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ANTIBACTERIAL MECHANISMS IN THE INTESTINE AGAINST

VIBRIO CHOLERAE

ABSTRACT

The ungpecific defence mechanisms operating in the gastro-

intestinal tract of mice against V. cholerae and the

effect of antibody on these have been analyzed using in
vivoe and in vitro models. In adult mice orally inoculated
viable P32m1ahelled V. cholerae 569B organisms were
rapidly reduced in viability. The parameters involved in
the elimination of ithe bacteria were killing by gastric
acid, mechanical removal by peristalsis and killing in
the swall and large intestine. Inhibition of one or more
of these parameters hy diffe%ent treatments delayed orv
prevented the elimination of the live ocrganisms., Results
in starved animals sugpgested that secretory processes in
the swmall intestine contributed to the killing of the

organisms. These three mechanisms also operated to

different degrees against other gram-negative organiswms.

In infant mice the oral inoculum of live organisms was
removed to some degree by the same mechanisms as have
been found in adult mice. Antibody increased the
efficiency of these elimination mechanisms considerably.

In the immune animals a wmore rapid mechanical removal of
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the organisms from the small intestine occurred and,

in addition, the bacteria were killed more efficiently.

The bactericidal mechanisms found in the small intestine
of adult and infant mice in vivo has further been
analyzed using the intestinal loop modél in adult mice,

The results suggested that V. cholerae 569B and other

gram-negative organiswms to some extent, which are

attached to the mucosal surface, were rapidly killed

by one or more substances secreted by epithelial cells.
This mechanism operated also in germ-free animals and
seemed therefore to he independent from a normal flora.
Antibody had no promoting effect on this killing mechanism,
The function of antibacterial antibody in immunity to
cholera was further studied by relating the ability of
several antibody preparaiions to reduce the adsorption

of V. chelerae to isolated intestinal epithelial cells
with their protective activity in infant wmice, The results
demonstrated that 1) the antibody-mediated reduction of

V. cholerac adsprption to epithelial cells correlates

with the degree of agglutination, 2) antibodies protect
infant mice from cholera only at concentrations that
agglutinate the bacteria and 3) purified anti~flagella
antibodies protect infant mice from cholera.lThese re-
sults indicate that cross-linking (agglutination and/or
inhibition of motility) plays a role in immunity to

cholera in infant mica,
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A similar function of antibody is suggesfed from results
obtained in intestinal loops of adult mice actively im-

munized with living V. cholerae 569B, Growth of V. cho-

lerae 569B was suppressed approximately sevenfold in
loops of parenterally and orally immunized mice when
compared to bacterial growth in non-immune animals.

Similarly, growth of V., cholerae 5698 was reduced in

mice immunized with a hybrid vibrio strain, NCV 569B-1065,
which shares flagella but not sowmatic antigens with

V. cholerae 569B. Immune~flucrescence studies of in-
testinal loop contents and intestinal sections indi-

cated that in nou-immune mice vibrios coated the intestinal
moucosa. In contrast, the intestinal mucosa of immune ani-
mals was almost free of bacteria. The vibriocs were found
agglutinated in the intestinal Jumen of immune animals.

Tt was concluded that immunization suppressed the growth

of V. cholerae in the intestinal lumen and that bacterial

agglutination mediates this growith suppression,
% ]

FFinally, the effcect of antibody on the wspecific éefence
mechanisms in the intestine is discussed and it is suggest-
ed that the joint action of antibody which prevents ad-
sorption of the organisms to the intestinal wall, and the
killing mechanism acting on those organisms which never-
theless attach to the mucosal surface will efficiently

remove V, cholerae from the small intestine,
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INTRODUCTION

1.1 General introduction
Although many infectious diseases can be effectively
controlled by drugs, vaccination and public health
measures nowadays, there are some infectiomns -~ pre-
dominantly those of the gastro-intestinal tract -
which are still a great problem in all countries.
In a recent report of a WHO scientific group (1972)
on oral enteric bacterial vaccines it was stated
that the chance of "imiting the incidence of in-
testinal infections in develaping countries through
education and implementation of simple measures of
sanitation as well as of public and personal hygiene
is minimal within the next four or {ive decades. The
only alternative is to raise the dmmune status of the
population at risk by widespread and effective im~
munization. Oral immunization methods offer many
advantages over the conventional parenteral tech-

niques that are currently available."

Although oral immunization against poliomyelitis has
been a great success oral immunization with bacterial
vaccines has provided only limited protection

(W10, 1972). It was felt that there is still a fun-



damental gap in our knowledge on the kehaviour of
pathogenic organisms and their hosts in enteric
bacterial diseases. Indeed, the basic problems of
host-parasite relationship in the intestine have

only recently been studied in any detail. Informa-
tion concerning the ecarly stages of bacterial co-
lonization of the mucosa, although still scanty,

has accumulated, The mon-specific and specific anti-
bacterial mechanisms which may interfere with these
early steps of muceosal colonization remailn obscure,
This lack of information may be cxplained by the
difficulties experienced in an cxperimental approach
to such problema, Most laboratory animals are na-
turally resistant to mucosal infections like cholera
which affect man. Therefore, animal models often aie
inadequate. Furthermore, the intestine appears to be a
most complicated organ to study bacterial infections
and antibacterial defence mechanicms., The probhlems en-
visaged are a) those of mined bacterial cultuves
(Hobson, 1969) and b) those of an open system., The in-
testinc can‘be regarded as an open system similar to a
continucus culture vessel (Novikg 1955) although, of
course, much more complex. In such a system growth and
killing rates are difficult to determine although
lately a method for estimating growil and kKilling
rates in_vive in the intestinal tract using genctic

markers has been described (Meynell, 1959 Meynell



and Subbaiah, 1963; Maw and Meynell, 1968). In
addition, the conditions for survival and growth of
an introduced pathogen may vary considerably in dif-
ferent parts of the intestimnal tract depending for
example on the qualit? and quantity of normal flora

in that part.

The subject of this thesis is to analyse some unspe-
cific and specific immunological host factors which
affect colonization of the intestinal mucesa by en-

teric pathogens.

Basically two groups of enteropathogenic organisms
may be differentiated accord@ng to their modes of in-
fection:

i)} The organisms that attach to the mucosal epithelium
but deo not penetrate the epithelium or the submu-~
cosa. Dxamples for such infections confined to tho
lumen are cholera (Gaungarosa et al., 1960) and
E. coli enteritis dn calves (arbuckle, 1970) and
neonatal pigs (Smith, 1971)¢ The common feature of
these iﬁfections are attachment to the mucosal sur-
face of the small intestine, wmultiplication on the
surface without gross damage of the intestinal epi-
theliwn (Gangarosa et al., 1960; Lankford, 1960;
Taylor et al., 1958) and producticn of ah entero-
toxin (Burrows, 1968; Finkelstein, 1970; Smith and

Halls, 1968) which causes a watevy diarrhea



ii)

(Smith, 1971; Pierce et al., 1971; Greenough and

Carpenter, 1970; Norris and Manjo, 1968).

The organisms that attach to the intestinal mucosa
and penetrate into the epithelial cells or sub-
mucosa. The organisms may multiply within the epi-~
thelial cells - for example Shigella (La Brec et al.,
1964; O§§w2}.1966; Takeuchi et al., 1968) or peném
trate through the epithelial cells - for example
Salmonella (Takeuchi and Sprinz, 1967) and some
strains of E. coli (Staley et al., 1970 b) -~ and
multiply in the subepithelial tissue and may or may
not cesuse systemic infection, In this group of in-
fections epithelial cell injury and ulceration of

the mucosa usually occur.

With regard to an experimental study of antibacterial
mechanisms on the muccsal surface two points should

be emphasized:

i. Adbherance of bacteria to the mucceal surface is
the flrst stage in the pathogenesis of both
groups of infecticns. Thus antibacterial mechan-
isms acting on the mucosal surface to prevent
this adherence stage would be of considerable
importance in prevention of all enteric bac-
terial infections.

ii. Organisms of group i because they remain within

the intestinal lumen, are more sultable for a



study of antibacterial factors operating on

the mucosal surface.
Since a better understahding 6f the host defence
mechanisms of the mucosal surface may be reached
by some information about the factors which emnable
enteric pathogens to survive and multiply on the
mucosal surface one secﬁion (1.2) in the introduction
will be concerned with such factors. In the next two
sections whiclh follow, a short review will ke pro-
vided describing our current knowledge on unspecific
(1.3) and specific immunoclogical antibacterial me-

chanisms on the intestinal mucosa (lah);

1.2 Factors which enable bacteria to colonize the

mucosal surface of the intestine

In

order to produce a disease enteric pathogens must

localize and grow on the mucesal surface of the in-

testine., Basic requirements for localization and

growth are (¥. Smith, 1968 ):

1)
2)

3)

Attachment to the mucosal surface
Resistance to host defence mechanisms
The biochemical ability to grow under the

nutritional conditions provided by the mucosa.

Qur knowledge about the mcchauvilsms of the early steps

of infection of the intestinal mucosa is quite scanty,

however, an examination of the mechanisms involved in



bacterial infections of other mucosal surfaces may
be helpful in understanding the early stages of enteric

bacterial disceases.

1.2.1 Attachment

Many bacteria colonizing the gastro-intestinal
tract and other mucous membranes exert a cer-
tain host and tissue épecificity of attachment,
This selective attachment to only certain epi-
thelia is particularly common among the bac-
terial wmembers of the indigenous flora (Savage,
1972) but can also be demonstrated with many

>

pathogenic organisms colonizing the intestinal

mucosa. Streptocaccus salivarius and Streptor

coccus sanguls adhere readily to thhe surfaces
of the tonpues and cheeks of humans and to epi- -
thelial cells in cheek scrapings obtained Crom
humans, hamsters and germ-free rats (Gibbmns

and van Houte, 1971), Likewise, tliick layers of
lactebacilli colonize the keratinizing stratified
epithelium of the non-secreting portion of the
stomachs of moermal mice (Savage, Dubos and
Schaedler, 1968; Savage, 1970), rats (Brownlec
and Moss, 1961), and swine (Dubos et al., 1965;

Tannock and Smith, 1970).



Similarly, the epithelium of the ileum (Savage,
1969 a) and large intestine (savage, 1970) is
colonized by bacteria which dnly agsociate with
that particular mucosal epithelium. If removed
from the epithelium by treatment with antibac-
terial drugs the bacteria will recolonize the
same epithelium after the therapy is discontinued

(Savage and Dubos, 1968; Savage 1969 b).

Similarly, selective attachment to certain epi-
thelia can also be found with some pathogenic
organisms, V, cholerae atiaches primarily to

the mucesa in the small intestine (Taylor et al.,
1958; Lankford, 19603 Freter et al., 1961;
Freter, 1969; Freter, 1970) but yrarely to the

large intestine (Lankford, 1960).

Certain strains of B, coli that cause diarrheal
disease in calves and neonatal pigs also adhere
to the mucesa of the swall intestine (Arbuckle,

1970; Swith and Halls, 1968; Smith 1971),

Other.ﬁﬁ coli strains seew to attach preferentially
S epithelium (Staley et al., 1970 b). Simi-
larly, Shigella organisms attach to and multiply
mainly in colomnic epithelial cells (La Brec et al,,

1964; Ogawa et al., 1966; Takeuchi et al., 1968).



Members of the genus Salmonella associate with

the mucosal epithelium of the small intestine
prior to penetration (Takeuchi and Sprinz, 1967;
Sprinz et al., 1966).

Attachment méy be confined to not only a speci-
fic epithelium but in some cases to certain areas

of a particular epithelium. Thus V. cholerae can

be found associated mainly with tlie base of the
villi (Freter, 1969). Shigella in guinea pigs
seems to colonize preferentially the villus
epitheliuvm leaving the crypt epltheliuvm free
(Takeuchi, 1967). Similar observations have also
been made in experimental Salmenella infections
in guinea pilgs (Tak@uchi and Sprinz, 1967).

It should be mentioned that in gevm-free animals
such a defined specificity is not always observed,
Salmonella panamz in germ-free mice colonizes the
emall as well as the large intestine (Ruiltenberg
et al., 1971), This emphasizes that the specifi-
city of attachmeunt may be governed by several
foctors such as bacterivm-epithelial cells inter-
action, availability of nutrients (see below) and
antibacterial defence mechanisms of the mucosa
(see belaw).

The relationship of bacteria to the mucosal sur-
face varies: souwe orgaunisns have a very close

relationship by exhibiting physical attachment



to the luminal plasmalemma of the epithelium,
others may be attached more superficially. Thus
many types of autochthonus microorganisms

(Pavis et al., 1974; Dubos et al., 1965; Savage,
1969a;Savage, 1972; Savage et al., 1968; Savage

et al., 1971) are closely associated with the
mucosal epithelium. Electrom microscopic pic-

tures clearly showed interactions between the
plasna mewbrane of the epitbelial cells and the
cell wall of Strep. moniliformis (Hampton and Rosario,
1965). The area of the attachment on the epithelial
cells was characterized by a plagque like thickeming
of the plasma membrane; the epithelial cells with
attached organisms were morphologlcally and

functionally intact (Hampton and Rosario, 1965).

Recently scavnning electron milcroscopy has been
used to visuvalize the residents of the microbial
flora on epithclial surfaces in the gastroin-
testinal tracts of mice (Savage and Blumershinc,
l97h); Most of the organisms were found attached
by one end to the epithelium. In the keratinized
epithelium of the stomach the organisms were in-
serted into a hole or depression by one end, in
the small intestimne most organisms were adhered
to the epithelial cells by filameuts which were

inserted into holes in the epithelium,
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Close contact between epithelium cells and or-

ganisms has been shown with Streptococcus pyo-

genes and oral epithelium (Gibbons and van Houte,
1971). Some enteropathogenic strains of E, coli.
seem also to adhere closely to the epithelial
cells (Arbuckle, 1970; Smith and BHalls, 1968).

A transient association with the plasmalemma of
the epithelial cells is also exhibited by all
those organisms which subsequently penetrate the
epithelial cells such as some strains of K., coli
(staley et al., 1971 a, b) or Salmopella typhi-

murium (Takeuchi9 1967) or Shigellsa (Ogawa, 1970).

In some instances therc appcars to be a more super-
ficial association with the mucosal surface. The
attachment of V. cholerac to the striated border

of the villi (Patnailk andCGhosh, 1966) and of gono-
cocci to various epithelial cells (Swanson et al.,

1971) appears to be rather loocse.

Very little is known about the biochemical mechan-
isms médiating the attachment of the bacterial to
mucosal epithelial although in a few instances the
bacterial structures involved have been ldentified.
Electron micrographs of adult murine gastro~-in-
testinal tracts showed that specific structures

of a certain type of indigenous microorganisms
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interacted with the epithelial cells

which suggested that
the epithelial cells
attachment (Reimann,
The first

segment of

was inserted into an

cell and was even fur

in a way
receptor-like structures on
might be involved in this
1965; Davis and Savage,l197hk).
these filamentous organilisms
excavation of the epithelial

ther projected into the cell

by nipple-like appendages (Davis and Savage, 1974).

Attachment initiated

been described with Stroeptococcus mutans,

ganbgm which adheres

teeth (Gibbong and Fi

by an enzymatic process has
an or-
smooth surfaces of

to the

tegerald, 1969; Mukasa andd

Slade, 1973). The adherence of Streptococcus mutans

cells to

&)

5 ence

shich adsorb fto thoe

-

cells, These enaymes

levan polysaccharide,

respoensible for the a

a smooth glass
of dextran-sucrose

surface

surface reguires the pre-

and levansucrose enzyines

of the streptococcal

synthesize insoluble dextran-

This polymer appears to be

ttachment of the crganismz to

the smooth surface (Mukasa and Slado, 1974) .

