. C: Scattergram plot of warm perception thresholds
recorded on the foot dorsum in 91 diabetic patients randomly selected from the Lions International
Diabetes Institute (open triangles) and the 25 diabetic patients in the Royal Adelaide Hospital
concordance study (filled triangles).
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Figure 3. Thermal thresholds recorded from the foot dorsum in 23 RAH diabetic patients for
A: cold; B: warm plotted against HbA;C%. Linear regressions and r values are shown.

of 23 patients show thermal thresholds exceeding the 99% conlfidence limits for
normal controls, and most of these (8 of 23) had HbA,C levels exceeding the
acceptable maximum of 8 per cent.

The concordance between thermal thresholds for warm and cold stimuli
applied to the foot dorsum and gastric emptying T % is shown in Figure 4. Nine
of 24 diabetic patients showed cold threshold and 10 of 24 had warm thresholds well
above the 95% confidence limits for normal control subjects.

The noxious TENS-evoked axon reflex responses and the acetylcholine-
evoked dilator responses in diabetic patients have been recently described®” and
their reduction is illustrated again in Figure 5. Because impairment of clectrical
axon reflex leads to reduced flux responses, the inverse of electrical axon reflex is
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Figure 4. Thermal thresholds recorded from the foot dorsum in 24 RAH diabetic patients for
A:cold; B: warm, plotted against solid gastric emptying: Ty00%. Linear regressions and r values are
shown.

plotted in each ordinate of Figure 5A,B,C to depict the positive correlation in the
same direction as other graphs, where increased thermal thresholds indicate
impairment. This figure shows that the extent to which TENS-evoked axon reflex
responses are reduced is greater in the presence of poor glycaemic control as shown
by elevated HbA,C levels. Many of these patients had symptoms or clinical signs of
neuropathy. [n addition, reduction in size of cutaneous electrical axon reflex dilator
responses correlates positively with delayed gastric emptying — both lag and T,4%.

Figure 6 shows the correlation between warm thresholds (WTT) and electrical
axon reflex responses (EAR) recorded from the same diabetic patients. The
correlation coefficient is —0.43 and indicates that there is a negative relationship
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Figure 6. Compares warm perception threshold (Y axis) as a test primarily of C-fibre
function and electrical axon refiex dilator responses (X axis) as a test of total neurovascular
function in the same diabetic patients. Broken lines show 99% confidence limits for warm
thresholds (horizontal line) and for electrical axon reflex (vertical line). Warm threshold values
below 3.0°C are probably normal, and axon reflex responses smaller than 1.5V.min are probably
abnormally reduced (stippled zone) for foot dorsum, while WPT below 0,9°C and EAR greater than
2V.min are probably normal for forearm. Responses fall into three main groupings (see text). By
comparison of forearm responses (open circles) and foot dorsum responses (filled circles) itis seen
that a similar distribution of elevated WPT was found on the anterior forearm of diabetic patients
and is an even more impressive functional deficit at this site because clinical large fibre neuropathy
is infrequent here.

between elevation of warm threshold and magnitude of the electrical axon reflex
response. There is a particular subgroup of 9 patients (IS5 responses) whose
combined WTT/EAR data lie near the origin and identify those patients with
reduced EAR responses whose WTT are approximately normal. It is these patients
which are responsible for the downward skewing of the linear regression line away
from the higher warm threshold values at the lowest EAR values.

Finally, of interest is the correlation of HbA,C and gastric emptying (i.e. vagal
nerve fibre function) tests with endothelial-dependent responses measured by
iontophoretic application of acetylcholine: this tests microvascular reactivity.

These correlations are shown in Figure 7, and reveal a positive correlation
between reduced gastric motility and reduced ACh-evoked dilator responses.
Delayed solid gastric emptying is shown by prolonged lag and T,% values.

Discussion

The finest cutaneous nerve fibres subserve both sensory and autonomic
function, but the axon reflex, iontophoretic dilator and thermal threshold tests
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described in the present paper measure only the former. The A delta cold fibres are
thinly myelinated, but appear to be implicated in the small fibre neuropathy in the
diabetic patients presently studied. However, from the Figure 2 data it is evident
that the elevation of warm thresholds on the foot dorsum is more marked than that
for cold detection — and both show much more impairment on the foot dorsum than
the forearm, indicating that the foot is the predilection site for small fibre
neuropathy. The positive correlation with reduced gastric motility and prolonged
emptying times indicated that the presence of gastric vagal neuropathy is likely to
be accompanied by small cutaneous sensory fibre dysfunction. The electrical axon
reflex is a test of serial functions of C-polymodal nociceptors and their peptidergic
primary afferent fibres, as well as the adjacent epidermal microvascular endo-
thelium, and the smooth muscle.

From Figures 6 and 7 there is a substantial group (9 of 25) of patients whose
thermal thresholds are normal (indicating functional C-thermal, C-polymodal and
A delta nerve fibres), but whose EAR is still impaired. Their positive correlation
with reduced ACh endothelium-dependent responses suggests that this group
suffers predominantly microvascular endothelial dysfunction rather than neuro-
pathy, and their expected prognosis with treatment may be very different from that
of those patients with predominantly small fibre neuropathy. All 3 tests of small
nerve fibre function show a strong concordance between elevated HbA,C and
functional impairment — either elevated thermal thresholds, reduced electrically
evoked axon reflex flare and delayed gastric emptying. There are indications of
reversibility of the haematological indices dependent upon endothelial function
after aldose reductase inhibitor (ARI) treatment in man'® and of neuropathy and
EAR reduction in the rat.!” Therefore it is probable that, in the future, when safer
and effective aldose reductase inhibitors are more widely available, the reversibility
of this thin fibre neuropathy and endothelial dysfunction may become more
apparent.

Of the 25 patients tested in this study, 6 could be classed as within normal
limits in relation to all 3 variables, but 8 of 25 displayed objective evidence of
C-fibre neuropathy — thermal perceptual impairment (C and A delta sensory
fibres), reduced neurogenic inflammatory flare (peptidergic nociceptive afferents)
and delayed gastro-oesophageal emptying (vagal afferent/efferent fibres).

Most importantly, the correlates between 3 different methods of measuring
small nerve fibre function should emphasise the value of these techniques in the
quantitative assessment of some of the more obscure neuropathies and microvascu-
lopathies as well as those occurring in diabetes mellitus. These methods should also
improve our epidemiological knowledge of small fibre neuropathy and enable
progress with better glycaemic control or new treatments such as aldose reductase
inhibitors to be monitored more accurately.

Summary

This study presents concordance data from 3 different tests of small nerve-fibre
function on the same diabetic patients and also examines the effects of hyper-
glycaemia. Thus the TTT-Glasgow automated thermal threshold test, EAR-
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Electrically evoked axon reflex flare, and GOLE-Gastric emptying of a mixed
sold/liquid meal and oesophageal emptying of a solid bolus were all measured on 25
diabetic patients. The TTT, EAR and GOE all gave values ranging from within the
normal reference range for non-diabetics to markedly dysfunctional readings.
Mean warm perception (WPT) on the foot dorsum averaged 0.73°C + 0.93 for
normal controls, but was 4.67°C %+ 3.99 in the 25 diabetics. Cold perception
thresholds (CPT) were 0.48°C + 0.55 for normal subjects and 3.75°C + 4.28 for
diabetics. In the same normal subjects the mean EAR flare laser flux responses (for
& and 16 noxious TENS pulses) was 2.8 V.min, while for diabetics the mean was (0.2
V. min. Solid and liquid gastric 50% emptying times and oesophageal emptying for
non-diabetics were within normal range (mean 78 min and 18 min, 18 sec
respectively) but for the 25 diabetics emptying times ranged from normal to very
prolonged (mean 114 min and 30 min, 68 sec respectively). A plot of 3 measured |
variables (TTT, EAR and GOE) showed a high degree of correspondence between
the gastro-oesophageal emptying delays and the presence of reduced electrical
axon reflex and elevated thermal thresholds. Of 25 patients, 6 could be classed as
within normal limits on all 3 variables, but 8 of 25 displayed objective evidence of
C-fibre neuropathy — thermal perceptual impairment (C- and A-delta sensory
fibres), reduced neurogenic inflammatory flare (peptidergic nociceptive afferents)
and delayed gastro-oesophageal emptying (vagal afferent/efferent fibres).

Acknowledgements

The authors are pleased (o acknowledge that this rescarch has been partly supported by the
NH & MRC, ARGS, and the Clive and Vera Ramaciotti Foundation. The assistance of the staff of
the Lions International Diabetes Institute and the Endocrinology ward and unit, Royal Adclaide
Hospital, 1s very much appreciated. The concordance study at the RAH was specifically supported
by ICI Australia and their gencrous assistance is gratefully acknowledged.

References

L. Asbury AK, Brown MJ. Clinical and pathological ncuropathics, /n: Goto Y, Horinchi A,
Kogure K (Eds.) Diabetic neuropathy. Amsterdam: Excerpta Medica, 1982: 50-57.

- Dorfman LJ. The distribution of conduction velocities in peripheral nerves: a review.
Muscle and Nerve 1984; 7: 2—11

3. Jamal GA, Hansen S, Weir Al, Ballantyne JP. An improved automated method for
measurement of thermal thresholds. 1. Normal subjects. J Neurol Neurosurg Psychiat
1985; 48: 354-360.

4, Jamal GA, Hansen S, Weir Al, Ballantyne P. An improved automated method for the
measurement of thermal thresholds. 2. Paticnts with peripheral neuropathy. J Ncurol
Neurosurg Psychiat 1985; 48: 361-366.

5. Jamal GA, Hansen S, Weir A, Ballantync JP. The neurophysiologic investigation of
small fibre neuropathies. Muscle and Nerve 1987; 10: 537-545.

6. Westerman RA, Low A, Pratt A, et al. Electrically evoked skin vasodilatation: a
quantitative test of nociceptor function in man. Clin Exp Neurol 1987: 23: 81-89.