Certain strains of L. coli which cause enteritis

in piglets adhere to

the mucous mombrane of the

small intestine {Arbuckle, 1970) and to isolated

epithelial cells (Wilson
Arbuckle (1970) observed

E. coli that produce K88

e A Lo S 1 B

and Hohmaun, 1973),

that enly serotypes of

antigen (Orskov et al,.,
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1964), a proteinaceous surface component of the
bacterial cell (Stirm et al., 1967 a; Stirm et
al., 1967 b) attach to the intestinal mucosa of
piglets. The removal of the K88 plasmoid from
such an ente?opathogenic strain was accompanied
by the loss of its diarrhoea-producing capacity
(Smith and Linggood, 1971). Jones and Rutter
(1972) demeounstrated that K88 auntigen was syn-
thesized by a K88-positive enteropathogenic
st;ain of B, coli im the small intestine of both
gnotobictic and conventicnal neonatal pigs where
1t functioned as an adhesive facter enabling the
bhacteria to adhiere to and colomize the mucosay
the greatly reduced virulence of a K8B-negative
mutant strain was attributed to its dnability to
colonise the mucosa of the small dintestine, These
autbors also suggested that mannose-resisiant
haemagglutination (Stirm ot al., 1967 a) which
could only be Ffound in KE8+ strains, may resemble

the attachumernt of K88-positive bacterial te the

gut wall (Jeves and Rutter, 197h) .

Ancther bacterial cell wall cowponent feound to be

involved in the adberence of Strepltococcus pyo-
gencs to epithelial cells has been described by

Ellen and Gibbans (1972). These authoeors demons-

trated that virulent straiuns of Streptocccous pPY o
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genes containing M-protein were found to adhere
well to human cheek epithelial cells in vitro

and in vivo, whereas an avirulent M-mutant

strain adhered feebly. Pretreatment of M+ strains
with trypsin to remove their M-protein surface
coating or reacting them with type-specific anti-
body markedly impaired their abilities to attach
to epithelial cells, Electron milcroscopy revealed
that the attachment of an M+ strain to epithelial
cells of germ-free rats was mediated by a fuzzy
surface structure (Swanson et al., 1969) shown

to contain M-protein.

Pili have been found to correlate with virulence
in gonnococcal infections (Jephcott et al,,1971;
Swanson ¢t al., 1971) and it has been suggested
that the pili might be responsible for the oad-
herence of gonococel to epithelial cells (Swansen
et al., 1971). Some studiecs demonstrated enhanced
attachment of pilated gonococci to tlssue culture
cells (Swanson, 1973), buccal mucosal cells (Pun-
salang and Swayer, 1973) uterine epithelial cells
(Ward and Watt, 1973) and human spermatozoa

(James-Helmguest et al., 197h).

The bacterial surface properties that mediate the

attachment of V. cholerae to the intestinal mucosa
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have not been identified. V. cholerae produces

erythrocyte agglutinins (Lankford and Legsom~
burana, 1965) but no direct evidence links these
agglutinins with epithelial attachment. Freter
(1972) found that vibrios killed by heat or in
the presence of neomycin adsorbed significantly
less than live vibriocs to the mucosa of in vive
isolated loops of adult rabbits. This suggests

that V. cholerae adsorbs to the mucosal surface

via some bicschemial processes or structures which
require structural intect and metabolizing or-
ganisms, It should be mentioned that V. cholerae
secrabtes a number of mucinolytic enzymes aﬁﬁ U -
raminidsse (Burnet and Stone, 1947) which depoly-
merize glandulay mucosubstances and may affect
epithelial membranes. Such onzymes might be ine-
volved in the attachment of the vibrios to the

mucosal surlace,

stance to host defence mechanlsug

In grder to successfully infect a hest tissue
infective organisms wist counteract the various

host defence mechanisms., A number of auch inliibitory
factors called aggressins (Wilson and Milgs,l9éh)
have bheex deseribed and seem to be of predominant
importance during the decigive primary lodgement

period (Miles, Miles and Burke, 195%7).



These bacterial factors which are primarily non-
toxic and which in most cases act by some kind of
immune suppression (Glynn, 1972) are quite hetero-~
genous in their chemical nature and include com-
pounds such as proteins, polysaccharides, lipids
and others.

Most aggressins described interfere with phagocy-
tosis, imtracellular ingestion and digestion of
bacteria (Wilson and Miles, 1964; Dubos and Hirsch,
19653 Smith, 1968; and Glynn, 1972). A few examples
are: Anti-inflammatory factors of Staphvlococcus
aureus (Argawal, 1967; Fisher, 1963; Hill, 1968)
which may partly act by inhibkition of chemotaxis

of polymorphnuclear leukocytes (Weksler and 1ill,
1969); cell wall cowpounds such as M-protein and

capsular acid of 3. pyogenes which inhibit dngestion

of the organisms (Braum and Siva Sankar, 1960); the
Vi-antigew of 5. typhi (Dubos and Wirsch, 1965) and
the K-antigens of E. coli which increase resistance
to complement killing and pliagocytosis (Glynn and
Howard, 1970; Heward and Glymn, 1971 a, b).
Virtuwally nothing is knowxn about bacterial aggres-
sins inhibiting local defence mechanisms ou the
mucosal surface., If the classical antibacterial
mechanisms such as cowplement mediated lysis or
phagoeytosis are not of primary importance ow the

mucosel surface of the intestine (see 1.4.3), such
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aggressins as described before would be of minor

importance for enteric pathogens which are con-

fined to the lumen, and for the initial mucosal
attachment of invading organisms.

A few hypothetical aggressins which would increase

the chance of survival and growth of enteric patho-

gens on the mucosal surface may be suggested:

1) Factors which would increcase resistance of or-
ganisms to gastric acid,

2) Pactors which would interfere with killing and
lysis by muceosal bacterioccidins and enzymes.

3) Factors which would allow attachment and thus
counteract mechanical removal by peristalsis
could possibly be defined as aggressins,-

4} Factors which counteract the antagonism of the
norwal flera. Such facters are probably of pre-
dominant impoartance since a relative small num-
ber of pathogenic organisms has to compete with

a dense population of commensals on the wmucoesa.

Nutr%ﬁional factors

The importance of nutriticnal factors on localiza-
tion and growth of bacteria in certain hosts and
tissues has been demonstrated in several bacterial
infections (Pearce and Lowrie, 1972). Nutritionally
deficient mutants of pathogenic species are avircu-

lent unless injected with their required nutrients
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(Braun and Siva Sinkar, 1960). Examples are cer-
tain strains of P, pestilis which require free aspa-
raginase for a full growth rate (Burrows and
Gillet, 1971).

The ability to utilize urea appears to contribute
to the localization of Corynebacterium venale and
Proteus mirabilis in the kiduney (Braude and Sie-
minski, 1960). Ancther growth stimulating factor
which determines tissue specificity is erythritol
wvhich enhances B, abortus iunfections (Keppie et
al., 1963). Availlability of iron and other metal
ions which are closely concerned with the activity
of so many enzymes can affect bacterial growth in
animal tissues (Peviewcd by Glynna, 1972). Nutri-
tional factors wmay very well determive the host
and tissue specificity of many intoestinal cowmen-
sals, suclh as cellulose degrading bacteria in the
lumen (Hobson, 1969) and lactobacilli din young
aniwsle (Savage, 1972). This is also demonstrated
by the observation that alteration in diel can
affect alterations in the population levels and
types of micro-~organisms in the alimentary -
digencus {lora (Dubos and Schaedler, 1962; Lee et
al., 1971).

It is quite poseible that nutritiomnal factors will
partly determine the host and tissue specificity

of certain enteric pathogens although to the
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author's knowledge no such observations have been
reported. For most pathogenic organisms sufficient
nutrients will probably be available to support
some growth although nutritional considerations
may very well affect growth rates in the dintestine

particularly in competition with the normal flora.

1.3 Non~immunological antibascterisl factors im the intestine

s A 8 i s =

The intestinal mucosa has an cnormous surface area which
is frequently exposed to a variety of pathogenic or fa-
cultative pathogenic organisws, The importance of non-
specific factors for the protection of the mucosa against
colonizaticon or invasion by enterepatbegens hos long been
realised and a number of investigations on this subject
were performed early this century. The significance of
unspecific resistance is demenstrated by the fact that
it is Gdiffdcult to establish oral enterde infections in

most andimwal models without pretreatwant with cepium, anti.

“hictics and starvation.

1.3.1 Mech 11 factaors

Peristalsis will move the bacterial idncculum frowm

the swmall intestiune into the large Intestine, Thus,

-

5 d.e, the

depending on the vigour of perigtalsi
trangit time of the organisms (between 2 hours in
mice - own obﬁ@rvatians) and approx. 8 hoeurs in
pigs (reviewed by Nielsen et al., 1968) - a pro-

porticn of the pathogernic organisms will be removed
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before they can multiply to a significant number
(Dixon, 1960). The importance of intestinal mo-
tility in controlling bacterial populations in the
lumen of the small intestine has been confirmed ex-
perimentally. Results obtained in monkeys and dogs
(Dack and Petran, 1934) suggest that mechanical
cleansing of the lumen by pdistaltic action aided
by mucous secreticons is an important antibacterial
mechanism of the small intestine. Inhibition of
motility with dpiate is a prerequisite Tor the ex-
perimental production of enteric forms of shigel-
losis (Formal et al., 1963) and salmonellosis

(Kent et al., 1966).

Giandular secretions from the salivary glands,
stomaclh, duodenum, pancreas and liver which supply
a relatively large amount cf fluld may assist the
mechanical removal of the orgenisms from the proxi-
mal part of the intestinal tract (Nielsen et al.,
1968),

A further mechanical barrier against bactefial GO
lonizatien and dvivasion of the mucosa 1ls tlhie mucous
layer which covers the epithelial cells.Florey
(1933) carried out experimeats in which he ob-~
served the cleansing action of the mucus using
hydrocollagen., Graphite particles were encased in
the mucous secretion and relled up in a small ball

of mucus. These small masses were then prepelled on-
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wards by peristaltic action of the bowel. But it
was also observed that consliderable areas of the
surface of the villi appeared tc be quite free

from a mucous covering and that bacteria despite
the mucus could come into close comtact with the
epithelial cells (Florey, 1933).

Undouhtedly, mechanical removal by peristaltic
moveument aided by mucus will diminlish the number

of organisms capable of attaching to the epithelial
cells; but, because pathogenic organisms possess
the ability to atitach to the mucosa, mechanical re-
moval - although guantitatively dmportant ~ would
not of itself ke suflficient to complete the elimin-

ation of the orgmisms from the intestinal mucosa.

Bactericidal factors
The only cleayly identified bactericidal féctﬁr
described is the gastric acid which uvndoubtedly
provides a strong barrier agaiunst invading or-
ganil.sms (Arnold and Finder, 1928; Arnold, 1929).
Human saliva has been shown to be bactewvicidal to
some extent (in Wilson and Miles, 1964), Little is
knowsn about bactericidal substances in the small
intestine and the significance of such factors
deseribed in controlling enteric infections is not
establishbed. Antibacterial factors described in in-

testinal secretions arce lysczyme, lactoferrin, poly-
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amines and enzymes (review by Wilson and Miles,
1964; WHO Report, 1972; Glyan, 1972). Some contro-
versy can be noticed in the llterature concerning
the killing of bacteria in the intestiune. Intestinal
juice seems to lack bactericidal activity for a num-
ber of organisms (Teale, 19345 own observation),
Dixon (1960) uging 51Cr labelled red blood cells as
a marker for mechanical removal showed that E. coli
and some other organisms arc eliminated solely by
peristaltic action from the small intestine of rats
without any measurable killing. Meynell and Subbaiah
(1963) using a system which invelved abortive tranag-
duction found a wealk bacteriostatic and a weak bac-
teriocidal mechanism in the intestine of normal mice
which was abolished by streptoemycin trestment.

Frotoer ( 1956) nsing Vo and Shigella 1les

‘paes

i found that both strains were completely killed

wrh the gastro~intestinal

tract of uwntyreated guines pigs althe it dg not

clear at which level of the stro-intestinal tract

this killing occurod,

The questicn concerning a bact ericidsal mechaniam in
the small intesgtine remains unsolved. However, the
intestinal epitheliun does provide an effective
barrier asgainst many organisms. This is demonstrated

by Xeirvediation studies (Qn“ﬁtler and Hampﬁon,l@@&)

in which many organisms could be found in the sy
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epithelial tissue. Whether this barrier is a me-
chanical one or a biclogical one having the ca-
pablility of destroylng micro-organisms is vet to

be determined,

Normal flora

The role of the mormal flora in protection against
enteric infectious disease is clearly established,
at least in animal models. The indigenous micro-
biota prevents-infection by V., cholerse and Shi-
gella flexneri in guinea pigs (Fretar, 1956;
Hentges, 1969; Hentges and Maier, 1970); by Sal-
monella in mice (Miller and Bohnhoff, 1963; Bohn-

N

hoff et al., 1964 a, b) and by E. coll in mice

[N
o

(Aﬂhburner and Mushin, l962)o Furtbher evidence
provided by experiments with germ=free animals
which appear to bhe wore susceptible to enteric in-
fections than conventional ones (Kobhler and Bohl,
1966; Abrams and Bishop, 1966).

Recently a detailed review has been published on
the microbial interiference regulating the bacterial

population levels in the intestine (Savage, 1972).

In infant mice small numbers of micro-organisms -
mainly lactobacilli -~ colonize the intestinal tract
in the first 5 - 7 days of life, thereafter the
numbers and variety of the flora increase and
stabilize after about 2 ~ 3 weeks (Schaedler et al.,

19653 Savage et al., 1968; Leec et al., 1971; Savage
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and Mc Allister, 1971). In adult animals the po=~
pulation levels and localization of the indigenous
microbiota which is composed predominantly of
anaerohic bacteria (Howard, 1967; Savage, 1972)
varies considerably. llowever, as a rule, the density
of the bacterial population increases in the lower
levels of the gastro-intestinal tract, i.e. in the
ileum cecum and colon. Thus in mice only relatively
few organisms can be recovered from and visualized
in the upper small integtine (Savag09 le72; Savage
and Blumershine, l97h), Similarly, the upper small
intestine of normal fasting persons is free of a
norimal fleora, the numbere increasc in the Jjejunuum

and ileum and are rest in the colon (Brasar et

al., 1969; Nelson and Mata, 1970),
The mechonisms of microbial interference are compler.

The factors responsible for regulating the dndi-

=

genoug micyrobiocto w probably alsc prevent co-

o

lonisation and invasiown of the mveosa by pathogend
organiems. A number of bactericcidins (colioines)
produced by indigenous ovganismg have bLeen described
(Nemura9 1967)a In a few expoeriments growth of co-
licine-sonsitive bacterial pathogens for examplc

in urinary infections (Brawie aud Sieminsky, 1960)
and in experimental Shigella kerato-conjunctivitis

has been suppressed by colicine producing strains.
121 ) :

In the intestine of germ-free wice, however, coli-
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cines were ineffective in suppressing growth of a
colicine-sensitive E. coli (Ikari et al., 1969).
Meynell (1963) showed that the indigenous flora
interfered directly with intestinal Salmonella of
mice by forming volatile organic acids in a re-

ducing environment. A similar mechanism was ob~

served with Shigella flexnegi,(Hentges and Maier,
1970).

Beside this direct effect, the indigenous micro-
biota may interfere indirectly with enteric pa-
thogens. Abrams and Bishop (1967) demonstrated a
more rapid propulsion of & non-akbzsorbable radio-
active marker through the gastro-intestinal tract
of conventional mice in cowparison with geym-free
animals, suggesting that the tnormal flora might
affect intestinal mobility. Tt should also be
mentioned that the nowvmal flora bas a considerable

influence on the anatoemical and yhysiological d
[

fod

velopment of the intestinal mucosa. Comparison of
germ-free and conventicnal snimals shows that the
strucfuﬁe of the lamina propria (Lymphoid tissue,
Gordon and Bruckner-Kardoss, 1961 a), the 1life
cycle of the epithelial cells (Abrams et al.,1963)
and the surface area of the mucosa (Gordon and

3

Bruckner-Kardoss, 1601 B) dis greatly influenced by

a normal flora.
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1.4 Antibody-mediated antibacterial mechanisms in the
intestine |
The concept that loeal immune mechanisms of the in-
testinal mucosa may be involved in protection against
enteric infections was develcped early this century.
Besredka based his hypothesis that lJocal rather than
systemic inmunity protects rabkblts orally immunized
with paratyphoid organisms én results indicating that
the amount of antibodies in the serum does not always
correspond to the degree of iwmunity" (Besredkﬂ, 1925
cited by Thomson and Thomson, l9h8), This together with
the fact that bile was neoessary {ox fst&biishing ef'fective
immunity, Induced him Lo prepose the receptaf theosry in
which antibeody was not invelved (Besrvedka, 1927).
Further support for the existence of a locul immune me-
chaniem in mucous meuwbranecs wag given by several sub- -

the nature of thesze me-

geauont publicationg alxi
chaniswg roemained cbhsoure.

Tmmunity wediated by local antibedy wss demonsirated in
puneunoccocecal respiratory infoctions (Hull and Mc Keo,
1929; Walsh and Caunon, 1934; Walsh 1938) in influenza
virus intections (Fazekas de St. Groth et al., 1951) and
in studies of Kerr and Robertson (1954) who showed that
the route of impunivation influenced the level of anti-~
body in serum and vaginal mucus. Increased interest i

Local immunity arosc with the discovery of IgA by Here-

mans and Schultsze (1958} which conscguently was shown to
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be the predominant immunoglobulin class in mucous se-
cretions (Tomasi and Bienenstock, 1968). Although the
role of IgA in antibacterial immunity is still de-
batable, there is now strong evidence that antibody-
mediated antibacterial mechanisms are effective on mu-
cosal surfaces. Results from animal experiments and
field trials with enteric pathogens which are confined

to the intestinal lumen, such as V. cholerac and I, colil,

clearly demonstrate that active ilmmunization with the
bacterial cell ox passive immunization with awntibac—~
terial antibody can protect against these diseases. Thus
in cholera both natural infectlon and parenteral in-
munization are associated with the development of anti-~
bodies to cholera autigens and of relative resistance

to the disease (Mosley et al., 1068; WHO, Report of a
scientific group, 1969).

Protection against the diseasec cauld also be demonstrated
in pguinea pigs (Eurraws et al,, l9h7), parcunterally or

orslly dimmunized with V&mgygig;

tiscrum passively (Burrows and Ware, 19H9)“ Freter (1?“&
1956) obtained protection against V, cholerae infection
in streptomycin-treated guinea ples with antibody lo-
cated in the intestiunal tract. Protection against chow-
lera by antibacterial antibody was also achiceved in in-
fant rabbits (Freter,lQGk; Jenkin and Rowley, 1960;
Fecley, 1965; Panse et al., 1964) and in infant mice

(Ujiye et al., 1968, 1970; Neoh and Rowley, 19723
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Chaicumpa and Rowley, 1972; Guentzel and Berry, 1974)
and in chinchillas (Blachman et al., 197h).

Studies on cholera in human volunteers have been par-
ticularly valuable because the natural disease only o¢-
curs in humans and the studies are mnot influenced by
"natural'® antibodies (acquired by subeclinical infection)
detectable in populations of endemic areas.

Cash et al. (1974) clearly demonstrated in human volun-
tecrs that iwmunity acquired after previous diarrhoea
caused by infection with V. cholerse lasted about i2
months. An individuals immunity either to infection or

ta diarrhoea was not correlated with his serum titer of
vibriocidal antibody or his seium titer of antitoxin.
Immunity, either naturally acquire d or vaccine induced;
appeaved to be divected agalnst the vibrio rather than
against the toxin.

Tnfection of neonatal plgs with entexopatbogenic B U R LIS

Lae pre-

of B, coli which are confined to the Lusm

vented by passive administration of antilbiedy directoed

acainst the K88 antigens (Swmith and Linggood 1971
> é) 2Lz bl 9

it

Smith, 1972; Rutter and Jones, 1973 ) °

In summary, there is good evidence that antibody-medinted
antibacterial mechanisms are capable of operating on the

mucosal surface of the intestince, In the following pava-

graphs the availability of antibody, phagoceytic ceclls and

3

complement in the intestinal luwsen will be discusscad.
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1.4.,1 Antibody

In intestinal secretions immunoglobulins of all

classes are found although ITgA appears to be with
¢ regard to absolute concentrations the predominant
immuncgl obulin in many animal species investigated
(Vaerman, 1970) and man (Girard and de Kalbermatten,
1970; Plaut and Keonil, 1969; Northrup, Bienenstock
and Tomasi, 1970; Waldman et al., 1971). Mosf im-
munoglobulins are derived from local production in
the lamina proprila (Tomasi and Bienenstocl, 1968)
but there is clear evidence from experience using
radiocactive or bioclogical maerkers that immunoglo-
bulins are transported from the serwa dnto the lumen
of the gut (Wernet ct élev 1971 : Heddle, unpublished
ohservation; Hughond and bLascelles, 1974 DBatty and
Bullen, 1961). Thus antibody against various entferic
pathogene may be derived from local or svstemic

gources,

a) Locally produced e

tibody

The predominant locally preduced antibody class
found in sccretions is secretory immunoglobulin
A (S-IgA) (Tomasi and Bieneustock, 1968)., In
addition, some of the IgG and Tgh antibodies
found in intestinasl secretions may also be prao-
duced loecally (Asofsky aund Thorbecke, 1961;
Smith et al., 1971; Allen and Porter, 1973)

although 1little is known about thelir guantita-
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tive contribution. A variety of antiviral and
antibacterial antibodies are associated with
secretory IgA in human colostrum, parotid saliva
and nasal secretions, but little is known about
IgA in intestinal secretiomns (Tomasi and
Bienenstock, 1968).

The biological significance of IgA in protection
against enteric bacterial infection depends -on
i) the amount and duvration of {he antibody re-
sponse and ii) its antibacterial efficiency.

i) Although there ig evidence from studies in
both animals and man that antibacterial immunity
to cholera correlatgs hetter with coproantibody
levels than with titers of systemic aantibody
(reviewad by Pollitzer, 1959; Blaclman et al.,
197h; Cash et al,, 197h) the amount of specific
IgA antibody in these coproantibiodics has never
been determined. Recently, anti V. cholerac anti-
bodies of the IgA class have been demonstrated
in convalescent patients (Horthfup and Hogsain,
1970). Active oral iuwmunization with bhacterial
antigens in various animals has elicited an IgA
antibody respeonse, although with variable results,
In some studies antibody activity in the Iga
class after oral 1wmmunlzation with killed or
living organisms has been asscgssed. Menzel and

Rowley (1975) and Steele et al., (1974) found
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that only prolonged oral immunization with

high doses of living V. cholerae induced an

IgA antibody response in rabbits. Similar ob-
servations have been made in dogs (Heddle,1975).
Husband and Lascelles (1974) reported that re-
peated local infusion of living and killed Br.
abortus into isolated intestinal loops in sheep
failed to elicit a significant IgA antibody re-
sponse. However, oral immunization with ferritin
in mice (Crabbé et al., 1969) and ferritin or
egg albumine in sheep (Husband and Lascelles,
197h) or vaccination with poliovirus (Ogra et
al., 1968) usuvally tesulted in a good IgA anti-
body response., These data suggest that stimula-~
tion of an Igh response may not only depend on
the route of immunizatieon but also on the nature
of the antigen.

The availability of protective amouirts of speci-
fic antibacterial antibody will also depend on a
good anamnestic response., lowever, there is sowme
ovidence that the immunological memory of the
secretory immune system is relatively poor. In
several studies prolonged or repeated local
vaccination with inactivated polio-virus (Ogra
and Karzon, 1969), with V. cholerae (Freter and
Gangarosa, 1963; Agarwal and Ganguly, 1972) or

with heat-killed B, coli (Porter et al., 1974)
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did not elicit a secondary immune response.

ii) Antibacterial efficiency

While the role of secretory IgA in resistance
to mucosal viral infections seems falrly well
established (see The Secretory Immunologic
System, 1969) its participatlion in the antibac-—
terial defence remains obscure;

IgA antibody directed against S. typhimurium
(Eddie et al., 1971) V. cholerae (Steele et al.,
197h; Heddle and Rowley, 1974) and E. coli

(Kaop and Rowley, 197&) lacked significant op-
sonic and complementmmediate& bactericidal ac-
tivity, even in the presence of lysozyme

(Heddle et al., 1975).

Other antibacterial fTunctions of IgA have been
suggested such as bacteriolysis in the presence
of complement and lysoznyme (Adinolfi et al.,
1966; Hill and Porter, 1974), bacteriostasis
(Porter et al., 197N) or prevention of adsorpticn
(Williams and Gibbons, 1972; Fubara and Freter,
1973)‘ However, the relative importance of these
mechanisms in sntibacterial defence in_vivoe has
not yet bheen assessed.

Recently, Steele et al, (1974) reported that
specific IgA antibody protected infant mice

against cholera. It was equally effective in
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this respect with the other antibody classes

(IgG and IgM) when compared on a welight basis.

Serum derived antibody

As mentioned above, in most intestinal secretions
IgG and IgM are preseunt and antibody activity in
these classes against V. cholerae has been de-
monstrated in rabbits (Fubara and Freter, 1972;
Steele et al., 1974; Menzel and Rowley, 1974),
in dbgs (Heddle and Rowley, 1975) and humans
(Northrup and Hossain, 1970). Although some of
the antibodies in these classes may be produced
locally, there are wmany data in the literature
which suggest that serum antibeody is transpoxrted
into the intestine in a functionally active
state. Many auwthors could show that protection
against chelera in various animal models could
be achieved by passive intravenocus and intra-
peritenecal imwmunization (revievwed by Freter,
19793; Feeley,1965; Jeunkin and Rowley, 1660;
Gilmore et al., 19663 Ghosh, 1970). Others,
however, fouund only little protective effect of
passively adwinistered antisera with high bace
tericidal and agglutination titers (Panse et al.,
et al.
1964 ; Finkelstein, 1964k; Freter, 1964}, These
variable results may partly be explained by the

quantitatively predominant antibody clasgs in the



33

antisera used. Chaicumpa (197H) showed that
passive immunization of infant mice via the

i.p. or i,v. route with IgG antibody provided
good protection while IgM antibody was quite
poor in this respect. Antisera with high bac-
tericidal and agglutimation titer are likely to
contain mainly IgM antibody which may only be
transported into the intestinal lumen to a small
degree (Wernet et al., 1972). Only very limited

quantitative data are so0 far available on the

bulin classes transported from the serum into
the intestinal lumcn (Wernet et al., 1972;
Heddle unpublished observations) although this
problem scems to be an important cne to evaluate

4

the route of optimal prophylactic Jmmunizmation

against enteric infeections.

1.4.2 Phagocytic cells
The lamina propria of tha noermal intestinol mucosa
is rich 113 & variety of imnune cells, such as lyupha-
cytes, plasma cells, cosinophiles and macrophages
which can be seen in the core of the villi anod in-
filtrating the epithelial cells (Curran and Creamer,
1965; Brandberg, 1969)5 Under inflammatory conditions
the nuaber of phagoceytic cells found in the subepi-

thelial tissue is greatly increasaed, Scme studies



suggest that there may be a cell traffic of pha-
gocytes through the epithelial cell layer. Thus

the intestinal tract seems to be the principal site
of granulocyte elimination (Teir and Rytdmaa, 1966).
These cells are occasionally found between two ad-
jacent epithelial cells and migrating into the lumen
(Takeuchi, 1967).

Phis normal traffic of granulocytes through the epi-
thelial layver can experimentally be increased by
specific immune reactions. Bellawy and Nielsen
(197h) observed in pigs, sensitized to bovine se-
rume albumin, a migration of large mumbors of meu»‘
trophiles into the latest ol lumer aflter exposure
of the intestinal muecosa to tho lwmunizing antigen.
Phageevtio cells in the intestinal Ivmen contalning
sacteria lhiave been obhserved in intestinel infections

e (Fakeuchi, 1967) and Shigella

with 8. tvpht
(Takeuchi et al., 1965) alilhough
quite small. In muceosal infections by ¢rgsnldans
which do not pencirate snd damage the epithellal
cells such as cholera, light and electron BIL O G
scopy never revealed the presence cf phagocytic
cells on the mucosal surface (Patnaik and Ghosh,
1966; Fresh et al., 196k; Gangarosa et al., 1260},
Wheoreas macrophages appear to be imvolved in the

o~

early bacterial cleavance 1yom the mucosa of the

~y
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attachment sites. Smith and Linggood (1971)
showed that antibody directed against the K88
antigen of E. coli protects against the disease
and it is suggested that antibody might neutralize
the attachment sites (Rutter and Jones, 1973;
Smith, 1972). Prevention of adsorption of strepto-
coccli to buccal epithelial cells by secretory IgA
antibody has been demonstirated recently by Williams
and Gibbons (1972). Freter (see review 1973) awna-
lyzed in a series of papers the antibacterial furnc-
tion of antibody in experimental cholera. IHe ob-
served using isalated tleal loops (Freter9 1972) G
stices of ileum (Freter, 1970} in rabbits that anti-
body decreased the adsorpticn of the vibfios to tlie
intectinal wall, This was duve to blocking of ad-
sorption and to an antibody-dependent antibac-
terinl mechimism on the mucosal surface. This aun-
tibody-mediated antibacterial weshanism vhich also
.

was demonstrated with Jga apparently red

7 vired metse
bolizing epithelial cells since its efflect could beo

inhibited by iodoacectate (Fubara and Fretewv; 1973).

The antibacterial mechanismus on ihe inmune mucoesal
surface prevented ouly the growth of those vibrios

whiclhh were iun contact with the mucesa. Growth of

the vibirios in the intestinal lumen was not affected.

Recently Sbedlofsky and Freter (JQ?M) showed that
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local antibacterial immunity in germ-free mice

may act synergistically with bacterial antagonism
in controlling the bacterial population in the
lumen. - The mechanism of intestinal immuunity
against V., chelerae has also been investigated
using an infant mouse in_vive model (Ujiye and
Kobari, 1970). V. cholerae orgaunisms given orally
to 5 -~ G day old mice will elicit a diarrhoeal di-
sease which is superficially similar to that in
humans. The infant mice can be protected by anti-
bacterial antibody (Neoh and Rowley, 1972). Pro-
tection is parallelled by a reduction of the

V., cholerae pepulation within the intestine which
has proupted the suggestion that specific antibody
may mediate the killing of the organisms within the
Jlumen (Chaicumpa and Rowley, 1972), Recently Steele
ot al. (197&) demenstrated that all dlmmunoglobulin
classes (IgA, TGy, Egﬂ) and F(ab)2 antiboedy {frag-
ments protect infant mice Trom cholera, AlL ithree
classes and F(ab)z were found te be egually protec-
tive om a welght basis., When comparing the effi-~
ciencies of the threc antibody classes and F(ab)2
in in-wvitro antibacterial tests such as phagocytic
tegts involving either mousc peritoneal macrophages

(Whitby and Rowley, 1959} or intravenous clearance

o

(Jonkin and Rowley, 1961) or a bactepicidal tost

with complement LgA antibodies and E(ab)? antibody
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fragments showed mo or only very little activity
compared with IgG and IgM (Steele ot al., 1974;
Heddle and Rowley, 1975; Knop and Rowley, 1974).
This strongly suggests that the classical anti-
bacterial mechanisms - phagocytosis or complement-
mediated killing - are not involved in the anti-
bacterial immunity in this model, However, the re-
sults obtained in infant mice indicate that there
is an antibody-mediated bactericidal mechanism

operating in the intestinal lumen of the intestine.