7. Westerman RA, Widdop RE, Hogan C, Zimmet P. Non-invasive tests of neurovascular
function: reduced responses in diabetes mellitus. Neurosci Lett 1987; 81: 77-82.

8. Westerman RA, Widdop RE, Low A, Hannaford J, Kozak W, Zimmet P. Non-invasive

3]




meatal Neurology

ng of a mixed
measured on 25
from within the
ional readings.
3°C + 0.93 for
‘old perception
'5°C £ 4.28 for
x responses (for
ie mean was (0.2
al emptying for
8 min, 18 sec
normal to very
of 3 measured
idence between
luced electrical
d be classed as
ive evidence of
-delta sensory
otive afferents)
fibres).

supported by the
ince of the staff of
., Royal Adclaide
sifically supported

oY, Horinchi A,
1982: 50-57.
ICIVES:! a review,

ated method for
urosurg Psychiat

1 method for the
pathy. J Neurol

investigation of

rasodilatation: a
23: 81-89.

of neurovascular
1: 77-82.

P. Non-invasive

Fibre Neuropathy in Diabetes Mellitus 63

tests of neurovascular function: reduced axon reflex responses in diabetes mellitus of man
and streptozotocin-induced diabetes of rat. Diabetes Rescarch and Clinical Practice 1988:
5: 49-54.

. Westerman RA, Widdop RE, Low A, Ncild TO, Delancy CA. Non-invasive tests of

neurovaseular function in human and experimental diabetes mellitus. In: G Molinatti, R
Bar, S Belliore, M Porta (Eds) Frontiers in Diabetes: Endothelial cell function in diabetic
microangiopathy: problems in methodology and clinical aspects. Basel: Karger, (1989) In
press.

. Ewing DJ, Clarke BF. Diabetic autonomic neuropathy — present insights and future

prospects. Diabetes Carc 1986: 6: 648—665.

- Horowitz M, Harding PE, Maddox A, ¢ al. Gastric and ocsophageal emplying in

insulin-dependent diabetes mellitus. J Gastroenterol Hepatol 1986; 1: 97-113.

. Horowitz M, Harding PE, Maddox AF, e al, Gastric and ocsophageal emptying in

patients with Type 11 (non-insulin-dependent) diabetes mellitus. Diabetologia 1989; 32:
151-159.

. Westerman RA, Delaney CA, Horowitz M, Pratt A, Kent P, Roberts A. Concordance

between different measures of small nerve-fibre function in diabetes mellitus. Aust NZ
J Med 1989; 19 (Suppl); 633.

- Westerman RA, Roberts RGD, Kotzmann RR, er al. Effects of topical capsaicin on

normal skin and affected dermatomes in herpes zoster. Clin Exper Neurol 1989: 25:
71-84.

. Collins PJ, Horowitz M, Cook D1, Harding PE, Shearman DJC. Gastric cmplying in

normal subjects — A reproducible technique using a single scintillation camera and
computer system. Gut 1983; 24: 1117-1125.

- Braund WJ, Moore JC, Williams SC, e al. Effect of aldose reductase inhibition on

endothelial and microvascular abnormalitics in diabetes mellitus. Proc Aust Diabetes Soc
Abstract 22: August 1987.

. Low AM, Westerman RA. Ncurogenic vasodilatation in the rat hatry skin measured

using a laser Doppler lowmeter. Life Sci 1989; 45: 49—-57



In: Clin Exper Neurol 29: 149-160 , {1992)
Edited by M Eadie, C Lander, M Pender

CONFOUNDING FACTORS IN NON-INVASIVE
TESTS OF NEUROVASCULAR FUNCTION IN
DIABETES MELLITUS
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Department of Physiology*, Monash University, Clayton, Melboume and
Department of Clinical Physiologyt, Sodersjukhuset, Stockholm

SUMMARY

Disturbances of neurovascular function in the extremities may occur in
patients with diabetes mellitus, exposure to toxic substances and chronic
exposure to vibrating hand tools, as well as in Raynaud’s phenomena. In these
conditions symptoms of paraesthesia, finger numbness and blanching occur, so
nerve conduction studies, vibration and temperature threshold measurements
and neurovascular function tests are used for objective assessment of
neurological dysfunction. The aim of the present study was to examine some
factors which may confound quantitative neuro-vascular function measurements
if used to assess neuropathy in diabetics. All subjects were consenting
volunteers without exposure to known neurotoxic chemicals. The 5 groups
were (a) healthy non-diabetic subjects not exposed to vibration (n=10, mean
age 52.3 yrs) (b) 2 insulin dependent and 8 non-insulin dependent diabetic
subjects with a mean of 6 years treatment (n=10, mean age 55.7 yrs) (c)
maintenance employees exposed to high frequency pneumatic hand tools
(n=10, mean age 52.2 yrs) (d) subjects who were not diabetic or exposed to
vibrating tools, but were being treated with the ACE-inhibitor enalapril 20 mg
daily for hypertension (n=5, mean age 54 yrs) (e) subjects who had smoked
more than 10 cigarettes daily for at least 15 yrs (n=10, mean age 51 yrs).
Neurovascular tests included axon reflex responses measured by laser Doppler
velocimeter evoked on the dorsum of the finger by iontophoresis of
acetylcholine 16mC in a circumferential chamber: cutaneous microvascular
dilator responses to endothelial stimulation by iontophoretic application of the
muscarinic agonist pilocarpine 16 mC and to direct nitrodilator sodium
nitroprusside 16 mC. The skin temperature of the digits was held between 33°
and 34°C during testing and dilator responses were measured as flux change
by on-line computer analysis using ‘Perisoft’. There was a significant
reduction (P<0.05) in the neurovascular responses of both diabetics and
vibration - exposed subjects to acetylcholine and, in the case of vibration-
exposed subjects, to pilocarpine, but nitroprusside responses were not



150 Clinical and Experimental Neurology
significantly different. Qur findings of reductions in neurovascular responses
in diabetics and in subjects exposed to higher frequency vibration is consistent
with recent epidemiological findings. Furthermore, subjects treated with an
ACE-inhibitor (enalapril) showed significant reduction in acetylcholine-evoked
axon reflex responses, while the test group of smokers showed a significant
reduction in their dilator response to pilocarpine. These data suggest that the
neurovascular test battery used was sufficiently sensitive for the interpretation
of its results to be confounded by environmental factors such as exposure to

vibration, smoking or some concurrent medication, unless a meticulous history
is taken.

Neuropathy commonly occurs in diabetes mellitus'? and involves
disturbances of sensory, motor, and small nerve fibre function including
autonomic function "***. Diagnostic tests which are recommended to determine
the nature and extent of neuropathy include nerve conduction/EMG studies,
quantitative sensory tests *®’, cutaneous axon reflex, autonomic and sudomotor
tests ¥ The aim of the present study was to determine whether quantitative
neurovascular function measurements as used to assess diabetic polyneuro-
pathy**>' are sufficiently sensitive to be confounded by other factors which may
disturb neurovascular function or affect the axon reflex. For example, it has been
long known '' that workers with prolonged exposure to vibration often have
symptoms of paraesthesia, finger numbness and blanching, typical of
neurovascular dysfunction 2. Other factors such as smoking "* and nicotine N

may also modify axon reflex responses. Two preliminary reports of the present
study have been presented '*'°.

METHODS

Subjects

The subjects were consenting volunteers without exposure (o neurotoxic chemicals or
vasoactive drugs. Five groups of subjects were tested: (a) healthy controls - males
exposed to no vibration or 1o infrequent use of handyman tools (n=10, mean age 52.3
yrs); (b) diabetic subjects with a mean of 6 years duration (n=10, 2 insulin dependent and
8 non-insulin dependent, mean age 55.7 yrs); (¢) maintenance employees exposed to high
frequency pneumatic hand tools (n=10, mean age 52.2 yrs); (d) subjects who were not
diabetic or exposed to vibrating tools, but were being treated with the ACE-inhibitor
enalapril 20 mg daily for hypertension (n=5, mean age 54 yrs); (e) subjects who had
smoked more than 10 cigarettes daily for at least 15 yrs (n=10, mean age 51 yrs). All
subjects were informed consenting volunteers, and the protocol had approval from the
Human Ethics Committee of Monash University and the Alfred Group of Hospitals.
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Neurovascular function tests

The neurovascular test battery included the measurement of the axon reflex response
by laser Doppler velocimeter "' (Periflux Pf1d) evoked on the dorsum of the finger by
iontophoresis of acetylcholine 16mC (ACh) in a concentric chamber. The laser Doppler
probe-holder and iontophoretic chamber on the finger dorsum are illustrated in Fig 1.

Also recorded were the cutaneous microvascular dilator responses to stimulation of
muscarinic receptors by iontophoretic application of pilocarpine 16 mC (PILO) and of the
direct nitrodilator sodium nitroprusside 16 mC (SNP). The dose of drug introduced into
the epidermis by iontophoresis is given by the product of current (millamps) x time
(secs)"”. Fig 2 depicts diagrammatically the iontophoretic chambers in cross section and
illustrates the patterns of flare or dilator response evoked by the test baitery of chemical
stimuli.

In all subjects the skin temperature of digits was held between 33%and 34°C by a
water-perfused jacket around the forearm and wrist during the testing. The dilator
responses were measured as change relative to resting flux by means of on-line computer
analysis using the ‘Perisoft’ program (Perimed). Responses were integrated for 4 mins
from the end of the iontophoretic application of vasoactive compounds and expressed as
Voltmin'. The axon reflex nature of the response lo ACh was confirmed by its
persistence after proximal nerve local anaesthesia (see Fig 1), and its similarity to axon
reflex provoked by noxious electrical stimulation of finger skin ', Sample records using
the ‘Perisoft’ (Perimed) program are illustrated in Fig 3.

Statistical analysis

Nonparametric analysis of the data with Wicoxon’s Signed Rank test , and analysis
of variance were performed. The significance level of differences is shown by the P-value,

RESULTS

There was a significant reduction (P<0.05) in the size of the ACh-evoked
axon reflex responses for both the diabetic subjects (Fig 4a) and the group of
subjects exposed to vibration (Fig 4b). The latter also showed a significant
reduction (P<0.05) in the muscarinic receptor-dependent dilator response to PILO
16mC (Fig 4b), but responses to SNP were not significantly different in these
groups.

The group of subjects treated with the ACE-inhibitor enalapril showed a
significant reduction in the axon reflexes evoked by ACh 16mC iontophoresis
(Fig 5a - P<0.05). The group of smokers showed a tendency toward reduction in
the endothelium-dependent dilator response to PILO 16mC which was almost
significant (P=0.054).
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CHAMBER TEST FLARE DRUG DOSE

P".o 16mC

2.

Fig 2 Patterns of vasodilator response. Diagrammatic illutration of perspex probe-holder and direct
iontophoretic chamber A, and the flushed spots evoked after iontophoresis of vasoactive compounds
onto skin immediately under the laser probe.

The chemicals used in ‘direct’ chamber A are the muscarinic agonist pilocarpine (PILO) 16mC, and
a smooth muscle nitrodilator sodium nitroprusside (SNP) 8mC. In B, the concentric chamber, whose
nearest edge is Smm from the laser probe optical fibres, allows iontophoretic application of
acetylcholine(ACh) into skin remote from the recording site. The axon reflex flare evoked by ACh
excitation of nociceptors via nicotinic cholinoceptors is shown spreading both centripetally and
centrifugally from the area of application. The corresponding axon reflex flare responses, shown as
graded in intensity and size, are ACh dose-dependent.
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LASER DOPPLER FLUX (VOLTS)
=

Fig 3 Laser Doppler flux recordings, showing typical response to PILO 16mC, applied from a direct
iontophoretic chamber, in the line between the small arrows. The muscarinic receptor-dependent
vasodilation is seen nising rapidly to about 1.5V amplitude. The total response measured for 4 min
is 6.07 V.min (shaded area), computed by Perisoft programs.

An axon reflex evoked by 16mC ACh is shown (inset) at the same gain for comparison. lontophoresis

between small arrows,
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Fig 4 Diabetic versus control subjects. Histograms depicting means + SEM (bars) of neurovascular
test responses to concentric application of ACh 16mC, to evoke an axon reflex; also direct application
of PILO 16mC and SNP 8mC to evoke muscarinic receptor-dependent and smooth muscle dilator
responses, respectively.

In A are shown responses of 10 diabetic subjects (mean age 56 yrs, mean duration of diabetes 6 yrs)
and of 10 age-matched controls. B: illustrating responses of 10 subjects exposed to hand-arm
vibration (maintenance workers, frequently using various hand tools, n=10, mean age 52 yrs) and 10
age-matched controls. Open columns depict control subject responses in each instance.
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Fig 5 Smoking and ACE inhibitor versus controls. Histograms depict means + SEM (bars) of
neurovascular test responses (o concentric application of ACh 16mC, to evoke an axon reflex; also
direct application of PILO 16mC and SNP 8mC to evoke muscarinic receptor-dependent and smooth
muscle dilator responses, respectively.

At illustrating responses of 5 subjects treated for a mean of 2 months with the angiotensin converting
enzyme inhibitor enalapril 10mg bd, and 5 age-matched controls. In B are shown responses of 12
long-term smokers (mean age 51 yrs. mean duration of smoking 16 yrs) and of 12 age-matched
controls. Open columns depict control subject responses in each instance.
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DISCUSSION

The development of a sensitive method for measuring relative changes in
microvascular blood flow was first achieved with the ‘Periflux’ laser Doppler
velocimeter ' (LDV) and other similar instruments soon became available .
Comparisons between absolute blood flow, e.g. measured by microspheres, and
the flux voltage signals from LDV’s showed good linear relationships for some
instruments but no direct 1:1 correspondence . Using the LDV to measure
small increases in skin microvascular flux in response to graded electrical ® and
chemical stimuli *'*'"® enabled neurogenic inflammation and the function of
primary afferent nerves and their nociceptors to be studied. The original axon
reflex of Bayliss *° and triple response of Lewis > have been re-examined as part
of a nocifensor or damage-control system 2. It has been shown to be present in
skeletal muscle , bladder and gastrointestinal mucosa ** and even operates to
modulate blood flow in the pia-arachnoid at spinal dorsal root entry zones '’.

In vivo micropharmacology using iontophoresis e.g. with LDV flux
measurement, has demonstrated the sequential mechanisms of neuropeptide
release from primary sensory nerve endings >, and endothelium-dependent
vasodilatation by smooth muscle relaxation '*. The marked reduction of
neurogenic inflammation in diabetes mellitus * has clinical significance e.g. in
impaired wound healing and resistance to infection *°. Similarly, the desensiti-
sation of nociceptor endings by the neurotoxin capsaicin has proven clinically
useful in treating some chronic pain states *®, as well as in providing a useful tool
with which to explore neurovascular interactions and nociceptor mechanisms >,
The relative quantitative contributions of peptide release from primary afferent
nerves, mast cell histamine, other autocoids, tachykinins and prostaglandins to the
total inflammatory response are all being redefined using these techniques *~°.
Interactions with sympathetic efferent nerves which may produce skin
vasodilatation "' are also under close investigation *.

Our finding of reduction in neurovascular responses to ACh and PILO in
subjects with prolonged exposure to hand-arm vibration suggests significant smail
nerve fibre and perhaps also endothelial dysfunction. This is consonant with
recent epidemiological findings '"'>. These data suggest that this neurovascular
test battery could prove a sensitive and useful adjunct to the medical examination
for segmental vibration (AS 2763-1988) and for the investigation of Raynaud’s
phenomena. In considering the pathogenesis of Raynaud’s phenomena whether
primary or vibration-induced, the most important issue of central regulatory
disturbance as compared with peripheral vascular responsiveness remains to be
determined. The presence of a functional impairment of nociceptive afferents
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which has now been established by quantitative sensory testing '? has been
confirmed by neurovascular function tests '>'6.

Using bretylium iontophoresis ** to produce sympathetic blockade in skin,
our non-invasive neurovascular function studies have indicated that axon reflex
flare does not involve any significant participation of sympathetic postganglionic
nerves **. By contrast, the cholinoceptors appear to have a more dynamic and
complex role in axon reflex flare. Chronic smokers, exposed to regular nicotine
intake, show upregulation of nicotinic receptors on nociceptive afferents resulting
in significantly enhanced axon reflex flare responses . Further, enhancement of
ACh-evoked axon reflexes occurs during relatively brief but higher dose exposure
in the rat ', and this is likely to be due to upregulation of the nicotinic ACh-
receptors on nociceptive sensory nerves '*. The present results tested only a
small group of smokers, and their nicotine intake from more than 10 cigarettes
daily is uncertain, but was probably less than that for subjects in the group
described by Hahn ' who smoked more than 20 cigarettes daily for more than 15
years. Thus it is not totally at variance with the earlier reports that the present
results showed only a non-significant trend for enhanced axon reflexes, and the
PILO response in the smoking group bordered on significance. This suggests a
possible endothelial effect of moderate smoking. Nevertheless, given the reports
of Hahn " and of Grunfeld er al', it is possible that smoking may confound the
interpretation of neurovascular tests relying on ACh-evoked axon reflexes.

Finally the results of ACE-inhibitor treatment show clearly that this
compound, with its effects on the bradykinin system *, is also readily able to
modify ACh-evoked axon reflexes. Therefore caution must be exercised when
interpreting the results of axon reflex tests of nociceptive function applied to
diabetic subjects **'°,
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HEREDITARY SENSORY RADICULAR

NEUROPATHY: DEFECTIVE NEUROGENIC
INFLAMMATION

R. A. Westerman*, A. Block*, A. Nunnt, C. A. Delaney*, A. Hahn*,
X. Dennettf and R. W. Carr*

Intemational Diabetes Institute” and Department of Prosthetics & Orthoticst, Caulfield General
Medical Centre, South Caulfield, and State Neuropathology Servicef,
University of Melbourne, Parkville, Victoria

SUMMARY

Hereditary sensory radicular neuropathy exhibits autosomal dominant
inheritance with complete penetrance in males and incomplete penetrance in
females. Newer tests of small sensory nerve function were used in screening
8 family members aged between 14 and 66 years. All exhibited some frequent
features of the disorder with an onset in the 2nd or 3rd decade, foot ulceration,
foot callus, loss of pin prick, thermal and light touch sensation, and some
reduction in vibration acuity and proprioception in the lower limbs. The hands
were involved in 3 of 8, muscle involvement was present in 5 of 8, but
deafness was not detected by audiometry. Nerve conduction velocity, sensory
action potentials, latency and amplitude, thermal acuity, vibration acuity and
axon reflex flares were measured in all patients. One sural nerve biopsy
confirmed the presence of peripheral fibre loss in this predominantly sensory
neuropathy. Chemically evoked axon reflex tests were used to evaluate the
extent of primary sensory nerve fibre involvement. All patients were tested
using a Moor MBF 3-D dual channel laser Doppler velocimeter. Acetylcholine
or phenylephrine iontophoretically applied as 16mC doses evoked absent or
tiny axon reflexes in areas of impaired pin prick sensation. By contrast, direct
microvascular dilator responses to nitroprusside (smooth muscle dependent)
and acetylcholine (endothelium-dependent) were present but somewhat reduced
in areas with defective neurogenic inflammation. These results differ
significantly from the responses obtained in age-matched healthy controls
(P<0.05). Foot pressure analysis was performed for orthoses in 2 affected
members with foot ulceration using the Musgrave Footprint system. The utility
of these noninvasive measures of small sensory fibre function in family
screening is exemplified in this study.
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Although the condition of hereditary sensory radicular neuropathy (HSRN)
had been described previously under various titles '***°, a definitive account was
provided by Wallace ® in 1970. In his monograph ¢ he reported the results of
personal interviews and questionnaires involving more than 400 members of the
‘E’ family in which at least 42 members were affected. The present study
describes the results of tests performed on 8 new subjects with this condition, 3
of whom have a certain kinship with the ‘E’ family of Wallace . Although the
condition exhibits autosomal dominant inheritance, not all family members are
affected ¢ and therefore screening of younger members of affected families is
important. The purpose of this report is to describe the results of newer
quantitative tests of small sensory nerve function in these families and to
demonstrate the utility of such quantitative tests (vibration & thermal perception
threshold "*°, and sudomotor axon reflex ') in noninvasive screening of
putatively affected family members at an earlier age.