In this thesis, based on the above observations,
we psed the infant wmousge model to dissect the
possible mechanism of antibedy-mediated antibac~
terial immunity in the diuntestine, The outline of
the experiments is based on the consideration that
antibody may enhance unspecific antibacterlal me-
chanisms already present in the dintestinal lumen.

&

Hence, the unspecif{ic antibactcerial mechanisms
have been analyszed jin vivo in the adult and infant
mouse and the effecct of antibody on these has boen

investigated in variouvs in and in-vitro models.
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CHAPTER 2

MATERTALS AND METHODS

2.1 Animals
2.1.1 Mice

An outbred strain of Swiss white mice was used for
most experiments. Infant mice (6-day old) used
throughout this work were litters of mothers from
this strain. Germ-free BALB/C mice at an age of 8
weeks were obtained from the Walter and Eliza Hall
Institute, Melbourne, Victoria, and used immediate-
ly after avrival. Conventional BALB/C mice of the

same age were taken from the department's animal

house,

2.1.2 Rabbits
Rabbits of various breedings were used to produce

antisera.

2.2.1 V. cholerae 5698 (classical, Tnaba)
The original 569B was obtained from Mr, I. Hug
of the Cholera Resecarch Laborateries, Dacca. It
was maintained as described elsewherc (Neoh and
Rowley, 1972). The 569H from one ampoule was grown
in nutrient broth, stabbed into agar stabs and
stored at room temperature., Organisms were taken

from these stabs when reguired by streaking on
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3

ko

agar plates and a single colony was used for ex-

perimental work,

V. cholerae 017 (El Tor, Ogawa)

This strain was kindly supplied by Dr. W.,F. Ver-
wey, Department of Microbiclogy, University of
Texas, Medical Branch, Calveston, Texas. It was

maintained as described for 569B.

Hybrid vibrio 569B-165

This strain was obtained from Dr. K. Bhaskaran,
Central Drug Research Tustitute, Lucknow, India.

In this hybrid v;hﬁio thhe O-group antigens of 569B
have bheen replaced by éhe Og~antigens of a non-
cholera vibrio strain NCV-16% (Gardner and Ven-
katraman, 1935) bat the bhybrid retained common
flagellar antigens with 569Y (Bhaskaran and Sinha,
1971). The hybrid was resistant to the bactericidal

effect of 5698 and 0-165 antisera in the complemnent-

mediated bactericidal assay (Rowley, 1268).

. . . e . f o
Vibrio stirain V58 SR {(rra)
This non-motile Ogawa strain was kindly supplicd

by Dr. Bhaskaran.

B, coli 0111 BY

This strain (Rowley, 1954) was obtained from the
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departmental collection and maintained as

described for V. cholerae 569B,

Salmonella typhimurium C5

The bacteria were obtained from the stock of Jenkin
and Rowley (1965). These organisms are resistent to
the complement antibody-mediated bactericidal re-

action (Auzins, 1968) and virulent for mice.

Salmonella typhimurium M206
This rough strain is scnsitive to the complement—~
mediated bactericidal reaction of anti-C5 serum

and i& non-~virulent for mice.

2.2.8 Streptomycin resistant mutants

Streptomycin resistant sirains of the above bac-
teria were selected by making a thick lawn of the
streptomycin sensitive organiswms on nutrient agar
plates cdntaining 160 Fg/ml of agar. Single coloniles
which grew over night were replated on fresh strep-
tomycin plates. After further incubation the co-
lonies were tested for slide agglutination against
mono-specific antisera. The following streptomycin
resistant mutants were used: V., cholerae 5691 SR,

017 SR, E. coli BV SR, Salmonella typhimurium C5 SR

and M206 SR.
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2.3 Media

2.3.1

L2

Growth conditions and viable counts

In most experiments log phase bacteria grown in
nutrient broth for 3 hours on a shaker at 370

were used. For viable counts the organisms were
plated out on blood-base agar. Streptomycin was
added when necessary to a concentration of 100 ?g/ml
of agar. Intestinal tissues containing bacteria were
homogenized in saline using an Ultra Turrax mixer
(Janke and Kunkel, K.G.). Homogenizaticn for 1 - 2
minutes did not .affect the bacteria significantly.
Dilutions of the homogenates for viable counts

were made in saline.

Honk's balanced salt solution
This medium was prepared as desgcribed by Weller et
al. (1952) and was buffered to the desired pH with

.

P i . . ) y . .
2.8 9 sodium bicarbonate and 5 4 GO, in ajr.

2

Media for the preparation of intestinal
epithelial cells

Two media were used for the preparation of intves-
tinal epithelial cells as described by Reiser and
Christiansen (1971). Medium I (incubation meddunm)
contained: 96 mM NaCl, 8 mM KHZPOH’ 50 mM sediuvm
citrate, H.6 mM Na, HPO) , 1.5 mM ECL, 2.5 mg/ml

bovine serum albumin and 1.5 mg/ml hyaloronidase
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("Hyalase", Fisoms Ltd., Loughborough, England)

per ml, The medium was adjusted to pH 7.2 and
aerated with oxygen. Medium II (collection medium)
contained: 137 mM NaCl, 11.5 mM KHZPOH’ 8 mM NaZHPOM,
2.2 mM KC1 and 5 mg/ml of bovine serum albumin. The
solution was adjusted to pH 7.2 and gassed with

oxygen/CO?.

2.0 Oral administration of bacteria

Adult mice were pretreated with 0.1 ml of a 20 % Na-

bicarbonate solution a few minutes before administration

of the bacteria to neutralize gastric acid. The bacteria

were given through a round-tipped 19 gauge needle usually

in

Trm

2I

5

1

a.

volume of 0,2 ml.

unization

s

Vaccination of mice againat V. cholerae 5691
For parenteral dimmunization mice were injected once

")

weekly with 2 x 10~ living corganisms i.p. for 6

9 live 5698

weeks., For oral immunization 2 x 10
were given three times a week for 5 weekks., One

week after the last vaccination blood samples were
taken from some mice of each group and tested for

antibody activity. The other mice were then used

for experiments.

Vaceination of mice sgainst NCV 5698 - 165

g g . . &
Mice were iwnmuunized parenterally (1,p.) with 2 x 10

live bacteria once a week for 10 weels,
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2,5.3 Vaccination of mice against Salmonella

Parenteral (i.p.) and oral vaccination with this
organism followed the same schedule as described

before, using heat-killed bacteria (1000, 30 min.),
7

each single dose containing 2 X 10 organisms for

9

i.p. injection or 2 X 107 organisms for oral

vaccination.

2,6 Antisera

2.6.1 Preparat

ion and storare

Mice were bled from the retro-orbital plexus,
rabbits by heart puncture. The blood was collected
in sterile bottles or tubes,; left for two hours at
room temperature and over night at 4°., The bloed
clot was scpavated from the sernm by centrifugation.
6©

The sorum was RBeat-inactivated at 5 for 30 min.

o]

°

and stored in small portiouns at =20

2,6.2 Mguse anti-5028 1
This serum was produced in mice immunized paren-
terally with live organisms as described above
(Z.S,l)n Tt had a hacmagglutinating titre of 1:80
)
and a vibrioccidal titre of 1:107. The mercaptoe-

thanol scnsitivity of this serum suggested thal

IgM was the predominant antibedy class.
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2.6.3 Mouse anti-~569B II

This serum was obtained from mice immunized for

12 weeks parenterally with live organisms. It had

a haemagglutinating titre of 1:1000 and a bacteri-
cidal titre of l:2x106. Its haemagglutinating ac-

tivity was only partly reducad by mercaptoethanol

suggesting that antibody of the IgG class was pre-

dominant in this serum.

2.6.4 Rabbit anti-5698 and anti-017

Both sera were kindly provided by Dr, W, Chaicumpa
of this department. These sera were produced in
rabbits with live 569B or 017 and absorbed several
times with the heterologous vibrios (Neoh, 1971).
Mono-specificity was demonstrated by the absence
of haoemagglutinating activity against SRBC sen.-
sitized with the heterologous LPS and vibriocidal
titre against the heterologouvs vibrio (Chaicumpa,
197h). The haewagglutinating titre of the anti-~
56983 serum was 1:1000 and of the anti-~017 serum

l:bH12,

2.6.5 Rabbit anti-Salmonella typhimuriwm C3
This antiserum was prodnced by intravenous in-
jection of boiled organisms, The agglutination

titre tested against boiled C5 was 1:1280,
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2.6,6 V. cholerae 569B specific immunoglobulins

These were kindly supplied by E. Steele of this
department. Rabbit secretory IgA was purified from
colostrum (Steele et al., 19'74) and had a hacm-
agglutinating activity of 1:6 and a bactericidal
activity of 1:2 per mg protein. IgG containing anti-
V. cholerae 5698 activity was purified from serum

of rabbits immunized with live organisms (Steele et
al., 197N), This preparation had a baemagglutinating
titre of 1:500 and a vibriocidal titre of

l
1:6.2 x 10" per mg.

2.6.7 Proparvatior

f anti-0 and snti-H _antibody

Anti~somatic antibody (antimO) was prepared frow
the TgG described above (2.6.6) by adsorptioen ontoe
boiled glutaraldehyde (0.25 %)~fixed 5698 over
night. After § saline washes the adeocrbed agntibody
vae eluvtsd Trom the bacteria with 0.2 m glycim/ﬂﬂl
(pH 2.2) and neutralized. Anti-Tlagella antibody
(an‘ti«n}.iﬁ) vas obtained by absorbing the TgG five

times with boiled glutaraldehyde-~Tixed 5698,

2,7 Protein estinmations
Protein estimatious of purificd immunoglobulins were de-

termined using published extiuvction coefficients (radie

et al., 1971) at 280 mp on a spoectrophotometer.
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2.8 Determination of anti-somatic antibody

2.9

Specific anti-somatic antibodies were determined by quan-
titative precipitation (Nech and Rowley, 1970) with

569B LPS.

Preparation of LPS from V. cholerae 569B, ¥, coli
0111 BV and Salmonella typhimurium C5
LPS from these strains was prepared by the method of

Westphal, Liideritz and Bister (1952).

Haemagelutination

2.10.1 quﬁﬁvc_haémagglptingtiqgnﬂﬁél
SRBC were coated with alkali-treated LPS of the
test organisms (Grumpton et al., 1958). The sen-
sitized red cells wore added to twofold dilutions
of the antibody prepawration and lncubated at 370
for W% wminutes. The haenagglutinating endpoint
was read after z further 3 hours at roowm tewmpera-
ture. The details of this test have been described

elsewvhere (Auzins, 1968; Neoh, 1971).

2.10.2 Mercaptoethanol (2-ME) reduction of MA
To one volume of serum or antibody preparaticn.an
equal volume of 0.2 m 2-ME in PBS pH 7.4 wos added
and incubated at 370 for 1 hour. This mixture was

then tested in a passive hsemagglutination test.
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Bacterial agglutination

Serial dilutions of antibody were made in PBS pH 7.8.
An equal volume (0.5 ml) containing 5 x 109 washed bac-
teria (bolled for 2 hours or living) was added to each
tube., Tubes were incubated at 370 for 90 minutes and
macrocospic agglutinatiaqendpoints'were read after 16

hours at u4°.

Bactericidal assay

This techmigue has been described (Rowley, 1968). Serial

dilutions of antibody were mixed with egual volumes of

R 5
guinea pig serum, diluted 1:10 and containing 1 x 10
washed bacteria per ml, After incubation for 90 minutes
o . . . .
at 37 viable counts were determined on each dilution.
The bactericidal endpoint was defined as the highest
. . . . . ] A . i

dilution of the antiscrum giving 50 % killing of the

organismsg. Controls with guines pig serum were included

in each assay.

) . . , . ,32

Radioactive labelling of bacteria with 1

V. cholecrae 56053 or other bacteria were labelled with P

as described by Jenkin and Rowley (1961). To 10 ml of a

log phase nutrient broth culture of the organisms one

PR 4 , .

mCi of k as phosphate was added and the bacteria grown
p o .

for a furihier 3 bours on a shaker at 377, The bacteria

were washed four times and resuspended in 2,0 ml of nu-

trient broth. The nuwmber of viable organisms/ml was
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estimated by plating out various dilutions of the radio-
active labelled culture on agar plates. The radioactivity
was measured on 0.1 ml samples on filter paper and count-
ed in an end-window-B Chicago-counter. The specific ac-
tivity of the bacteria =

Counts/min x 1009

viable organismus

was in the range of 0.8 -~ 1.8,

Infant meuse protection test
This test is based on the findings of Ujiye et al. (1970)
arid hags beeu further developed by Neoh and Rowley (1972)
and Chaicuipa and Rowley (1972). A log phase culture of
5698 containing 2 x 107 living orgaunisms in a volume of
0.1 ml were given orally to 5 - 6 day old mice through a
round-tipped 22 gauge necdle. The dungculun was incubated
at 370 for 20 minutes with either heat-~inactivated normal
scrum or antiservm, About 18 hours after oral challenge
diarrhoea developed and between 24 and h8 hours after in-
fection 70 = 100 % of the wmice were dead. Antibody given
together with the inogulum or dnjected i.v. or i.p. prior
to oral chollenge protected the mice, The dilution of
antiserum that protected 50 % of the infant wmice (PDSO)
from death (at U8 hours) was calculated by the method of

Reed and Mueuch (1938).
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2.15 Preparation of epithelial cells

Intestinal epithelial cells were prepared by a modifica-
tion of the method of Reiser and Christiansen (1971).
Adult mice were killed and the entire small intestine was
removed, bisected, placed in ice-cold saline, and the lu-
mens flushed with ice-~cold saline. Each intestinal seg-
ment was ligated at one end and incculated with one ml of
prewarmed medium I {(2.3.2). The other end was ligated and
the sepgment placed into an Firlenmeyer flask containing pre-
warmed Hank's medium (2.3,1) plus one percent foetal calf
serum. An oxygen-carbon dioxide mixture was bubbled
through the medium to obtain a pH of 7.0 ~ 7.5. The 1i-
gated segmonts were incubated at 350 in a shaker wator
bath for 20 minutes, then placed on ice and the lumens
flushed with ice-cold saline to remave debris and mucus.
Medivm TI (2.3.2) was ivoculated into esch segment which

vas gontly patted on iee and the contents digcarded. The

P

wesh with wmediuvm 11 was repested twice more aud the re-
covered epithelial cells placed on dice. The cells were
gently pressed through o stainless stceol wire mesh,
washed in 15 wl medium IT witheut albumin, resuspoended

in 5.0 ml Hank's mediuvm contalining one percent foetal
calf serun, heparin (5 units/mi) and insulin (5 units/mi)
and an oxygen~carbon dioxzide mixture bLubhled through.
Cell aggregates were removed by layering the suspensiocn
over 4,0 wml foetal calf serum oan ice fer L0 minutes and

removing the suvperunatant containing ithe single cell



51

suspension, Total cell counts were determined on a
haemocytometer and cell viability was assessed with
0.2 % Trypan Blue to ensure that at least 70 % of the

cells were viable.

2.16 Histology and immune-fluorescence

Frozen sections or smears were fixed in 10 % methanol

for one minute, dried and flooded with a 1:20 dilution

of rabbit antiserum to V. choleraec 5698 (haemagglutination
titre 1:512) for 30 minutes in a moist atwmesphere, They
were washed twice for five minutes with PBS (pll 7.1) and
redrained. The preparations were then covered with

fluorescein-labelled goat anti-rabbit globulin for 30
minutes. The fluoresceinwconéugated antiserum kindly
provided Ly Prof, N.C. Nairn, Monash University, Melbourne,
Australia, had a protein councentration of 120 Pg/ml and a
fluorescein to protein ratio of 3.8 : 1.0. Samples were
vashed twice again as above and mounted in buffered gly-
cerol (pH 8.6). The fluorescent bacteria were examined
using an Olympus Model FLM flucrescence microscope with

a 2 mm UVI exciter filter and a Wratten 2B barrier fil-
ter. The specificity of the fluorescein label was de-
monstrated in intestiral sections without V. choleras

which did not show fluorescence.