This disorder has a variable presentation, usually at puberty or some time
later. The first sign is nearly always the occurrence of some injury which leads
to a blister or ulcer on the foot, which becomes indolent. At this stage the distal
sensory loss may be discovered, but it may precede the initial injury and
ulceration. A detailed description is provided by Wallace in pages 13-34 of his
monograph °.

METHODS

The 8 test cases presently studied were aged between 14 and 66 years, 3 having a
family tree complete from 1833, on which their position is shown in Fig t (modified and
extended from Fig 4 of Wallace, with permission). The present test cases were
interviewed, examined, and their clinical features and quantitative sensory testing (QST)
results were recorded. These results included thermal perception thresholds for warm and
cold using a Medelec TTT device *'% vibration perception thresholds using a
Biothesiometer model PVD °, and axon reflex skin flare evoked by iontophoretic
application of acetylcholine '*'"'"* (ACh) or phenylephrine (PE) in a circumferential
chamber and measured by a Moor MBF3D laser Doppler flowmeter or a Periflux Pfld
flowmeter.  Similarly, direct application of a smooth muscle nitrodilator (sodium
nitroprusside - SNP) allowed measurement of microvascular reactivity ™.

Histopathology

A sural nerve biopsy from one affected family member taken at the age of 30 years
was fixed in 2.5% phosphate buffered glutaraldehyde, followed by osmication and
dehydration through graded acetone prior to embedding in Spurr’s (Bio-Rad) resin. Thin
sections were examined in a Siemens electron microscope.
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Fig 1  Abbreviated family tree of Wallace's ‘E’-family (modified with permission)
illustrating inheritance of hereditary sensory radicular neuropathy in 3 of 8 present cases
shown in the circle.
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Vibration perception threshold

The measurements of vibration perception threshold were made using a hand-held
biothesiometer model PVD (Biomedical Instruments, Newbury, Ohio, USA) whose plastic
probe vibrated at 100Hz. The linear scale of 0 - 50 arbitrary units reflects the applied
voltage which is proportional to the square root of the amplitude of vibration. All
measurements were made in a quiet room maintained comfortably warm at 22-24°C. The
weight of the instrument was used to maintain a firm but gentle pressure against the
following bony prominences(test sites):
elbow - olecranon, ulnar styloid; finger - tip of thumb, 2nd metacarpal head; knee -fibular
head, patellar tendon, (ibial tuberosity; feet - medial and lateral malleoli of ankle; toes -
tip of great toe, first metatarsal head. Subjects were familiarized with the buzzing
sensation of the probe against the tip of the thumb and the voltage was gradually
increased until the vibration was just felt, and then decreased until it just disappeared.
Shoes and socks were temoved and then the foot and toe sites were tested in the same
way. Variability of this procedure was less than 8% for 4 normal subjects tested
repeatedly at the same foot and toe sites over 2 periods of 5 consecutive days (see also
Wiles et al”). Results were expressed individually for each of the 8 subjects and plotted
against the age-related norms of Wiles et al’.

Thermal perception threshold

All test subjects had warm and cold thresholds measured on the anterior aspect of
the wrist, and on the dorsum of both feet, using a Medelec TTT device. In this automated
thermal threshold test®*'?, warm or cold stimuli were delivered to the skin surface through
a Peltier thermode. The magnitude and duration of the applied current regulated the
thermal stimulus and a constant rate of change of temperature (1°C per sec) was provided
for each stimulus. Thermal stimuli were presented only during one of 2 time windows
shown to the subject by a pair of illuminated light-emitting diodes and the subject
indicated in which time period each stimulus occurred by using a switch. The subject’s
success rate was analysed by the microprocessor using the ‘up-down transform rule’ to
compute the temperature which the subject could detect reliably.

Sudomotor axon reflexes

Subjects were either test cases, or age and gender- matched controls, and were tested
seated comfortably in a recliner chair. When the forearm was being tested, the arm was
comfortably positioned on the arm of the chair, with its volar surface facing upwards. For
testing the foot dorsum, the leg was extended and supported approximately 30cm above
the ground. Relative changes in skin blood flow were measured with a laser Doppler
velocimeter (Moor MBF3D or Periflux Pf1d). The LDV measured basal blood flow while
sitting in a plastic probe-holder that was fixed to the skin by double-sided adhesive discs
(3M). A battery powered constant current source (WPl A360) was used to provide a
direct (galvanic) current for drug iontophoresis. The drugs were dissolved in distilled
water to produce 1% aqueous solutions, and were introduced into the perspex
chamber/probe holder by a syringe attached by teflon tubing to the stainless
needle/electrode (Fig 2). An indifferent electrode of cotton gauze wet with distilled water
was attached to either the wrist or the ankle of the subject, After inserting the laser probe
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and recording basal blood flow for one or 2 minutes, an appropriate anodal or cathodal
current was applied to introduce the desired ions into the epidermis. The product of DC
current level x time defined the dose of drug introduced, and was expressed as total
charge transferred in milliCoulombs (with current in mA and duration in sec). The blood
flux changes occurred in response to activation of the microvascular endothelium, either
by the peptides released by an axon reflex from nociceptive afferents, or by direct
endothelial or smooth muscle activation. Flux change was measured as the voltage.time
integral by a digitising programme (Sigmascan) during the 4 minutes following
iontophoretic application of a drug. A more detailed description of the iontophoretic
technique is given in Westerman et al '*.

Nerve conduction velocity

For those test cases who had not already had NCV’s measured by a clinical
neurophysiologist prior to attendance, a Cadwell 5200A portable EMG machine was used
to record the median and ulnar sensory nerve conduction velocity, action potential
amplitude and latency in the hands from the fingers to the wrist, and in the feet or legs
from the medial plantar and sural nerves. Electrode placements and techniques were those
of De Lisa and McKenzie "°.

The Musgrave Footprint system

To measure foot pressure distribution with time during repeated steps, subjects
walked over 2 footplates each with an FSR (force sensing resistor) containing a grid array
of 2048 (64 x 32) pressure sensitive sensors of 5 x 5 mm. These were calibrated
individually and mounted in the footprint system using a M-30-K load cell. These were
electronically scanned at 68Hz (136,533 sensors/sec), and the data were read into an [IBM-
AT compatible computer with an 80386 SX/DX or 80486 SX/DX CPU.

The Musgrave Footprint analysis software was convenient to use, and ran under
MSDOS (version 3.3 or later). It was possible to export the data in a standard format
readable by most commercial spreadsheets (such as Lotus 123, Supercale, Excel etc),
database managers (dBaseV, Foxbase, R-Base etc) and statistical packages (SPSS,
MathStat etc). If graphical manipulation was required it was possible to do this via the
facilities offered by Windows Version 3.1. A standard Hewlett Packard Paintjet was used
for the colour printouts of selected screens. Foot pressures during the cycle were analysed
in many different ways. These included comparisons of stance phase (e.g. contact, mid-
stance, propulsive phase), foot-ground sequences, centre of load (one or both feet). Single
sensors or groups of sensors* could be selected to provide load/time* and %
pressure/time* graphs. A ‘GRID’ array of sensors was selectable providing peak pressure
values of each individual sensor as well as the values for each sensor per scan. There was
also an option to analyse certain foot statistics on screen (length, width, angles, angle
changes, distances).

Examples of asterisked analysis methods are given in Figs 9 and 10.
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Statistical methods

Statistical analysis of the data was performed using the SPSS-X student package on
an IBM PC 386-compatible microcomputer, and the Sigmaplot 4.0 statistical routines. A
nonparametric test (Wilcoxon Signed Rank test) of significance was used to compare
neurovascular test results between groups.

RESULTS

Features of hereditary sensory radicular neuropathy

Table 1 provides a summary of the clinical details of the 8 test cases in the
present cohort and some features of the condition, while the relative frequency
of findings in this group is compared with that of Wallace’s group in Fig 3.
Concordance was generally good, but in neither of the present families was spina
bifida evident, while muscle involvement, proprioceptive loss and impaired
vibration acuity were much more evident.

Table 1 Summary of findings present 8 cases
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Histopathology

In one of the family members a sural nerve biopsy had been performed 12
years before when this patient was undergoing neurological diagnostic
investigation of his severe sensory neuropathy. An electronmicroscopic montage
of portion of the nerve recently taken from the file block of nerve is shown in
Fig 4. Examination with both light and electron microscopy showed a complete
absence of myelinated nerve fibres within the nerve fasciculus. Increased
amounts of endoneurial collagen were present. There was no significant
perineurial thickening.
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Vibration acuity

The vibration sensitivity of the 8 HSRN test cases in this study, measured
by means of a Biothesiometer model PVD, is shown for upper and lower limb
test sites in Fig 5. Only the youngest 3 (14,19,21 years) of these family members
showed vibration perception thresholds conforming closely to the normal range
for age (Wiles et al”) over most of the test sites. Older family members (aged
25 to 66 years) all showed some impaired vibration acuity at the great toe or first
metatarsal head (column E) and at the ankle malleoli (column D).

Thermal acuity

Fig 6 shows the sensitivity to warm and cold stimuli applied over the
dorsum of the feet and the volar surface of the wrists. Both warm and cold
thermal perception thresholds were elevated for all HSRN test cases on the feet,
consistent with impaired thermal acuity in this condition.

Chemically evoked axon reflex flare

Typical results for this test of nociceptive sensory nerve function on the foot
dorsum of 3 of the 8 HSRN family members are provided in Fig 7. It is evident
that the axon reflex dilator responses to ACh and PE are dramatically reduced,
while the endothelial responses to ACh applied directly via chamber B (Fig 2)
or the smooth muscle responses to direct SNP are larger, but variable. The
pooled results of skin vascular reactions to iontophoresis for the 8 family
members, and for 8 age and gender matched healthy subjects are shown in
histograms (Fig 8). The most significant difference between the groups is the
reduction of the ACh-evoked axon reflex in HSRN test cases as compared with
controls. The dilator responses to direct ACh and SNP are just significantly
reduced for the HSRN group compared with the control group.

Analysis of foot pressures during the step cycle was performed on the
Musgrave Footprint system. This is illustrated in Figs 9 and 10 for one affected
family member (aged 36 years, body weight 120kg) with foot ulcers and osteo-
myelitis. His maximum pressures were displayed in a grid array (A) for all
sensors in the footplate, and then an area corresponding to the metatarsal heads
was selected for enlargement and display (B). From these, 3 high pressure
regions were chosen and pressure/time graphs were printed for each of these
areas, shown in Fig 9C. In the same subject Fig 10 shows the total load/time
plot performed for the left foot in A, with no covering on the foot, and in B
when wearing an orthosis. The total load is shown plotted against time for both
feet in Fig 10C; for the left foot during walking the peak load during propulsion
was 143.3% of bodyweight (120 kg), but for the right foot during corresponding
step cycles the peak load propulsion was 98.4% of bodyweight. The further
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analysis with centre of load showed a rolling from medial to lateral with the left
foot bearing the disproportionate loading during the step cycle. Wearing the

orthosis gave evidence of effective load reduction on areas subjected to peak
pressure.

DISCUSSION

Consequences of sensory neuropathy

Injury or noxious stimulation of skin or deeper tissues results in excitation
of nociceptive afferent nerves leading to pain sensation, behavioural modification
and a neurogenic inflammatory response '*'”. Thus nociceptive sensory nerves
should now be considered as sensory and motor in function, both types of
responses being nocifensive "',

In normally innervated skin neurogenic inflammation is seen as a pink
flare?, but is abolished by denervation 2?2, The neuropeptides released in this
nocifensor reaction ** aid wound healing %%, but in patients with severe
sensory neuropathy due to causes such as diabetes mellitus 2 or HSRN the
protective neurogenic responses are reduced or absent . The progressive sensory
loss in HSRN usually results in severe injury and often deformity ¢ and this is
most evident in the most severely neuropathic family members. Although the
condition shows an autosomal dominant inheritance, not all family members are
affected, and therefore screening of younger potentially affected family members

is important. To this end, genetic linkage studies are in progress elsewhere **,

The present report describes a small cohort involving 8 members of 2
families. Because the major defects in HSRN appear to relate to the progressive
severe sensory neuropathy, conventional and quantitative sensory testing '' of
small and large nerve fibre function was performed. Vibration acuity, which
depends upon larger myelinated fibres, was reduced in the older affected family
members (Fig 5), which is consistent with the results of the sural nerve biospy
(Fig 4) indicating severe involvement of large and small nerve fibres.

Small sensory nerve fibre function

Ounly clinical tests of small sensory nerve fibre function (pinprick,
temperature) were performed by Wallace ©, except for recording skin flares to
intradermal injections of 1:1000 histamine in ‘several’ affected individuals. He
interpreted the absence of the normal flare surrounding the wheal as due to
degeneration of peripheral processes of the spinal root ganglion neurones. His
illustrative figure, reproduced as an inset to Fig 3, graphically demonstrates the
absence of neurogenic flare in this case (VI,115). Further, his clinical
descriptions of the sensory changes closely resemble those commonly recorded
in diabetic sensory neuropathy .
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SKIN VASCULAR RESPONSES TO IONTOPHORESIS
OF ACH, SNP AND PE
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Fig 8 Histograms showing means and standard deviations of the skin vascular reactions on the foot
dorsa of all 8 test cases for the drugs applied directly (ACh, SNP) or indirectly in a circumferential
chamber to evoke axon reflexes (ACh, PE).
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Fig 9 Fool pressure analysis using the Musgrave Footprint.

In one affected family member (aged 36 years, body weight 120kg) who had foot ulcers and osteo-
lysis, foot pressures were recorded for repeated steps without shoes or an orthosis. A anid array of
maximum pressures for each sensor 15 shown in A, with the black rectangle defining the area to be
enlarged. In B the selected area for maximum individual sensor pressures is enlarged, with peak pres-
sure values for each sensor being identified and displayed. From these. in the inset C. 3 major high
pressure sensor areas are selected and pressure/time graphs displayed for the chosen scans and areas
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Fig 10 Foot pressure analysis using the Musgrave Footprint.
In the same subject as Fig 9, total load/time displays are shown for the left foot without af orthosis
(A) and with an orthosis (B) being worn during the step recording. The pressures versus time plot
for both the right and left foot during corresponding step cycles is shown in C. Note that the peak
total load during propulsion for the left foot without a prosthesis is 171.9 kg (143.3% of bodyweight),
while that for the right foot shows a peak total load of 118kg (98.4% of bodyweight).
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The impairment of thermal acuity that was clearly evident in the present
cohort, and which was more striking in older (33-66 years) than in younger (14-
25 years) family members, is consistent with Wallace’s findings. Warm
sensation is conveyed by both C-thermal and C-polymodal fibres, so that a
greater deficit in warm perception than in cold perception could be expected if
the smallest fibres are affected earliest and most severely.

This provided the rationale for the axon reflex testing by iontophoretic
application of ACh, which is known to excite nociceptive afferents by nicotinic
cholinoceptors on the primary sensory nerves . The results show a striking and
significant reaction in the ACh-evoked axon reflex on the dorsum of the foot of
affected family members, and this is more severe in the older subjects. A
surprising finding was the reduction of the microvascular smooth muscle
response to the direct nitrodilator SNP in the HSRN group compared to the age
matched controls. This might suggest that expression of the gene defect does not
only lead to a progressive loss of dorsal root ganglion cells, particularly of the
smallest type, but is also expressed at the microvascular smooth muscle. This
is possible because the exact nature of the genetic defect is unknown, but it is not
easy to relate it directly to the sensory nerve deficit because the dilator
mechanism in the 2 situations is different. Certainly axon reflex dilator
responses are endothelium-dependent ', occurring via nitric oxide release by
endothelium. Also, alterations in the number and density of ACh-teceptors on
target neurones have been demonstrated . However, the mode of action of the
nitrodilator SNP appears to be by the release of nitric oxide in smooth muscle,
and occurs in the absence of endothelium *'. By contrast, axon reflexes evoked
by neurotransmitters which act on sensory nerves, such as acetylcholine or
histamine, trigger excitation of the nociceptor and then a cascade involving
release of neuropeptides. These act on the endothelium which in turn relaxes the
smooth muscle by release of nitric oxide, and this ‘axon reflex’ vasodilation does
not occur if endothelium is removed or inactivated '**'. This smooth muscle
dysfunction in HSRN remains to be confirmed in a larger number of cases, and
its pathological significance remains unknown.

Screening tests and risk assessment

In terms of screening tests, the ‘low-tech’ classical test of nociceptive
sensation viz. pinprick, as carefully applied by Wallace ®, appears to offer much.
Chemical axon reflex tests can be performed either by iontophoresis, as in the
present study, or by simple intradermal injection of histamine, as illustrated by
Wallace ®. This is another specific test of nociceptive sensory function and the
present results suggest that this test, together with pinprick acuity, could be the
most useful early screening tests in younger family members. Quantitative
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sensory tests of thermal acuity also showed high concordance, but vibration
acuity was less sensitive in the youngest test cases. Family counselling,
instruction and explanantion of HSRN is important.

Finally, the risks of foot damage in the neuropathic foot are just as great in
HSRN as in severe diabetic neuropathy *>. Analysis of foot pressure distribution
during walking, using instruments such as the Musgrave Footprint system, can
greatly assist the prosthetist/orthotist and supervising physician to select the best
combination of orthosis, protective footwear, and other techniques such as
double-knit socks. The aim is for optimum weight redistribution to avoid
dangerous peak pressures with prolonged durations during the step cycle. Foot
pressure analysis also provides information to assist in decisions regarding
reconstructive surgery or amputation.

In the longer term prospectively, genetic linkage studies are unquestionably
the most important ones, and particularly the studies of the Sydney group **.
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REFLEX SYMPATHETIC DYSTROPHY: ALTERED
AXON REFLEX AND AUTONOMIC RESPONSES
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Department of Orthotics, Prosthetics and Amputation Servicesi,

Caulfield General Medical Centre, Caulfield, Vic.

SUMMARY

Cutaneous axon reflex vasodilation depends on the integrity of C-
polymodal nociceptor nerve fibres. It is evoked chemically by iontophoresis
of either acetylcholine (ACh) or noradrenaline and agonists, e.g. phenylephrine
(PE). In the recent study of Drummond ef al ¥, patients with reflex
sympathetic dystrophy (RSD) who exhibited clearly increased sweating of the
affected hand or foot had lower plasma noradrenaline levels on the painful
side. Therefore the present study used laser Doppler flowmetry (Moor
MBE3D) to measure ACh and PE evoked axon reflexes in the skin of 20
healthy consenting controls, 24 consenting lower limb amputees, 24 patients
with chronic pain resembling RSD, and in the skin of their respective
contralateral unaffected limbs.