2,17 Statistical methods

The dilution of antiserum that will protect 50 % of the
infant mice (PD 50) from death (at a time when more than
90 % of the control mice had died) was calc¢ulated by
the method of Reed and Muench (1938). The U~test of Mann
and Whitney (Weber, 1973) was used to determine the sig~-

nificance of differences between two groups.



CHAPTER 3

ELIMINATION OF V. CHOLERAE 569B FROM THE GASTRO-INTESTINAL

TRACT OF ADULT MICKE

3.1 Introduction
In general, adult animals are not or little susceptible
to mucosal infections of thg intestine such as cholera,.
Considerable alterations of the normal physiology of the
intestine produced by starvation, pretreatment with
natrium-bicarbonate and morphin or alteratiomns of the
normal flora bhad to be accepted 1in models which made
use of adult animals (Burrowa et al., 1947; Freter, 1954
and 1956). Similarly, isolated integtinal ioops (e and
Chatterjee, 1953) which have been extensively used to
assess virulence of V. cholerne or E, coli strains
(Drucker ct al,, 1967) or potency c¢f vaccination and an-
tisera {(Jenkins and Rowley, 1960; Freter, 196k; Kasail
and RBurirows, 1966; Kauvr aud Burrows, 1969; Finkelsteiu,
1970) moet likely affect the natural unspecific resistance
of the animals by altering normal physioclogical processes
in the intestine.
The resistance of untreated adult wmice to cholera is
parallelled LY a rapid removal of the orgsnisms from the
gastro~intestinal tract (Chaicumpa and Rowley, 1972), On
the contrary, infant mice are susceptible to cholera

(Ujiive et al., 1968) and the vibrios multiply in their



intestinal tracts (Chaicumpa and Rowley, 1972).
Similarly, infant rabbits (Dutta and Habbu, 1955)
challenged orally with living organisms develop fatal
cholera and increased numbers of vibrios can be found
in their intestine (Feeley, 1965). It is most likely
that insufficient developed unspecific factors partici-
pating in the rapid removal of V. cholerae from the in-
testinal tract of adult mice may partly be responsible
for the increased susceptibility of infant mice to a
chelera infection. It would; therefore, be interesting

to analyze these factors in adult as well as in infant

mice., In this chapter the influence of unspecific factors

on the rate of removal and killing of Y. cholerae from
the gastro-intestinal tract of adult mice Ias been

studied,

Materials and methods

3.2.1 Lacterial strains

V. chalcrae 5698 (2.2.1)

Salmonella tynhimurium C5 (2.2.6)

Salmonella typhimurivm M206 (2.2.7)
E. coli 0111 BV (2.2.5)

All strains were used as streptomycin resistant

(SR) mutants (2.2.8),.
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3.2,2 Treatments and_substances used to

influence intestinal clearance

A) Starvation, Mice were kept without food and saw-
dust for 24 or 48 hours. The cages were frequently

cleaned to remove the droppings. The mice received

B) Laparotomy. Mice were anaesthetised with ether
and a laparoctomy was performed. The ivcision was
guickly closed with a suture and the mice chal-

lenged orally with V., cholerae 5698 30 minutes

after the laparotomy. After 3 hours the mice
were killed and their intestines processed as
described above (2.2,9) and in (3}2,2). Control

alone had

o

experiments showed that anaesthesi
no effect on the ability of wilce to remove

bacteria Trem their intestiues.

C) Bleeding., Abcut 0.5 wml of bleoed was taken from
{thie retro-orbital vencus plenus of eaclh mousze.

After 30 wminutes these mice were orally chal-

-

lenged with V. cholerae and the viable organisms

were determined in their small intestines.

D) Lipopolyvsaccharide, Samples were prepared from

V. cholerac 5698 and E, coli 0111 BV (2.9).

i

E) Zymosan (Sigmn Chemical Co) was washed several
times in boilling 0.9 % NaCl and suspended at
5] / A

10 me/ml in 0.9 % NaCl.
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F) Colloidal carbon for injection consisted of

Pelikan drawing ink diluted with 0.9 % NaCl
and gelatine to a concentration of 100 mg/ml.

10 mg was injected into mice either i.v. or i.p.

" immediately and 90 minutes after oral challenge.

The dose given was . U ng/mouse/injection.

1) Prostigmin (La Roche) was given orally 30 and
90 minutes after oral challenge to starved mice.
Each mouse received 0,025 mg in a volume of

0.3 ml per dose.

Histamin phosphate {(Koch-Light Labs) was giliven
Parsicy SEtERet I & 2

orally 30 and 90 minutes after oral challenge

tao starved mice. Bach mouse received 5 mg p.dose,

J) Streptomyein sulphate. One dose of 50 mg was
given orally to adult mice 24 or 48 hours hafore
challenge with the test organisms (Miller and

PBohnhoff, 1963).

3.2.3 Ixperimental procedurec
B , 8 . . .
Adult mice were given 1 - 2 x 10 living organisms
of a log-phase streptomycin-resistant culture by
mouth through a round-tipped needle (2.4), In most
experiments the mice were pretreated with sodium-—

bicarbonate. At various times after challenge the
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mice were killed and stomachs, small intestines

and lafge intestines were taken out separately.
Faeces were collected into a bottle of saline
during the experiment. All the samples were homo-
genized in an Ultra-Turrax homogenizer and 0,1 ml
of suitable dilutions of the homogenates were plated
out for viable counting(2.2.9).In experiments where
P32~iabelled bacteria‘(z.lj) were used 0,1 ml of
the undiluted lhiomogenate was counted for radio-
activity as described above (2,13). The total num-
ber of living organisms and the total counts/min,
recovered were calculated and expressed as a pexrs-
centage of the challenge dose. Some reéults were
piven as the specific asctivity of the recovered

organisms {(see 2.13).

3.3 Results

3.3.1 pigtributjon_ofny.Ipholerae_5693_1@_the”gasgr07
intestinal ftract of mormal mice
Ty mice which had not been pretveated with scdium-
bicarbonate 99 % of the oral inoculum was killed
in the stomach within 15 minutes., Pretreatment with
20 % sodium-bicarbonate increased the nunber of
living organisms reaching the small intestine to
about 10 -~ 30 % of the challenge dose, Table 3.1
shows the fate of szmlabelled V. cholerae organisms

in the gastro-intestinal tracts of mnormal mice over
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a period of 5 hours, The labelled inoculum passed
very quickly through the stomach and after 10 min,
70 % could be found in the small intestine. The
total number of living organisms in the gastro-
intestinal tract remained constant during the first
60 minutes and fell thereafter to a very low level,
The mechanical movement of the radioactivity and
living organisms into’the large intestine which was
observed between 60 and 90 minutes could not account
for the dramatic fall in numbers of living organisms
in the small intestine. Over this period of time the
PBE recovery in the small intestine was almost
halved (from 74 to 40 %) but the numbers of living
organisms fell more than a thousandfold (20 % to
0.01 %).

Another way of expressing this is to note that the
specific activity of the visble bacteria in the
small iuntestine increased from 3 to LOOO between

60 and 90 minutes. The most likely cxplanation for
the abrupt decrease of living organisms and the ine-
crease of specific activity in the small intestine
between 60 and 90 minutes is that althiough con-
tinuous killing occurs during the first 60 minutes
this is masked by those orgenisms which are less
fixed to the intestinal wall and rapidly moved to
the ileum in a living state. This is deménﬁtrated

in Table 3.2 wherc the distribution of Living
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32

Table 3.,1: Distrioution of P_lzbelled V., cholerae in the gastro-intestinal
2

tract of normal mice at various times after oral challenge. Numbers

represent percent recovery from inoculum. Fach point represents an

average of 20 - 30 mice. Average dose given orally: 1-2 lO8 organisms.
Time in Steoemach Small intestine Large intestine Faeces Whole G.I,Tract*
minutes liv.org.® )ZP liv.org. 32P Jiv.org. BLP liv.org. 32P liv.org. 32?
i0 0.25 30 13 7C 0.0002 1 0.0001 1 18 100
3C .01 22 18 70 0.5 2 0.0001 1 18 95
60 0.0C1 i3 20 Th i0 i3 0.0001 1 30 100
90 0.001 iz 0,01 Lo 6 38 0.0001 1 6 90
18¢ 0.002 Lk ¢.0C09 30 2.0 50 0.004 L 2 95
300 0.02 .25 0. G001 i7 1.5 30 0.01 L3 1.5 90
¥ Liv.org. = Living organisms

*
*
[ew]
H
1}

Gastro-intestinal



Table 3.2: Distribution of living V. c@g}erae and

60

32,

in various parts of the small intestine.
Recovery in percent of inoculum. Average

8 .
dose 1 x 10 organlsms/mouse.

Percent recovery of

liv.org. 32P liv.org. 32P
after 30 mins after 90 mins
Stomach 0,01 22 0.002 12
Small intestine part 1 0.02 16 0.001 5
part 2 0,1 15 0.001 18
part 3 12 20 0.001 7
part 6 19 0.003 10
Large intestine 0.5 2 6 38
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] R .
organisms and PB— 15 shown in four separate parts

of the small intestine. Although the distribution

of P32

is about equal in each quarter of the small
intestine the living organisms are all found in the
parts representing the ileum. Between 30 and 90
minutes these living organisms were moved into the
large intestine and killing of the bacteria remain-
ing in the small intes%ine became obvious. There.
appeared to be a similar antibacterial effect in
the large intestine batwcen 60 and 180 minutes
(Table 3.1). It seems clear that V. cholerac organisms
pass rapidly through the mouse small intestine but of
the number of living organisms reaching‘the swall in-

testine after 10 minutes a large proportion was lill-

ed during thcir passage through the small intestiue,

Effect of different treastments on the clearance

A) Atyropine., This paresympathonimetiec drug inbibits

yeristalsis and secceretion in the gastio-~intestinal
(5]

tract., ¥hen injected into wice before challenge

with V, cholerae atropine reduced the mechanical

€3

removal of the P}“~labelled organisms from the
stomach and small intestine (Fig.3.1). The Lind-
ing that a greater percentage of organisms sur-
vived in the stemach was piresumably due to the

inbibition of gastric acid secretion by the atro-
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pine. During the period of the experiment there
was no reduction in the number of living organisms

in the small intestine (Fig. 3.2).

B) Laparotomy. Laparotomy had an inhibitory effect
on peristalsis (Fig. 3.1) which was not so marked
as in the atropine treated mice, This was indi-
cated by the delay in stomach emptying but it may
be noted that the organisms remaining in the sto-
mach were mostly killed. No antibacterial effect
was observed in the small intestine of these

mice (Fig. 3.2).

C) Starvation, The antibacterial effect in starved
mice was significantly reduced (rig. 3.2 and 8% B
But starvation had no obvious effect on the pe-
ristaltic movement of the organisms in the in-
testine. This is dndicated by a similar distri-
bution of Pﬁz-labelled organisms in various paris
of the gastro-intestinal tract at different times
as in normal mice (Fig. 3.1). A significant nuu-
ber of organisws survived in the stomach indi-
cating that the gastric acid secretion in starved
animals was reduced, The ability to eliminate

V. cholerae rapidly from the small intestine could

be restored in gterved animals by giving food 30
minutes after oral challenge or Ly oral application

of proeostiguin or histamine (Table 343). Glucose
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Fig. 3.2: Recovery of living }f_ﬂ_mg]_lgj;_erag 569D from the

gastro»intestinal tract of untreated [' Q

v
] . 5 |
starved L.l , atropine treated s pice

and in mice where a laparotomy lhad been

"

performned gf.‘,.! .
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The recovery of viable V. chiolerae and
-

of the asgociated 2%p label from the small

intestine of mice at intervals after feeding

2
the 2 P-~labeclled organisus,.
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Table 3.3: Restoration of the killing ability in the
gntall intestine of starved mice.

. 8
Oral inocculum: 5 x 10 organisms.

Recevery of living organiswmsg
inn the small intesti: in
percent of the inocculwa
after 3 hours

——— e ‘ e L e w b e B b b—— ik A S e aaay T

Treatiment

Non-stbtarved 0,001
Starved, no furthey treatwent 20
§

I Y AN & ]
il ol sa

Starved,

prioit ve

Slarved,

10 nwir,

6 -
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injected i.v. had no effect.

Effect of streptomycin. Streptomycin given orally

inhibited the killing of the organisms in the
small and large intestine (Table 3.4). Since most
of the organisms reached the large intestine in 3

hours perilstalsis seemed not to be effected.

Other inhibitors of intestinal clearance. All

substances and treatments listed in Table 3.5
inhibited to various degrees the elimination of
V. cholerae from the small intestine during the 3
heours of the experiment. Generally these sub-
stances were more effective when given i;p, than

i.v. Oral adwminictration was not effectivae,



71

Table 3.4: Recovery of V. cholerae 569B SR from the

gastro-intestinal tract of streptomycin-

treated mice in percent of challenge dose.

Time after

streptomycin

dose

x
24 hours

L8 hours

Challenge dosed

x = each group

Living organisms recovered

after 3 hours 1in

small intestine large dntestine
2 %1 60 % Lo
3232 30 & 20

8

¥ 107 organilsis
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3.3.3 Elimination of other gram-negative orpanisms

from the gastro-intestinal tract of normal mice

5
A comparison was made of the removal of Pmaiabelled

S. typhimurium C5 and Y. cholerae from the gastro-
intestinal tract. There was a fourfold increase in
specific activity of both organisws recovered from
the swall intestine 15 minutes after oral challenge,
presuzably due to killing of 75 ¢ of the ocrganisms

in the stomach. Afver 3 hours the very high speciflic

activity of the V, crganisms foeund in the sma

and thea
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3.4 Discussion
Adult mice removed living V. cholerae organisms rapidly
from their gastro-intestinal tract over a period of 5
hours. As the results show very few living organisms could
be found in the :small intestines 3 hours after oral chal-~
lenge. The stomach with its gastric acid provided an effi-
cient barrier against bacteria. This was demonstrated by
the great number of vibrios entering the small intestine
alive once the gastric acid had been neutralized or its
secretion inhibited by atropiﬁ (rig. 3.2) or starvation
(Fig. 3.2). The factors invelved in the elimination of
living organisms from the small jntestine are:

e

1. Mechaniesl removal by peristals
2. Killing of the orpganisms in the small intestinc.
A further substantial reduction of living vibrios occurred
in the lavge intestine,
The rapid passage of the PBzmlabolled organisms through
the small intestine was aun indicatoer of the vigour of
peristalsis. The importance of peristalsis was shown by
the fact that inhibition of peristalsis by atropine
completely prevented the climination of the organisus,
The small intestine was not able to reduce the number of
living organisms significantly once peristaltic movement
stopped. Two explanations appear possible. Prevention of
peristalsis conld inhibit directly the mechanism by which

kKilling

<

the organisms were killed. Alternatively, th

)

vaten operated only on those oiganisns vwhich were close
[
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to the intestinai wall and the preponderant remainder of
the organisms were removed by peristalsis. Once mechanical
removal was prevented by, for example, atropine although
localized killing could continue, it would no longer be
measurable since the small percentage of organisms close
to the intestinal wall and suscepti?le to the killing ac-
tion would be overwhelmed by the continued presence of the
great majority of the organisms. This synergistic action
of peristaltic remeval and killing in the small intestine
is further demonstrated in Fig. 3.4. An increase of specific

achtivity of the vibriocs in the small intestine could only

[

be detected after the bull of the organisms had been pro-

s Antestine,

-

pelled into the larg
Other treatments like laparotomy, cextensive bleeding or
injection of toxic substances like LDS, all of which deg-

X3

laved the rapid elimination of V. cliole crgani sma fron

the swall intestine, acted partly through inhibition of

peristalsis, This could be deduced Trom the slower passagoe

3
of the 77

~labelled organisms through the small intestine
(rig. 3.1) and was also demonstrated by the fact thal most

of the substances were more efficlent when given i.p. than

Tt is dnteresting to mote that starvation, like atropine,

increaseced the numbors of corganisms surviving the conditions

in the stomach, This was obhviously due to inhibition of

pastriec acid secrction. The results with starved aniwmals

indicate that inhibition of pevisie
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explanation for the delay of elimination of V. cholerae

from the small intestine. The distribution of radioactive
organisms through the gastro-intestinal tract of starved

o .

animals was similar to that found in normal animals

(Fig. 3.1). Nevertheless, those organismg located in the
small intestine were not killed appreciably.