Drugs as 1% aqueous solutions were iontophoresed from an annular
chamber 5mm distant from the centrally located laser Doppler flow probe, with
a constant (DC) current of 0.2mA. In control subjects ACh and PE produced
neurogenic inflammatory (axon reflex) responses of 1.44 + 1.01 and 0.30 +
0.36 V.min, respectively. When ACh was preceded by PE pretreatment at the
same skin site, the axon reflex dilator response (1.80 *+ 1.14 V.min) was
increased, but not significantly, and the response to PE following ACh
pretreatment was significantly increased (0.92 + 1.19 V.min). Cycle exercise
for 20 min at a work rate sufficient to raise the heart rate to 140-160 bpm
significantly reduced that ACh-evoked axon reflex to 1.09 + 1.99 V.min
(p<0.03) but increased the PE-evoked response to 0.63 + 0.85 V.min (p<0.05).
In RSD patients the ACh-evoked axon reflexes were significantly smaller
(p<0.05) in the skin of the painful Limb (0.95 + 0.60 V.min) compared with the
non-affected limb (1.71 + 2.10 V.min); the latter were not significantly
different from the responses in healthy subjects (1.44 + 1.01 V.min). In
painful limbs of RSD subjects the PE-evoked response (0.39 + 0.65 V.min)
was significantly enhanced by ACh pretreatment (0.76 + 0.21 V.min), but the
ACh response after PE-pretreatment was not enhanced.
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These data indicate that axon reflexes are evoked in human skin by
cholinergic and o-adrenergic agonists and these mechanisms of C-fibre
activation show interactions possibly at the receptor level. The altered pattern
of chemically evoked axon reflexes in the skin of affected limbs in patients
with RSD suggests a peripheral role of the sympathetic innervation in
nociception and chronic pain maintenance, not excluding any central effects.

Reflex sympathetic dystrophy (RSD) is a syndrome, or perhaps a group of
related syndromes, characterised by pain, usually burning in quality, vasomotor
and sudomotor disturbance, dystrophy and, very often, marked hypersensitivity.
RSD can occur following surgery, trauma, or certain disease states'. Evidence of
autonomic involvement includes the clinical features of temperature and colour
change, usually redness early, and pallor later with, in some cases blueness;
sudomotor changes ; vasomotor instability associated with prolonged capillary
refill time?; finally, sympathetic blockade to provide pain relief is considered
diagnostic*** and may be used therapeutically®™*®. The trophic changes include
swelling, stiffness and sometimes fibrosis; osteoporosis may occur, with trophic
changes in skin and nails, and a general marked aversion to use the affected
limb"2?,

The pathogenesis of RSD is unknown, but has been reviewed recently'®'"',
Various mechanisms have been proposed®'"", including sensitisation of
nociceptors', which may be associated with an increased sympathetic outflow’.
However, more recent evidence suggests that vasoconstrictor tone'’, and plasma
noradrenaline levels and those of its metabolite dihydroxyphenylglycol (DHPG)'®
are reduced in affected regions. This supports the contrary view, that RSD is
associated with decreased sympathetic outflow'®.

This fundamental question deserves clarification because RSD treatment has
often included sympathectomy or more recently, regional sympathetic blockade’.
The present study aims to measure neurovascular function, including nociceptor
and autonomic responses in RSD-affected skin using non-invasive
techniques'™'®'”. A preliminary report of this has been presented?.

METHODS

Subjects

Subjects used in this study included 20 healthy consenting volunteers, and
24 patients with features of RSD who had suffered pain with signs of
sympathetic dysfunction for periods between 3 and 72 months (average=19.7
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months). Their ages varied from 18 to 67 years with a mean of 43.6 years.
Upper limb pain was prominent in 8 of the 24 subjects. In all except 2 cases,
pain first started after injury to a limb. In addition, 24 lower limb amputees were
tested, at an average of 2.4 months after the amputation.

A full medical examination was conducted on each patient by a rehabili-
tation physician. Also a general questionnaire regarding medication and exercise,
smoking and drinking habits was completed by each patient, as well as a more
detailed questionnaire with the assistance of a clinical neuropsychologist.
Confidentiality of all records was maintained by using locked files and only
placing patient initials on any recorded data.

Eight of the patients underwent chemical sympathectomies during the study,
with a return of pain in only one of these subjects. Written voluntary informed
consent was given by all patients for the procedures which were approved by the
Monash University and Royal Melbourne Hospital Ethics Committees.

Control subjects consisted of healthy consenting volunteers recruited from
Monash University, Caulfield General Medical Centre and the Essendon District
Memorial Hospital, age-matched as far as possible.

Examination & preparation for recording

Each participant was given a detailed explanation of the procedures involved
prior to testing. Subjects with RSD received additional explanation and
reassurance that the testing was non-invasive and did not involve any further
induction of pain. In RSD subjects, tests were conducted on the painful limb and
on corresponding contralateral sites. Subjects who had undergone
sympathectomy were tested on the sympathectomised and contralateral non-
sympathectomised limbs (where applicable).

The dorsal surfaces of both hands were used as the sites of testing in all
control subjects. Test sites in patients were judged on the basis of the site of
pain. The hand dorsum was used in 16 patients, the dorsal area of the knee was
used in 3 patients, and the foot dorsum/ankle was used in 5. To reduce skin
impedance and prevent leakage from iontophoretic chambers, test sites were
shaved with an electric razor and cleaned with a 70% isopropyl alcohol swab.

Subjects whose upper limbs were being tested were seated in a comfortable
chair with their arms resting on a pillow placed on their lap during testing.
Altematively, lower limb subjects were provided with a seat upon which they
rested their legs during testing. Prior to testing, the ambient temperature was
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recorded as was the skin temperature at sites on both normal and painful limbs
using a ‘First-Temp’ infrared thermometer in scan mode. Patient testing was first
performed on the non-painful side and then, with patient consent, testing
continued on the painful side.

Neurovascular tests: laser doppler velocimetry

To test neurovascular function, the skin blood flux was monitored before,
during and after iontophoretic application of vasoactive chemicals?'. The skin
blood flux was measured non-invasively using a dual channel Moor MBF3-D
laser flow monitor’®?. This sensitively measured changes in the local skin
microcirculation at 2 different sites simultaneously to reduce variability”®, A
laser probe holder was attached to the skin at the test sites with a double-sided
adhesive disc which produced a water-tight seal with the skin. Two types of
probe holders (chambers) were used: A - an indirect circumferential chamber
(Figs 1,2) was used to produce an axon reflex and spreading flush by nociceptor
stimulation distant from the recording laser probe. The direct (central) chamber -
B (Figs 1,2) was used to test endothelium and smooth muscle, by measuring
changes in microcirculatory activity produced by iontophoretic application of
agonists immediately beneath the laser probe.

A concentric chamber combining both the indirect and direct chambers was
used in 8 control subjects making possible 2 different (i.e. indirect and direct)
lontophoretic applications at the same recording site. All these chambers
combined the function of jontophoretic applicator and probe holder for blood flux
measurements.

The laser probe used for measuring blood flux was inserted vertically at the
centre of the holder (Fig 1) and held 0.55mm from the skin'”. The laser Doppler
velocimeter uses glass fibres to transmit a near infra-red beam (810 nm) to
illuminate the tissue and collect the reflected light. Laser light scattered from
moving red blood cells and static tissues undergoes a frequency shift according
to the Doppler principle. The reflected light then travels back to a photodetector
to produce an output which is linearly related to the product of the number of
cells and their velocity (i.e. the blood flux). The laser diodes output 1.2mW at
their tip and respond almost identically over a range of red blood cell velocities
and concentrations®. Therefore they can bé used to measure dynamic changes
at differing sites reliably and safely, sampling an approximate radius of 1.5mm
of tissue.
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All the responses measured were obtained using the Moor MBF3D laser
Doppler velocimeter (wavelength 810 nm). Probes were calibrated weekly
against a reference motility standard. This standard used the Brownian motion
of polystyrene microspheres in water to produce the reference signals. The
Brownian motion is temperature dependent and hence the standard was stored
between 20 and 22 degrees Celsius.

lontophoresis

This is the method by which ionised substances are introduced into the skin
to stimulate sensory and autonomic nerves or microvascular structures’. The
chemicals used to elicit axon reflex responses (neurovascular testing) were the
cholinergic and adrenergic agonists, ACh and PE respectively, dissolved as 1%
solutions in distilled water™. Iontophoresis used a battery-powered iontophoresis
unit to provide a 0.2mA direct (galvanic) current to effect the transfer of the
drug. To complete the circuit, an indifferent electrode (distilled water-soaked
gauze) was placed either on the subject’s wrist or around the ankle. The active
electrode polarity was dependent on the charge of the drug to be transferred:
anodal currents were used for cations in ACh chloride and PE hydrochloride.
The total amount of drug ions iontophoresed was given as the total charge in
millicoulombs (mC) obtained as the product of duration of application (s) x
current (mA)*'. ACh and PE were iontophoresed for a total of 16mC (0.2mA x
80s)™. The current strength was sufficiently small to produce minimal local and
absent central effects: only a mild prickling or itching sensation was noticed by
some subjects during iontophoresis.

Sodium nitroprusside (SNP), an endothelium-independent nitrodilator, was
used as a 1% solution applied from a direct chamber' in patients having
undergone chemical blocks. A cathodal current repelled the anion into the skin
for a total charge of 8mC (0.2mA x 40s). The agonists used had only local
effects in these tests and all equipment was fully isolated from the patient and
mains power by a safety circuit.