The indigenous flora of conventional animals is known to
have a considerable influencé on thelr susceptibility to
enteric infections (Miller and Bohnhoff, 1963). The nu-
tritional state of animals similarly affects their sus-
ceptibility and it has been claimed that effects of iun-
adequate diet are due to alterations in the numbers and
'types of the indigewous intestinal flora (Ihﬂaés and
Schaedler, 1962).‘It seems unliliely that the inhibitory
effect of acute starvation feound in our experiments could
be explained in terms of altered microflora. The main
avgument against this is the rapid restoration of normal
behaviour which could be achieved by giving food at the
time or even 30 minutes afler challenge (Table 3.2).
Similarly, histamin and prostigwmin given 30 and 90
minutes after oral challenge rapidly reversed the effect
of starvation suggesting that they operated by restoration
of normal sccretory function in the intestine., This is
suppoerted by Stening and Grossman (1969) who demonstrated
that secretory preocesses in the small intestine were di-
minished daring starvation and that food or histsulne would

instantly stimulate scecrotiecn. As stated earlier, there i
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a measurable antibacterial process occurring in the small
intestine and it now seems likely that intestinal secretftions
provide a necessary factor in this process.

On the other hand the indigenous flora is of importance to
prevent the colonization of the intestinal tract by the
challenge organisms. Streptomycin destroved the anti-
bacterial effect on V. cholerae in the intestine.

A few other gram-negative oréanisms were removed mechanic-
ally as rapidly as V. cholerae. In the case of S, typhi-
murium C5 which is virulent for mice there was cvidence
from the increase of specific activity which occurred a%

3 heurs (Tahle 3,6) of a bactericidal effect in the ;mall
intestine but this was clearly not as marked as with

V. cholerase., This is in agreement with Meynell and

Subbaiah (1963) whe showed that 5, Ttypiu

PUTIUM Was re-

moved mainly mechanically but that there was alsc a weal

bactericidal reaction in the intestine,



ELIMINATION OF V. CHOLERAE 569B FROM THE GASTRO-INTESTINAL

TRACT OF INFANT MICE: ENHANCING EFFECT OF ANTIBODY

b.1

Introduction

In the adult mouse baéterial pathogens such as V. cholerae
are removed from the small intestine by peristalsis and a
killing mechanism. In this killing the normal flora and
probably bactericidal secretions of the mucosa play a

role (chapter 3 ). The adult mouse is not a suitable model
with which to study the role of antibody.in the elimination
of enteric organisms from the small intestine, for two

reasons:

1) The normal adult mouse has measurable awmounts of
natural antibodies ageinst V. cholevae and these
might participate in the efficient removal of the

organisms Trom the intestine,.

2) The elimination of V. cholerae by peristalsis and
killing occurs so rapidly in adult mice that it
would be difficult to measure any additional

effect of antibody.

The infant mouse is susceptible to cholera but can be pro=-
tected by antibody. This is accompanied by a decrease in
the number of living organisms reccoverable the gastro-

intestinal tract (Chaicumpa and Nowley, i973).
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In this chapter using the same experimental approach as
described in chapter 3 we have analyzed the elimination

of V. cholerae 569B from the gastro-intestinal tract of

infant mice and compared the results with those obtained

after giving opsonized bacteria.

Materials and methods
4.2.1 Bacterial strain: V. cho]crae 569B SR (2.2.1 and

2.2‘8)'

4,2.2 Antiserum: Rabbit anti-5693 (2.6.4).

.h.Z,B.stog;L@tiqn; 5.0 ml of a .3 ~labelled culture

2.13) of V. cholerae 56983 containing approx.
- - - B ] . O -
8 . . i
2 x 10° orgs/ml were mixed with 0.1 ml of rabbit
- 4 ’{(") R . ! ~ e B 1- S, S T o -
anti~H691B serum (L¢2¢¢) and incubated at 37 for
15 minutes. The non~opscenized bacteria were treated

gimilarly with normal rabbit serum.

h,2.4 Experimental procedure

Two groups of 6-day old mice were gilven orally
sz—labelled
8

0.1 ml of an opsonized or non-opsonized
culture of V. cholerae 5698 containing 1.8 x 10
living organisms and 2.1 X 106 c.p.m, At various
times thereafter the mice were killed, stomachs,
small intestines and large intestines removed sepe-

rately and these as well as the remaining carcasses
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homogenized separately in saline (2.2.9). Aliguots
of each were plated out for viable and radioactive
counts. Each point in the figures represents the
mean b4 SD of 7 - 9 mice. The significance of the re-

sults was determined as described (2,17).

4.3 Results

I'ig. 4.1 shows the movement of the radicactive label from
the stomach into the large intestine over a time of 6 nh.
The stomach was emptied quite rapidly although about 15 %
of the opsonized bacterla moved relatively slowly into the
small intestine compared with the non-opsonized organisms.
The reason For this is not clear but it will have some Dia-
plications on the interpretation of the elimination of

vibries from the small intestine.

Bacteria treated witlhh antibody passcd wmore rapidly through
the small intestine into the large intestime (Fig. 4.1).

The difference between the two groups are significant after
90 min in both small (P <0.02) and large intestinc (r < 0.02
The smeunts of radiotracer found in both groups after 180
and 360 minutes was not significantly different although

one would expect less 3r]}’—la,bel.led vibrios in the auntibody
groups. This, however, may be due to the 15 % opsonized

bhacteria in the stomach most of which were released into

the small intestine between %0 and 300 wminutos.



In the large intestine significantly less (p < 0.02)
radiolabel was present in the control after 360 min by
comparison with the antibody group. It is most probable
that the mice challenged with non-opsonized V, cholerae

already had diarrhoea and consequently excreted the radlo-

active label more rapidly.

The recovery of living V. cholerae 569B after various

times in different parts of the gastro-intestinal tract

are shown in Fig. W.2., Most of the organisms found in the
stomach after 90 min were dead in’both groups. Only a small
proportion (10 - 20 %) of the total bacterial popula?ion
was killed in the stomach., This is indicated by the speciflic
activity of the vibrios which feached the small intesting
after 30 or 290 min (Fig. HAS) which was not significauntly
different from the initial incculum. In the emall intestine
the antibedy-treated vibrios were removed more rapidly than
the non-treated vibrios (Fig. h.2). Significant differcences
between the two groups were found after 90 min (PxOoOZ)

and 360 min (P < 0.002).

The number of organisms found in the large intestine
reached a maximum after 90 min in the opsonized and 180
min in the control group. The numbers decreased much more
rapidly in the opsonized group than in the non-~opsonized,
o

After 360 min approx. 0.08 % of the opsenized and o3 % of

the non-opsonized bacteria were found to be still viable
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32

pP-iabelled V, chole

Fig., h.1: Distribution of

5698 in the gastro-ivntestinal tract of

infant mice. Bacteria trented with normal

rabbit ﬁerum‘LMMEBaoturia treated with rabhit

anti-~56903 serumn.
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Fig. 4.2: Recovery of living V. cholerae 56213 from

the gastro-intestinal tract of infant mice,.

5

o

incteria treated witly normal rabhbit secrum,

anﬁﬁacteria treated with rabbkit anti-5698 seruu.
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Fig, W.3: Change of specific activity of V. chaolerae

.

-~

560% non-opsonized g and opsonixoed Cre=={

in the small intestine of infant mice.
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(P<0.002)., In Fig. 4.3 the specific activities are

shown of the'BZPnlabelled vibrios recovered from the

small and large intestine after various times., In the
small intestine the specific activity of the non-opsonized
bacteria after 30 and 90 min was similar to the inoculum.
Between 90 and 180 min killing of the organisms occurred
as indicated by an increase of specific activity. No further
increase was found after 180 min. The situation with op-
sonized bacteria was different. The specific activity in-~
creased from 1,0 at 30 min to about 100 at 180 wmin. A
further but less dramatic increase was found between 180
and 360 min., The specific activities of both groups are
enly significantly diffesrent at 90 min (PdiG,OE) and

360 min (P = 0.001). There was no significant differcnce
at 180 win. In the large intestive (FPig. 4.5) the initial
specific activities in both groups were appros. the same
and only slightly increased. Only a slight increase of

the specific activity (c:ae 5) of the nen-~opsonized bac-
teria was Tound in a pericd of 350 min. 1lp the opsonized
group, however, a dramatic increase of the gpeccific acti-

vity of the bacteria was found between 90 and 360 min,
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Pig, bl Change of specific activity of V, cholerac

5690 non-opsonized &-—@ or opsounized L

in the large intestine of infant mice.

a
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4.k Discussion
Similar to the findings in adult mice mechanical removal
by peristalsis and killing appear to be the basic mechanisms
also in infant mice by which V. cholerae is eliminated from
the intestine. Antibody seems to have an effect on both
these mechanisms. It is evident from Fig. 4,1 that in the
presence of antibody the vibrios passed down the small in-
testine and accumulated in the large intestine faster than
in its absence. Thus, peristalsis becomes a more efficient
clearing wechanism in the presence of antiboedy. This could
be due to prevention of adherence of the V. cholerae %o
the intestinal wall (Freter, 1969, and seec chapter 6)
which woeuld tend to facililitate the removal by the
peristaltic streanm.
Concurrently with the more rapid removal of bacterial sub-
stance there was a rapid killing of those ovganiesms left
behind in the small intestilne as indicatod by a dramatic
change in their specific activity (Figs. .3 and h,&).
This alreandy cxisting process is clearly enhanced iun the
presence of antibody. As shown in Fig. 4.3 the opsonized
organisms increase in specific activity after 30 min.
compafed with the 90 min, time at which a similav ix--
crease was scen with the control organisms, These times

are those at which the bulk of the organisms has left the

small intestine in the two casos (Fig. L'r.l)g and, therefora,

the killing observed was of the remaining minority.

probable that it was this small propertion of orgaunloms
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which were held back in the small intestine by associa-
tion with the epithelium and that only when the bulk of
the organisms had been removed mechanically were any
changes in specific activity realizable. This observation
is similar to that made in adult mice (see Fig. 3.4).
Since antibody had an effect on removal rates it becomes
difficult to determine whether antibody h&d any direct
effect on the epithelial cell-associated killing. Two
possibilitics exist. LEither antibody has a direct sen-
sitizing action on bacteria, thereby rendering them more
susceptible to some epithelial cell metaholic product, or
antibody, by lowvering the bacterial load associated with
the epitlielial surface, allows the killiung precess to
occur efficiently on the reduced number of attached bac-
teria, and that this process itsclf is not influenced by
antibody., Perhaps the only piece of evidenmce which supponris
onc or other of these poeossibilitics is the slope of the
specific activity Lliuncs.diun TFig. I, 35 which are the same
with or without antibhedy. I{ anything, this indicates
that the killing process is the same with or without

antibody and there favours the second alternative.

The situation is even wmore complex in the large intestine
since the results may be influeunced by incrcasced fluld
secretion which occcurs in baby mice after challenge with

V. cholerae in absence of antibody. This is indicated by

e
o 32
k.

P oin the nermal wice (Fig. h.1),

an incresaed oxcration

-
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most likely to diarrhoea. This could change the normal
environment in the large intestine (composition of the
normal flora) and also its normal physiological function
(increased amount of fluid, no normal pellet formation).
Thesé altered conditions may have a considerable influence
on the killing of V. cholerae in the large intestine, Some
suppert for this is given by the results of Chaicumpa and
Rowley (1974) who showed that substances such as cholera-
toxin, lysolecithin and prostaglandins inhibited to some
degree the killing of V. cholerae in infaunt mice. Shed-
lofsky and Freter (1974) using germ=free mice found a more
rapld elimination of V., cholerac in tbhe large intestine of
immunized animals when they were contaminated with an
avtochtonus flora. They postulate a synergism between
local dmmuwity and the normal inilestinal flora. Cur data
support this suggestioca Tor the Targe intestine. However,
the upper swmall intestine in man (Nelson and HMater, 1070)
and infaut wice (Schaedler, Dubos and Costello, 1065} is
relatively Tree of a nerunl Llora. The killing which co-
curred in the iufant mice even without antibody could

therefore be independent of a nermel flora. T+ would

i

therefore be interesting to accumulate move data on this

-

%

killing mecbanism which apparently operates oun the mucosal
surface of the small intestine of adult and infant milce

and to determine the effecht of antibody on it.



08

CHADTER 5

A BACTERTCIDAL MECHANISM ON THE MUCOSAL

SMALL INT

k14

SR P

Introduction

{oa

In chapter 3 and I we obscrvec

and, to a lesser extent, othaw

in the sm

which rewm ned

of bactexria

flowra

ihlie

Convention

tTufaut Swi

Gorm-Tree and convenid

L o o =g I
Beem cteria

Za
St

- e L
V. ebholerae SOU2 (z; s mud
S TG I LA RS RE LU :

8

AP Ey

>
Lnfo
A/




99

NCV 56932163

DI S PN

S, typhimuriuvm C5

E. coli 0111 BV

Antisocra

peprer=s




100

The results in Tables 5.1 - 5.6 were calculated on
the assumption that the % of radioactivity found in
any sample indicated the initial % of viable or-
ganisms in that sample and that any change found in
the viable numbers was due to killing or to growtlh
of the attached organisms. Since it is urilikely
that any significant amount of 32? will leave the
bacteria without the organism being killed, this
assumption is probably wvaliad (Spitznagel and

Wilson, 1965).

stomycin treati

pE e Pt

L3 hours befeore the exporiments each mouse was given

50 mg of streptomycin crally.

Fres the leoop

3=

N

" iabel fixed 1o an

s erperiment was

to isolate epitholial cells

1971) end dsscribed din 2,15. Th
been cut opsn and thoroughly washed was jneubatbad
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release epithelial cells. Tt was then hemogenized in
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another 2.0 ml of medium II. The released epi-
thelial cells were centrifuged at 500 rev/min
for %5 min, tested for viability with trypan blue
and stained with Wright-Giemsa. Aliquots of the
incubation medium, homogenates, wash fluids and

supernatants were assayed for the radio tracer.

5.3 Results

attached ta the 1ntﬂqt3na1 wal l

e | —

Table 5.1 shows the amount of radioactive label

and the number of living organisms recovercd from

the varicus wash fluids and the homogenized tissue

after 10 min dincubation of ng Ltabelled

V. cholerae 5690 in en intact intestinal loop.
Most of the radicactivity and the living vibrios

were Tecovered in the firsit and second wash fluid

with complete viability. The third wash fluid cone-

tained very little vadicactivity and only 10 % of

this was still in li?ing organisms. About 3 % of

the 1a dJo tracer wss still associated with the

tissue after the final wash compared to 1,7 % in

the final washing fluid, indicating that this radio-
activity was firmly bound to the tissue. More wasli-
ings removed little further radioc tracer., The nuaber
of living ovganisms found in the Ugﬂhed piece of in-

testine amounted to 0.07 % of the ivoculun.
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Accordingly, only 2.5 % of the finally attached

bacteria were still viable (Table 5.1).

Different results were obtained in a similar ex-

periment using 32P-labelled S. typhimurium C5.

Most of the bacteria were recovered in the first
and second wash and the organisms recovered in the
washed and homogenized piece of intestine showed

orily a 50 % drop in viability (Table 5,1).

In Table 5.2 the recovery of radio tracer, living
organisms and the change of viability after various

times of incubation of V. cholerae 569B in a loop

is shown. The amount of label fixed to the washed
loop reached its maximum after 5 min and remained
constant for 60 min. The numbers of attached livirig
organisms showed a steady decrease for the first 10
min but increased afteir 30 min. The viability showed
a decrease after 1 min and was lowest between 5 and
30 min but rose again by 60 min. This increase by

60 min‘is probably the result of an overall growth
of the total bacterial population in the loop. Since
the viability of the firmly attached vibrios was
léwest 10 min after injection this time point was

chosen for all subsequent experiments.
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- Table 5.1: Killing of 32P--’labelled organisms absorbed to

the intestinal wall after 10 minutes' incubation

in an in vivo mouse intestinal loop.

% of initial dose re- % viability of
] covered as - recovered
Organism Sample .
32 fles : bacteria
P living organisms

1+

V.cholerae 1. Wash fluid 58 + 5 65 % 7 100 30
569B SR + + +
2. Wash fluid 37 = 3 33 = 9 100 Z 20
3. Wash fluid 1.7 ¥ 0.9 0.5% 0.3 5o ¥ 8
Washed + a .
intestine 2.7 = 1.4 o0.07- 0.03 2.6 - 1.0
. ; + + : +
S.typhi- 1. Wash filuid 83 - 7 88 - 7 100 - 25
murium C5 + s
2. Wash fluid 14 I 5 10 I 6 90 I 26
3. Wash fluid 1.6 ¥ 0.9 0.6 1 o0.3 90 ¥ 32
Washed " o 5
intestine 2.5 = 1.4 1.4 = 0.8 54 = 25
+ .
Mean - SD of 8 mice
Injected into loop: 5 - 7 x lO8 living organisms

2 - L x 106 c.p.m. of 32p
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Table 5.23: Killing of 32p_1abelled V. cholerae 569B

attached to the intestinal wall at various

times after injection into the loop

Time % of initial dose recovered as % viability of
(min) 32P living organisms attached bacteria
12 1.2 ¥ o.5 0.17 ¥ o0.07 10 s
5 2.7 ¥ o.5 0.14 ¥ 0.10 4.2 ¥ 1.5
10 2.7 ¥ 1.2 0.07 ¥ 0.03 2.6 ¥ 0.8
30 2.5 ¥ 0.8 0.08 ¥ 0.03 vy  to1.3
60 2.3 ¥ o.9 0.27 ¥ 0.12 12 %4
a

each time point 3 - 6 mice

Injected: approx. 7.8 x lO8 1iving vibrios and 1.6 x 106

c.p.m. of 32P.
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5.3.2 Attachment and killing of V. cholerac 56918

in the intestinal loop without blood supply

An intestinal loop was made as usual and the blood
vessels supplying this loop were coagulated. After
10 min the 32P-labelled vibrios were injected into
the loop and incubated for 10 min. The loop was
then cut out, washed apd homogenized as described.
The result of such an experiment is shown in

Table 5.3. Although the amount of radioactive label
was about half that recovered from_ the intact loop,
the numbers of living vibrios found in the loop
without blood supply was twentyfive times higher.
Accordingly, the survival ;f the organisms attached

to these loops was high. This indicates that a rapid

killing occurs of those V. cholerae attached to the

intact intestinal mucosa, and that this killing
requires an intact blood supply for its full ex-

pression.

5.3.3 Effect of prioxr streptomycin treatment on

the killing process

Inhibition of the normal flora with streptomycin
has been shown to allow colonization of the in-
testine by pathogenic organisms such as S. typhi-

murium (Miller and Bohnhoff, 1963) or V. cholerae

569B (Freter, 1956). The normal flora may act on

invading bacteria by secreting bactericidal sub-



Table 5.3: Killing of V. cholerae 569B associated with

Germ~free

a

106

mouse intestinal mucosa after 10 minutes'!

Mean ¥ SD from 5 - 6 mice in each group

exposure
No.viable orgs. No. of living % viability Signi-
Mice initially attached orgs.recovered of attached ficance
(x 106) b (x 106) : bacteria
Normal PR, +
Conven- 15 -5 0.3 - 0.015 2
tional
s L
Conven-
tional + +
no blood 9 -2 7.5 - 3.0 83
supply
Normal + +
S.P.F. 7.9 - 1.9 o.4b - 0.25 5
N.S.
Streptomycin- +
treated 6.6 - 1.2 0.53 = 0.16 7
S.P.F.
BALB/C . .
Conven= 5.6 = 2.8 0.16 - 0.07 2.6
tional
N.S.
BALB/C 5.6 = 2.5 0.30 ¥ 0.08 5.3

Calculated from % radioactivity associated with the washed tissue

Inject.:

h - 6 x 108 1live organisms

3 - 6 x 106 c.p.m,
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stances such as organic acids (Meynell, 1963).

 In order to find out if the normal flora played a

5.3.4

part in the killing of V. cholerae 569B in our

model, SPF mice were pretreated with 50 mg of
streptomycin 48 h before the experiment. All mice
had an extended cecum filled with feces mixed with
gas and fluid (Savage and Dubos, 1968). The results
in Table 5.3 demonstrate that the killing mechanism

still operates after streptomycin treatment.

Killing of wucosa-associated vibrios

in germ-free mice

Since streptomycin did Qot abolish the killing
mechanism on the attached vibrios one might ex-
pect this killing mechanism to operate in .germ-
free mice. As shown in Table 5.3 the attached

vibrios were clearly killed in germ-free animals.

Effect of passive antibody or immunization on_ the

killing of 3?P-labelled bacteria attached to the

intestinal wall

Opsonization of the bacteria or immunization of
the mice did not increase the killing of the
organisms tested (Table 5.4). Even organisms such

as S. typhimurium or V. cholerae 017 which normally

showed only a slight decrease in their viabilities

(Table 5.1 and 5.6) were not affected by antibody
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Table 5.4: Effect of antiserum or immunization on the killing of V. cholerae 569B, 017 and

S. tvphimurium C5 attached to the intestinal wall after 10 minutes' incubation

in a loop.

V. cholerae 569B

(Inaba)

V. cholerae 017

(ogawa)

S. typhimurium C5

n 20 n

f "

€ n n

not done

s
ol
il

"

n

% viability of attached organisms

Test organism

Mice immunized

non-opsonized opsonized orally parenterally
2.5 ¥ 0.6 3.3% o0.7% b0 *1.09 3.3% 1.1°¢
+ + b _
4o - 10 33 - 12 n.d. n.d.
30 I 20 91 Y310 °© 25 *aiaf 32 Y15 €

with 20 haemagglutinating units

rabbit anti V.

cholerae 569B

L ”n "

serum haemagglutination titre 1/20

1/256

"

n bacterial agglutination titre 1/k

1/2000

n 017

" 10 bacterial agglutination units rabbit anti S. tvphimurium
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or active immunization. It should be noted that
antibody had also no significant quantitative
effect on the fixation of the organisms to the

mucosa in this model,

Killing of mucosa-attached V. cholerae 569B

in infant mice

As shown in chapter 3 the killing rate of

V. cholerae in the small intestine of infant mice

appeared to be increased in the presence of anti-
body. Therefore, the effect of antibody on the

killing of V., cholerae attached to the intestinal

wall of infant mice was tested. Since the intestine
in these miée is very soft no attempt was made to
produce loops. The 32P—labelled organisms (Volume
30 ul) were injected directly into the small in-
testine. Most of the small intestine was taken out
10 min later, cut open and washed as described. The
results are given in Table 5.5. Only a slight de-
crease of viability of non-opsonized organisms was
found and this was not changed by opsonization with

whole antiserum or purified yA antibodies.

Sensitivity of different gram-negative organisms

towards the killing mechanism

On Table 5.6 some other V. cholerae strains and

other gram-negative organisms are listed which had
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Table 5.5: Killing of V. cholerae 569B associated with

the intestinal wall of the small intestine of

6-day old infant mice and the effect of anti-

body on it

Vibrios opsonized with

NRS

Rabbit anti 569B XA a

Mouse anti 569B serum

Number of mice

a

b20" n

% viability of vibrios re-

covered from the washed loop

s0 I 7 (6)*
83 I 21 (4)
100 ¥ 32 (&)

2 haemagglutinating units added to inoculum
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Table 5.6: Killing of different bacteria associated

with mouse intestinal mucosa after 10

minutes exposure

Organism

V. cholerae

569B

V. cholerae
o017

NVC 569B-165

E.coli OIITI BV

S.thyphimurium
C5

a

b

No.viable orgs.

No. live

% Survival

initially attached organisms
(x 106) b recovered
(x 106)
g.g tn? 0.34 ¥ o.14
9.2 ¥ 2.8 .4 ¥ 3.1
4.0 % 0.8 0.20 ¥ 0.16
3.6 £ 1.8 2. Y 1.7
5.0 ¥ 2.0 2.8 ¥ 2

Mean £ SD of 6 - 8 mice

Calculated from % radioactivity

associated with the washed tissue

L8

5.0

66

56
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been tested in this loop model. In addition to

V., cholerae 569B the hybrid vibrio 569B-165 which

does not share somatic antigens with 569B was si-
milarly sensitive towards the killing. On the

other hand, V. cholerae 017 appeared to be quite

resistant. Both E. coli 0111 BV and S. typbhimurium

C5 were quite resistant to the killing and the
amount of radio label bound to the mucosa was si-
milar for both organisms and comparable to

V. cholerae 569B.

Localization of the killed vibrios attached

to the washed intestinal loop

The radio tracer attached to the washed tissue was

originally located in approx. 2 - 4 x 107 v. cholerae

organisms of which only 5 x 105 were still viable
at 10 min. In order to obtain some data on the
nature of the killing mechanism an attempt was made
to locate the dead organisms. One approach was to
section the washed loop after the usual type of ex~
perimeht and to detect organisms under the U. V.
microscope using fluorescein-labelled antibody.
Although one would expect approx. 1000 vibrios per
section only an occasional vibrio could be seen.

It seemed, therefore, possible that the attached
32P label was no longer in antigenically intact

bacteria but was in the form of fragments or even
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Table 5.7: Location of the radio label in the intestinal loop

2 6 .
3 P-labelled V. cholerae 569B (2.2 x 10 c.p. m.) injected into loop and incubated for 10 min,

- > 6 e Y A
loop cut open and washed 3 x(2.11 x10 ¢.p.m. recovered in wash fluid)’

loop incubated for 30 min in Medium I (7 x 104 c.p.m. = 100%) -

el i |

% Incubatign medium i loop transferre‘-d into Medium II
e, ol "=
4,3 x10 c.p.m. (62%) ) ’ i G
peomnig | = Vibraticn
u - ;
centrifuged E
500xg § .
T T |
— i Homogenised Ioop : Epithelial Cells
S4N DE’P“ . 2.3x10° c.p.m. (3%) 2.4 x10% c.p. m. (35%)
3.7x 10 c.p.m. 1.1x10" c.p.m. - e E ", o | .
g ‘ : _ : N ' ' centrifuged
centrifuged .~ = et grhdE: e 500xg
80000 x g _ T 4 -
20 1/2 hI‘S. - a i ‘. ‘ ! ! o
- | : ' ' SN DEP,
e = - ™ 4 . 4
1 s <Pty L 1,0x10 c.p.m. 1.4 x10 c.p.m.(20%
Sl& ; DEP. iy i 15%) , washed 500 x g .
3.1 x 104 C.p.m. 3.0x 103 c.p;.m.‘ _ ! s " . ' ;
45%) . 4%) S e T ; '] .
5 : v - SN | | DEP.
_ 1x10° 1.1x10%
ot = , (1.5%) (16%)

SN = supernatant
DEP = sediment
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free 32P. We, therefore, tried to determine the
1ocafion of the label. A method was adopted which
has been used to isolate epithelial cells from the
intestinal mucosa. The result of such an experiment
is shown in Table 5.7. After incubation of the
washed loop for 30 min in a medium containing
hyaloronidase about 60 % of the label was found in
the incubation medium and 35 % was associated with
the epithelial cells aftexr they had been vibrated
off the mucosa. About 80 % of the epithelial cells
were alive as tested by the trypan blue exclusion
test and 95 % of the cells could be identifieq as
epithelial cells. The rest were either leukocytes,
lymphocytes or nonmidenkified cells. Further wash-
ing of the epithelial cells removed another 15 %

of the label leaving 20 9% of the total label firmly

cell--bound.,

5.4 Discussion

Our results suggest that a bactericidal mechanism exists
on the mucosal surface of the small intestine which is
able to control bacterial growth to some extent. This
suggestion rests on the assumption that the greater pro-
portion of radioactivity attached to the intestinal wall
by comparison with the numbers of viable organisms 1is

32

not due to preferential absorption of free P or of

dead organisms in the inoculum. Several data, however,
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indicate that these alternative explanations are not
likely:

1) Using other organisms such as V. cholerae 017 or

S. typhimurium C5 the increase of specific activity

is considerably less than with V., cholerae 569B
32

although the amount of free P or already dead
organisms is approximately the same.

2) Results obtained in loopé without blood supply de-
monstrate directly that the radioactivity firmly
bound to the mucosa.represents intact organisms

which in this case are not killed.

3) In the infant mouse, using opsonized V. cholerae 5698,

the percentage viability found in the firmly fixed
organisms was not differenf from that in the inoculum.
This could not happen if free 32P or dead organisms in
the inoculum were preferentially absorbed to the mu-
cosa.
It appears also unlikely that the killing occurred in the
lumen followed by absorption of dead organisms or frag-
ments on to the mucosa. As shown in Table 5.1 no measurable
killing occurred of those organisms free in the lumen. The
dead organisms found on the mucosal surface and indicated
by the radio tracer represent a very small part of the
whole population (3 %). These organisms would not signi-
ficantly increase thé amount of dead bacteria already
present in the inoculum, and for reasons given above it

is not likely that these are preferentially absorbed to

the mucosa.
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Although the fixed vibrios are initially killed very
rapidly the killing does mnot continue with the same rate

as indicated by the increase of viability after 30 min.

This is parallelled by an overall growth of the whole bac-
terial population present in the loop. This inability of

the killing mechanism to control growth of the whole bac-
terial population can partly be explained by the unphysio-
logical nature of the loop model. Under physiological con-
ditions, the majority of the organisms would be flushed into
the large intestine, the remaining ones would be spread over
a much wider surface area and thus the infecting organisms
could be removed quite effectively. On the other hand, this
result points out that this mucosal killing mechanism has

its limitations and can be overcome once too many organisms

are attached on to the mucosa at one spot.

Some conclusions about the nature of this killing mechanism
may be drawn from the results obtained. Most of the radio-
activity was recovered from the medium containing hyaluro-
nidase in which the tissue was incubated. Another part
could be removed from the isolated epithelium cells by
washing. Since most of the epithelial cells were intact
after they had been released from the mucosa by vibration
this would indicate that lysis of most of the organisms
occurred on the epithelial cell surface or in the mucous
layer. After enzymatic digestion of the mucous layer the

labelled bacterial fragments were released into the in-
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cubation medium, Only 20 % of the label was firmly fixed

on to or inside the epithélial cells.