Responses to iontophoresis of ACh, PE and SNP were recorded for a period
of 4 minutes from the end of iontophoresis on a DP600 chart recorder (ICI
Instruments) - see Fig 2 for typical records. The microvascular dilator responses
were measured as the changes in blood flux above the baseline. These were
quantified by measuring the voltage-time integral under the curve of each
response using the ‘Moorsoft’ programme or a digitising tablet and ‘Sigmascan’
software (Jandel).
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Fig 2 lontophoretic chambers and response patterns,

Upper left: Perspex probe holder with circumferential chamber (A) and central chamber (B) showing
dimensions. [lustrated is an annular dilator response with spreading axon reflex flush. Upper right:
illustrates the small circular red responses to endothelial dilators (pilocarpine or acetylcholine) or the
nitrodilator sodium nitroprusside (SNP) iontophoresed from the central chamber,

Mid-portion: Shows location of perspex probe holders on the hand dorsum at sites [ and [1.
Lower portion: Shows blood flux vs time records of interactions between sequential agonists
iontophoretically applied at site I, ACh 16mC, then PE 16mC. At Site Il PE 16mC preceded ACh
16mC,  Note the enhanced larger size of the axon reflex after pretreatment compared to the
corresponding size on naive skin. The stippled zone indicates the period of iontophoresis on the time
axis, Calibration bars 1V, and | min,
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lontophoretic protocols

The chemicals used, their doses and combinations of iontophoretic
applications are shown below for all subjects. It is important to note that each
test was performed at the corresponding sites on each side of the body (Figs
2,3,4,5,6,7).

Control subjects: using a perspex circumferential chamber,

1. Sitel: 16mC ACh followed by 16mC PE

2. Site II. 16mC PE followed by 16mC ACh

Subjects with RSD and subjects with sympathectomy: as above.

Amputees:

In 25 patients with recent lower limb amputations the battery of

iontophoretic tests was performed on denervated skin, and on corresponding

normal skin from the contralateral limb (Fig 4A,4B).

Concentric chambers

In these tests, eliciting an axon reflex preceded iontophoresis of an
endothelium-independent nitrodilator in the direct compartment when the blood
flux returned to baseline. In both amputees and patients with RSD, changes in
microcirculatory activity were measured, recorded and compared to direct
responses elicited by the same vasodilator (SNP) on naive skin sites (i.e. without
axon reflex pretreatment - Fig 4C).

Tontophoresis in these concentric chambers consisted of:

Site I: 16mC axon reflex (ring), then 8mC SNP (direct).

Site II: 8mC SNP (direct).

Exercise and neurovascular function

Of the 20 control subjects, 8 volunteered for an exercise session. Only 2
of the RSD subjects participated in a 6 week exercise program. The 8 control
(non-RSD) subjects completed the exercise period consisting of cycling in a
stationary position for 15 minutes at a workload of 60% of the estimated
maximal heart rate (with a 3 minute warm up and 2 minute cool down period).
The pulse was monitored for the duration of the exercise period using a Polar
sports-tester which calculated the heart rate every 15 seconds. Iontophoretic tests
(see protocol above) were conducted immediately before the exercise period.
The tests carried out immediately post exercise consisted of:

Site I: 16mC ACh;

Site 1I: 16mC PE in direct chambers with no sequential application

of agonists. (For results see Fig 3).

Statistical analysis

Data are expressed as the means + SEM. The significance of differences
was calculated by either Student’s t-test or non-parametric analysis using
Wilcoxon's signed rank test for paired and unpaired data, as appropriate.
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EXERCISE - AXON REFLEXES

(Healthy Controls)

CHANGE IN BLOOD FLUX

CHANGE IN BLOOD FLUX

Fig 3 Exercise.
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Mean laser Doppler blood flux responses to indirect iontophoretic application of
(a) ACh 16 mC and (b) PE 16 mC are shown for healthy control subjects who performed exercise
(see methods). Initial values pre-exercise are given at left (open columns), the right hand histograms
(crossed columns) show blood flux responses to the same chemical stimulus at the end of exercise.
Middle histograms (stipple) show the blood flux changes pre-exercise but following sequential
application of the other agonist ie the middle (stippled) column in the upper half is the response to
ACh after PE treatment and in the lower half, the middle column shows PE axon reflex responses
after ACh pretreatment. The right hand column responses post-exercise are not sequential
applications, so they should be compared with the left hand column showing initial pre-exercise axon
reflex responses. Statistical significance was measured by non-parametric Wilcoxon signed rank test.
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Fig 4 Amputation. Shows mean laser Doppler blood flux responses to iontophoretic application of
(A) ACh 16 mC, (B) PE 16 mC onto naive and post-amputation stump skin (left hand columns) on
average 2.1 months post-amputation. Sequential application of ACh and PE were also performed,
and the pretreated responses are shown in the right hand columns.

In C, a nitrodilator sodium nitroprusside (SNP) ¥ mC was applied from the central direct chamber
of a dual chamber concentric probe holder. Responses with (left columns) and without (right
columns) pretreatment by prior axon reflex evoked from the peripheral ring chamber are shown.
Statistical significance according to Wilcoxon's signed rank test is shown by asterisk and P-value.
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RESULTS

Control subjects and exercise

The hand dorsum was used to test neurovascular function in control subjects
(Fig 2). Axon reflex responses elicited by iontophoretic application of
cholinergic and adrenergic agonists were measured.

The sequential application of 2 agonists elicits potentiated axon reflexes (see
Fig 2), the second agonist iontophoresed producing an enhanced second axon
reflex vasodilatation.

Fig 3 shows the axon reflex response to PE in control/non-RSD subjects
which was significantly enhanced by ACh pretreatment, when compared to that
elicited on a naive site (ie without pretreatment) (Student’s t-test, t=3.287,
p<0.01). By contrast, PE pretreatment seemed to have no significant potentiating
effect on ACh axon reflex responses in the control subjects in this study.

Following exercise, a reduced axon reflex to ACh was seen and the
attenuation was significant (see Fig 3A). PE on the other hand showed a larger
neurovascular response following the 20 min exercise period in control subjects.
Potentiation was also significant (see Fig 3) even with the small number of
subjects tested.

Amputees

Axon reflexes from normal and denervated skin are shown for amputees in
Fig 4. In Fig 4A, on amputation stump skin, responses to either ACh alone, or
following PE pretreatment, were both significantly reduced (p<0.01) compared
to responses obtained from corresponding skin sites on intact limbs in the same
subjects.  Similarly, in Fig 4B responses to PE, whether alone or after
pretreatment by ACh, were significantly reduced when compared with those on
corresponding skin sites on the intact limb (p<0.01). In Fig 4C, results from
concentric chamber tests were used to examine different sequential agonist
interactions on naive and pretreated sites. Direct iontophoresis of sodium
nitroprusside (SNP) on a naive skin site showed no statistical difference in
vascular-dependent vasodilatation when compared with a site pretreated with an
axon reflex (Fig 4C).

Reflex sympathetic dystrophy vs healthy control subjects

When compared to healthy control subjects, the ACh axon reflex response
on naive skin of RSD-affected subjects was significantly reduced when analysed
by the Student’s parametric independent t-test (t=2.779, p<0.01 - see Fig 5). The
average of the axon reflex responses elicited by PE in RSD and non-RSD
subjects showed no statistically significant difference when both groups were
compared.
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Fig 5. Healthy controls vs subjects with RSD. Mean laser Doppler blood flux responses to indirect iontophoretic application of ACh 16 mC and PE
16 mC onto naive skin are shown for n=10 healthy control subjects (open columns) and for n=24 patients with RSD (hatched columns). Asterisks
denote statistical significance with p-values, measured by Wilcoxon’s non-parametric signed rank tests.
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RSD SEQUENTIAL AGONIST INTERACTIONS
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Fig 6 RSD subjects: Normal vs affected side. Mean laser Doppler blood flux responses to indirect
iontrophoretic sequential application of agonists ACh 16 mC and PE 16mC as described in Methods.
For both upper and lower panels, the initial agonist response, described as naive skin, is shown as
open columns and the response after pretreatment with the other agonist is shown cross-hatched.
Statistical significance was measured by non-parametric Wilcoxon signed rank tests; P-values are
given for the significant comparisons (asterisked).
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Fig 6 shows the responses in subjects with RSD comparing the limb of the
painful side to that on the non-painful side (contralateral limb). Sequential
interations between cholinergic and adrenergic agonists elicited enhanced axon
reflexes in all non-RSD skin areas, but not in RSD skin in the same subjects in
response to ACh iontophoresis. Difference in subject numbers indicate the
patients who suffered bilateral RSD: in these subjects each limb was recorded as
a separate entity. Fig 6A shows how pretreatment with PE produced an
enhanced ACh response (not statistically significant) in normal skin. However,
in RSD skin, the tendency to enhancement was abolished. ACh pretreatment in
both normal (contralateral) and RSD skin elicited an enhanced PE axon reflex.
Statistically significant PE potentiation by ACh pretreatment (t=3.538, p<0.01)
however, was seen only at sites on RSD skin (Fig 6B).

Pain rating and anxiety level: visual analogue scales

The relation between subject pain rating and duration of RSD syndrome in
months showed no statistical significance; however there was a strong tendency
for pain to increase with time. This is indicative of the evolution of the
syndrome which depicts changes in pain levels throughout the progressive stages.

No clear correlation of anxiety levels with neurovascular responses was
found in patients with RSD. However people with maximal anxiety (measured
with visual analogue scales) had no blood flux readings greater than 1 V.min,
and generally tended to show smaller flux levels.

Skin temperature

Measured by emission thermography, reflex sympathetic dystrophic skin
show a wide range of temperatures. However, there was no significant difference
between RSD-affected and contralateral normal sites.

Sympathectomy

When compared to normal contralateral limbs, axon reflexes of
sympathectomised skin showed a tendency to be reduced (see Fig. 7). The PE
axon reflex on sympathectomised skin, as assessed by a Student’s t-test, showed
a statistically significant reduction (t=2.185, p<0.05).



224

BLOOD FLUX (V.MIN)

Clinical and Experimental Neurology

SYMPATHECTOMIES

1.0 r CONTRALATERAL SYMPATHECTOMISED

LIMB LIMB
0.8 |+ nme 8 ne=g
ol
0.4 |
0.2 |
0.0

ACH PE ACH PE

Fig 7 Axon reflex flare responses evoked on sympathectomised skin compared to sites
on the contralateral (non-sympathectomised) limb. The chemically blocked limb had a
tendency to exhibit reduced responses with that to PE being significantly reduced.
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DISCUSSION

The effects of RSD can be devastating if it is inadequately treated. In later
stages the affected limb may become almost non-functional, and the persistent
pain so distressing that it may destroy the patient’s quality of life in every arena -
job, employability, family relationships, and recreation. Insufficient is known
about the mechanisms underlying RSD, its pathogenesis, how to prevent it, or
even how to diagnose and manage it effectively. In this condition of RSD (also
termed sympathetically-maintained pain), there are several critical questions
unanswered, and these should be discussed in the context of the present axon
reflex findings: (1) Is the sympathetic tone to the RSD-affected limb increased
or decreased? (2) How do sensory and autonomic nerves contribute to the
response to injury? (3) How may the present findings be best interpreted? (4)
Is RSD a particular form of disordered healing? (5) What might be causes for
such a disorder? (6) What types of therapy are suggested by the foregoing?

Role of sympathetic nervous system in RSD

In RSD, unlike normal injuries, sympathetic activity (either sudomotor or
vasomotor) aggravates or prolongs pain in the affected region, while blocking
sympathetic outflow to that limb usually reduces or abolishes the pain for some
time?. The conventional assumption about the warm,dry,red skin in the affected
region that occurs early, and which later tends to be cold and sweaty, is that of
sympathetic overactivity®. This predicates the basis for the common diagnostic
procedures and treatment, viz some form of sympathetic blockade®*”®. In spite
of this view, there is now increasing evidence suggesting the contrary'®. First,
Wallin e al”, using microneurographic recording of sympathetic efferent activity
to RSD-affected skin, found qualitatively normal responses to arousal stimuli.
Christensen and Hendricksen'® used proximal nerve block to interrupt
sympathetic outflow in 6 patients with RSD and showed a significantly smaller
increase of skin blood flow (35%) in the affected hand than on the other side
(122%). Rosen and colleagues®’ described reduced nailfold blood flow usin g laser
Doppler velocimetry in 12 patients with RSD compared with that in controls.
Drummond er a!'® studied venous plasma catecholamine levels in 26 patients with
RSD features and found that levels of plasma noradrenaline, and of its metabolite
DHPG, were lower in the painful limb. All these findings suggest that
sympathetic activity to RSD-affected limbs in the situations described was lower
rather than higher than in the unaffected limbs. This is more consistent with the
sweating and vasomotor disturbance being due to super-sensitivity to sympathetic
neurotransmitters'®.
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Sensory and autonomic nerve interactions

The sensory innervation of the skin comprises many unmyelinated fibres
including those involved in nociception® . Cutaneous axon reflexes depend upon
the integrity of C-polymodal nociceptors, and therefore the axon reflex flare'”'#!"
is an index of cutancous primary sensory neural function. Neurogenic
inflammation (antidromic vasodilatation) is mediated by peptide release from
sensory nerves™ ' which may be activated by noxious stimuli or injury.
Responses initiated by nociceptive sensory nerves have been regarded as
protective or nocifensor *** and there is now more evidence about the
contributions of sensory nerves to healing™***".  However, not all skin
vasodilator responses are evoked by nociceptive sensory nerves, and sympathetic
postganglionic nerves are also involved®™*, which provides potential for distorted

relationships with nociceptive sensory nerves after injury*'".

Axon reflexes in RSD, exercise, amputation and sympathectomy

The findings in the present study showed that axon reflexes may be evoked
in normal and RSD-affected skin by iontophoretic application of ACh, acting via
nicotinic acetylcholine receptors on nociceptive afferents. The ACh-evoked axon
reflex was significantly reduced in RSD-affected skin compared with normal
skin. Although smaller than the ACh-evoked axon reflex dilation, an axon reflex
was also evoked by phenylephrine, an alpha-adrenergic-agonist, not previously
known to excite nociceptors. PE produces local vasoconstriction (presumably by
direct action on vascular smooth muscle/endothelium at the site of iontophoresis),
as well as a spreading flare which occurs in skin remote from the site of
iontophoretic application. The fact that this response, as well as that to ACh,
normally is almost abolished in denervated skin supports its axon reflex nature.
Its function in normal skin is unknown.

Interactions between sequential applications of cholinergic and adrenergic
agonists are altered in RSD-affected skin. Pretreatment of a skin site with an
ACh-evoked axon reflex results in a significantly enhanced PE-evoked axon
reflex in both control skin, and in RSD-affected skin.This enhancement may
reflect some increased excitability (lowered excitation threshold) of nociceptive
afferents involved in the peptide release to evoke the axon reflex dilation. This
is in contrast to the ACh-evoked axon reflex on skin pretreated with PE, which
is not significantly enhanced in RSD skin. This difference in behaviour of the
two “agonists” ACh and PE on nociceptor excitation remains to be explained, but
may reflect their normally different contributions to the activation of nociceptive
sensation. The significant increase (p<0.05) in the ACh-enhanced PE-evoked
axon reflex was reduced by sympathectomy. This suggests that upregulation of
adrenoceptors on nociceptive afferent nerves may contribute to the enhanced PE
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axon reflex response. The exact nature and extent of the interaction between
cholinergic and adrenergic efferents and (peptidergic) nociceptive sensory fibres
1s unknown, but the present results of these in vivo tests are evidence of a
significant interaction.

Healthy control subjects exercised on a cycle for 20 min, sufficient to raise
heart rate to 140-160 b.p.m, showed significantly reduced ACh-evoked axon
reflexes (p<0.03) but increased PE-evoked responses (p<0.05). The former result
may be due to the increased level of blood flux at the steady state exertion level
described. This would be likely to reduce the apparent ACh-evoked response
from an elevated ‘baseline’ flux®'.

In amputees, stump skin of the amputated lower limb compared to the
normal skin of the contralateral limb showed significantly reduced ACh (p<0.05)
and PE (p<0.01) axon reflex responses. Iontophoresis of the nitrodilator sodium
nitroprusside revealed no differences in small blood vessel function. This is
consistent with the behaviour of denervated skin, and emphasizes the paucity of
nociceptive innervation near the undercut amputation flap even 2 to 2.5 months
after the operation. It suggests a more central site for the generation of phantom
and stump pain phenomena.

Interpretation of data

Clearly, laser Doppler flowmetry and iontophoretic application of vasoactive
compounds allows the study of neurovascular function and nociception in the
chronic pain states associated with RSD. The findings are consistent with a
decreased sympathetic outflow to the RSD-affected limb inducing noradrenergic
hypersensitivity'®, and thus leading to increased nociceptor sensitivity to
catecholamines (either neural or humoral in origin), and enhanced PE axon
reflexes. Exercise led in the short term to significantly reduced ACh-evoked axon
reflexes, and increased PE-evoked responses. This is probably due to the
increased circulating catecholamine levels after 20 min of moderate steady-state
exercise. These findings suggest that treatment with agents such as adrenergic
agonists or exercise may reduce receptor hypersensitivity and thus reduce
sympathetically maintained pain.

Is RSD distorted healing?: possible causes

First, altered chemosensitivity of nociceptors is a likely mechanism by which
sympathetically maintained pain is enhanced and prolonged. The sweating
abnormality in RSD may indicate hypersensitivity to cholinergic or adrenergic
neurotransmitters, because both are probably involved in induction of sweating
at most limb sites”. Furthermore, the nicotinic receptors on peripheral sensory
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nerves in the skin are capable of modulation or upregulation**,as are adrenergic
receptors on sympathetic target tissues*'. Wallin et al *® showed that pain could
be rekindled in sympathectomized skin by iontophoresis of noradrenaline. Devor*®
has shown that experimental neuromas in rats develop abnormal chemosensitivity
to adrenergic agonists, and a similar process may contribute to the increased pain
and allodynia seen around the injury site in RSD. Sato and Perl*’ recently
reported enhancement of C-sensory responses to noxious heat by adrenaline or
noradrenaline after partial injury to a mixed peripheral nerve. They suggested that
nerve injury leads to supersensitivity of «,-adrenoceptors in adjacent and
otherwise normal sensory nerve terminals’. Thus a major proposition is that
decreased sympathetic neurotransmitter release at and near an injury may
modulate (i.e. upregulate) nociceptors and so distort the pain-producing
mechanism in RSD*. The results of Cline et a/* and experimental models of
RSD in animals®®*' also support this view®,

Other putative mechanisms by which the recovery from normal neurogenic
inflammation may be distorted and prolonged are suggested in the phase 3
pathophysiology summarised in Fig 8. These include readjustments of CNS
nociceptive afferent pathways with an enhanced contribution from wide dynamic
range (WDR) mechanoreceptors®'; the possible deficiency of trophic or growth
factors essential for repair of injured tissue and regeneration of nerve®>>****’; and
the possible permanent induction of neuronal oncogenes, e.g. C-fos**, which
result in synthesis of new protein within nerve cells throughout the entire
nociceptive sensory pathways- a sort of pain memory within the neurones. Thus
a number of neuropathic mechanisms may coexist, and may contribute to the
different types of pain symptoms shown by patients with RSD or sympathetically
maintained pain*®*,

Management of RSD - sympathetically maintained pain (SMP)

There is much evidence for the possible contributions of the sympathetic
nervous system to pain maintenance and enhancement in RSD and SMP*55%,
The recommendation of Bonica®’ is for a specific and aggressive treatment which
consists initially of a series of regional sympathetic blockades. Prolonged stellate
ganglion block®™ or topical application of clonidine® has also been suggested.
Based upon the recent findings of Drummond et al '® and the present study, it
may also be possible in the future to use adrenergic agonists and appropriate
exercise to modulate the hypersensitivity of nociceptors and their afferent
pathways. The place of other speculative therapies such as the application of
neuropeptides™’, nerve growth factors®, and transcutaneous electrical stimulation
of nerves® remains unclear.
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