The killed organisﬁs could not be located microscopical-
ly with fluorescent antibody, probably because the bac-
teria weré lysed to such an extent that the fragments
were no longer antigenically intact. This is supported
by the fact that 90 % of the radio tracer is of small
molecular size as shown by centrifugation. A similar loss
of small molecular size compounds after lysis by antibody
and complement has been shown by Spitznagel (1966 a and b)
using smooth 32P-labelled enterobacteraceae. Fpllowing
further conclusion about the nature of the killing me-
chanism can be dra@n from the results obtained:
1) An intact blood supply is required for maximum effi-
ciency. This could mean that the epithelial cells
must be metabolising for the mechanism to be efficient
(see also GENERAL DISCUSSION).
2) The normal flora seems not to have an effect on this
killing mechanism as shown in streptomycin-treated
and germ—free mice,
3) This killing mechanism seems to be much less developed
in infant mice.,
4) Antibody given passively or active immunization has no
effect on the killing of the attached organisms.
5) Different gram-negative organisms are variably sensitive

towards this killing. This agrees with the results we



118

obtained in intact adult mice where 32P-labelled

S. typhimurium C5 and E, coli 0111 BV were much

less killed than V., cholerae 5693 (see 3.3.3 and

Table 3.7).
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CHAPTER 6

EFFECT OF ANTIBODY ON THE ADSORPTION OF V. CHOLERAE 569B

ON THE MUCOSAL SURFACE: A PROTECTIVE MECHANISM IN INFANT

MICE

6.1

Introduction

In the infant mouse antibody clearly enhanced the me-

chanical removal of V. cholerae 569 B from the small

jntestine (4.2), most likely due to prevention of ad-
sorption of the organisms to the intestinal wall.
Further evidence that antibody may prevent the ad-
sorption of pathogens to epithel{al cells is éiven by
the results of Freter (1969) and Williams aﬁd

Gibbons (1972).

In this chapter we have investigated several antibody
preparations for their abilities to reduce adsorption of

V. cholerae 569B to isolated intestinal epithelial cells

and correlated these to agglutination and protective

activitiés in infant mice.

Materials and methods

6.2.1 Bacterial strains

V. cholerae 569B (2.2.1)

V. cholerae 017 (2.2.2)

V. cholerae V58 SR (III) (2.2.4)

NCV_569B 165 o (2.2.3)
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Some of these strains were used as streptomycin

resistant mutants (2.2.8).

6.2.2 Antisera and purified antibodies

Mouse anti-569B I (2.6.2)
Rabbit secretory IgA and serum IgG with anti-569B
activity (2.6.6)

Anti-0 and anti-H antibody, preparation see 2.6.7

6.2.3 Antibody assays

Haemagglutination assay (2.10.1)
Bactericidal assay (2.12)

Tube agglutination (2.11)

6.2.4 Preparation of isolated intestinal epithelial cells

Described in 2.15

6.2.5 Adherence of vibrios to epithelial cells and

To one ml of either an antibody dilution or saline or

normal ‘serum control 1 - 2 X lO8 V. cholerae 569B

were added and the suspension incubated for 15 minmn
at 370. To 0.1 ml of this bacterial suspension

1 x 106 intestinal epithelial cells were added and
the mixture incubated for 60 min at 37° on a shaker.
Each sample was centrifuged at low speed and the

pellet resuspended in 0.2 ml of Hank's medium,.
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Smears of each sample were prepared, fixed in 10 %
methanol and treated with fluorescein-labelled
anti~serum as described in 2.16. The fluorescent
bacteria were examined with a fluorescence micro-
scope (2.16). The effect of antibody on adherence

of V. cholerae to epithelial cells was evaluated

by determining the percent epithelial cells with
adherent bacteria. All values were adjusted to a

control value of 100 %&

Microscopic agglutination

Microscopic agglutination was measured on samples
prepared the same way except that epithelial cells
were absentkffom the suspension. Agglutination was
scored on a scale from zero to four according to
the size of agglutinates formed. Assessments of
bacterial adsorption and microscopic agglutination

were determined using a double blind method.

Infant mouse protection test

This test has been described in 2.14. For con-
venience and maximum sensitivity, the protection
tests in this chapter involved oral administration

of V. cholerae together with the antibody dilution.

Significant protection, however, can be obtained if

" the antibody is given orally or systemically (i.v.

or i.p.) several hours before challenge

(Chaicumpa, 1974).
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In most protection tests the oral inoculum was
assayed simultaneously for microscopic agglu-

tination and bacterial adherence to epithelial cells.,

6.3 Results

6.3.1 Correlation between adsorption, agglutination and

6.3.2

protection

The data in Table 6.1 show some correlation between
the ability of whole antisexum or secretory IgA to
reduce bacterial adsorption to epithelial cells and
their ability to protect infant mice from cholera.
Furthermore, the decrease in adsorption of V. cho-

lerae to epithelial cells appears to be inversely

related to the amount of agglutination present.

Effects of anti-O and anti~H antibody

Although the degree of agglutination, reduction in
bacterial adsorption to cells, and protection seem
to parallel one another there may not be any causal
relationship between agglutination and protection;
the aggiutination may simply indicate the presence
of antibody which acts in some other manner in vivo.
If agglutination of organisms exerts a protective
function anti-flagella antibodies should protect in-

fant mice from cholera. In order to test this possib-

41lity anti-O0 and anti-H antibodies were purified

from the IgG (anti-O, U) and each antibody pre-
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Table 6,1: Effects of mouse anti-serum and rabbit

secretory IgA to V, cholerae 569B on

agglutination, protection and adsorption

“"of bacteria to epithelial cells.

; Percent Microscopic Percent cells
Sample tested Dilution survival* agglutination¥* with adsorbed
bacteria
a) Mouse anti-
569B 1 : 100 100 3.3 54
1 : hoo 18 2.4 69
1 : 1000 0 2.0 86
NMS 1 : 100 0] 0.0 100
)
b) Rabbit
secretory
IgA 1 : ko 89 1.8 59
1 : Loo L5 0.6 76
1 : 4000 4s 0.3 100
NRS ; Iy & o 10 0.0 100

* Determined at 65 (a) and 52 hours (b) after challenge

with 2 x 107 V. cholerae 569B

x* Scored on a scale from O to 4 according to the_size of

the agglutinates

NMS Normal Mouse Serum

NRS Normal Rabbit Serum
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paration was tested in the same three assays. The
characteristics of these antibodies are indicated
in Table 6.2. The anti-0 retained the HA, vibrio-
cidal and O-agglutinating activity found in the
original IgG (anti-O, H). The anti-H retained only
H-agglutinating activity; it had no measurable
activity in any of the‘assays involving bacterial
somatic antigens. All three preparations protected
infant mice from cholera.

The relationship between protective activity,
agglutination and adsorption to epithellal cells

is shown in Table 6.3. Each of the antibody pre-
parations had good protective activity (90 to 100 %
survival) only at concentrations that caused obvious
agglutination and a reduction in bacterial adsorp-
tion to epithelial cells of at least 40 to 50 %. In
order to accurately interpret the above results it
was important to ensure that the anti-flagella anti-
body was pure with no antibody directed against

somatic antigens,

Absorption of anti-H with-a hybrid vibrio

The anti-H was absorbed with a hybrid vibrio
(569B-165 SR) which shares flagellar antigens with

V. cholerae 569B but does not possess any of the

somatic antigens of 569B (see Table 6,5 and 2.2.3).

The data in Table 6.4 show that progressive ab-
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Table 6.2: Biological activities¥* of rabbit IgG
preparations containing anti-0, H
‘anti-0 or anti-H to V. cholerae 569B.

Agglutination***¥ Protective

Antibody Haem- Bactericidal tivit
pre- agglutin- Boiled -Live ac y
paration  atiomn (PD 50)
Anti-O,H 500 6.2 x 1ou 54 9130 13231380**
Anti-0 480 3.3 x 10" 33 33 260 96
Anti-H <0.h <8 <1, 930 305142

* Activities given as the reciprocal of the end point

dilution per mg of original total IgG (anti-O, H)

*x Mean plus standard deviation of four (anti~0 and anti-H)

or five (anti-0, H) experiments

*¥k% Corrected tube agglutination titres against washed

boiled organisms or washed live organisms
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Table 6.3: Effects of rabbit IgG containing anti-O, H,
anti-0 or anti-H activity to V. cholerae 569B

on agglutination, protection, and adsorption

of bacteria to epithelial cells.

Sample Dilution Percent Microscopic Percent cells with
tested Survival* agglutination¥*¥* adsorbed bacteria
Anti-O,H 1: 100 100 3.1 22
1: 1000 92 1.9 L8
1:10000 25 0.8 85
NRS 1: 100 8 0.0 100
Anti~O0 - 1: 100 100 2.5 53
l: 1000 30 0.8 83
1:10000 30 0.3 ok
NRS 1: 100 0 0.0 100
Anti-H  1: 10 100 2.3 by
l1: 100 30 1.9 Lo
1: 1000 60 0.9 85
NRS 5} 10 .0 0.0 100
* Determined at 48 ~ 52 hours after challenge with 2 x 107
V. cholerae 569B
* % Scored on a scale from O to 4t according to the size of

the agglutinates

NRS Normal Rabbit Serum
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Table 6.4: Effect of absorption of anti-H with a hybrid

vibrio sharing only flagellar antigen.

Absorption Number of IegG* Live¥*¥* * %% PD50

with: %bsorptions (pg/ml) agglutination PD50 Agglutination

Nil - 1012 640 390 0.6

Boiled

569B/165SR 1 1080 640 ND -
3 948 640 280 0.k
Iy 1104 640 290 0.4

Live

5692/165SR 1 1080 320 320 1.0
3 912 ko 20 0.5
L 924 10 3 0.3

* Determined by single radial immunodiffusion using

a goat anti—z
* % Reciprocal of highest dilution showing macroscopic tube

agglutination against live washed V. cholerae 569B

**¥% Average values of two experiments

ND Not determined



128

sorptions of anti-H with live hybrid vibrios re-
moves agglutinating and protective activity in
parallel. Absorption with the boiled hybrid
(flagella destroyed) had no effect on the ag-

glutinating or protective activity of anti-H.

6.3.4 Agglutination of various vibrio strains

The anti-H (prepared against V. cholerae 569B) was

tested for its agglutination characteristics against
various flagellated and non-flagellated vibrios
(Table 6.5). Only the flagellated motile vibrios
were agglutinated by the anti-H preparation. Strain
V58SR (III) which is mnon-motile and which lacks fla-
gella as determined by eiectronmicroscopy (see 2.2.4)

showed no agglutination with the anti-H at the

highest concentration tested (1 : 3).

6.4 Discussion

The results of this chapter are summarized graphically in
Fig. 6.1. The data show (i) a significant inverse cor-
relationlbetwoen protection and the degree of attachment

to epithelial cells in vitro (P <0.001), (ii) a significant
positive relationship between protection and the degree of
agglutination in vitro (P <0.001) and (iii) a significant
inverse relationship between the degree of attachment to
epithelial cells in vitro and the degree of bacterial

agglutination in vitro (P <0.001).



129

Table 6.5: Agglutination of various vibrio strains

with anti-0, H, anti-0 and anti-H.

Live agglutination titre* with:

Strain O-serotype Motility Anti-O,H Anti-O Anti-H
569B Inaba + 2400 1ho 2400
017SR Ogawa Co+ 800 400 800
569B/165SR  NCV + 2400 <5 2400
V58SR (III) Ogawa - 80 4o <3

¥ Reciprocal of highest dilution showing macroscopic

tube agglutinatiom against live washed organisms
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Fig. 6.1: Correlation between protection, agglutination (a)
and prevention of adsorption (b):
Summarized from the data in Tables 6.1 and 6.3.

The line of best fit is indicated DY a0 oeeve
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The possibility existed that bacterial agglutination was
merely a measure of the presence of antibody which was
providing protection through some other mechanism, To
determine if there was any causal relationship between
agglutination and protection purified antiflagella anti-
body was prepared. Such antibody should only act by ag-
glutination and/or inhibitibq of motility and not via a
direct bactericidal property (see Table 6.2). The finding
that anti-flagella antibody could protect infant mice
from cholera and that this was parallelled by the agglutin—
ating activity indicated that agglutination can be an im-
portant mechanism of intestinal immunity. The validity of
this conclusion depends on the agéumed purity of the
anti-H preparationkﬁsed in the assays. Strong support for
this assumption is the absence of HA and bactericidal
activity (Table 6.2) and the fact that protective and
agglutinating activity were removed in parallel by ab-
sorption with a hybrid vibrio (Table 6.4) which shared
only the flagella antigen (Table 6.5). At first sight
anti-H antibody might appear to be not as efficient as
anti-0 antibédy in protection (Table 6.2). However, based
upon specific antibody content, anti-H appears at least
as protective as anti-0., From Table 6.4 the maximum
possible concentration of specific anti~H can be
estimated as 50 - 100 ug/mg total IgG. The concentration
of anti-0 antibody determined by quantitative precipitation

with V. cholerae 569B LPS was approx. 200 ug/mg total IgG.
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From these values the PDSO/ug of antibody can be cal-
culated to be 1,3 and 3 - 6 for anti-O0 and anti-H
respectively.

It seems probable that agglutination and prevention of
adherence to epithelial cells are causally related to pro-
tection. Microscopic examination of the epithelial cells
and the bacterial population at protective antibody con-
centrations revealed that bacterial aggregates were pre-
sent containing 100 to 1000 bacteria or more. Agglutin-
ation would, therefore, reduce the challenge dose of

organisms at the epithelial surface 100 to 1000 fold.
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CHAPTER 7

ANTIBACTERIAL EFFECT OF ANTIBODY IN THE ADULT MOUSE:

SUPPRESSION OF GROWTH IN THE INTESTINAL LOOP

7.1 Introduction

Using the intestinal loop as a model to analyze the anti-
bacterial effect of the mucosa on V. cholerae (Chapter 5)
we observed that the total population of organisms in such
a loop multiplied over a period of 5 hours. Active im-
munization of the mice with V.
growth, In this chapter we tried to elucidate’the anti-

bacterial role of antibody in this model using mainly

~

histological methods.

7.2 Materials and methods

7.2.1

7.252

7.2.3

7.2.4
7.2.5

Mice: Adult Swiss White Mice (2.1.1)
Bacteria:

V., cholerae 569B SR (2.2.1)

NCV 569B-165 (2.2.3)

Immunizations: For parenteral and oral with

V. cholerae 569B see 2.,5.1.

For parenteral immunization with NCV 569B-165
see 2.5.2.

Antiserum: Mouse anti 569B II (2.6.3)

Antibody assays:

Indirect haemagglutination (2.10.1)

cholerae suppressed the
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Bactericidal assay (2.12)
Tube agglutination (2.11)

Experimental procedure

Mice were anaesthecized with ether, the abdomen in-
cised, and 5 cm intestinal loops were ligated be-
ginning approx. 10 cm below the pylorus. Using an in-
fusion pump 50 pl of a log phase culture of

7

V. cholerae containing approx. 2 x 10’ living or-

ganisms were injected into the loops. The abdomen was
closed and the mice were killed after 5 hr. The loops
were removed and homogenized with an Ultra Turrax ho-
mogenizer (Janke and Kunkel, Staufen, W. Germany) in
10 ml of saline., In one group of mice viable bacterial
counts were determined from the homogénate. In another
group of mice frozen sections of intestinal loops were
examined with fluorescein-conjugated antisera to de-

termine the distribution pattern of V. cholerae omn

the intestinal mucosa. Smears of loop fluid stained
in the same manner were examined microscopically to
assess bacterial agglutination. Because of our subse-
quent finding that bacterial growtekwas suppressed in
immunized animals (Table 7.1), the immune mice re-
ceived approximately 10 times (2 b'e 108) more bacteria
per loop than the non-immune animals in this experi-
ment. This was done so that each group would have

the same number of organisms after 5 hours and,

therefore, the relative changes in bacterial distri-
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bution and agglutination could be assessed more
accurately. All sections and smears were assessed

using double-blind procedure.

In separate experiments, mice were passively im-
munized intravenously or the bacteria were pretreated
with antibody prior to inoculation into intestinal
loops and the numbers of viable bacteria determined

from intestinal loop homogenates five hours later.

7.3 Results

7.3.1 Growth of V. cholerae 569B in the intestinal loops

of non-immunized and immunized mice

In intestinal loops of non-immunized animals V. cho-
lerae grew in 5 hours to 1600 percent of the numbers
inoculated. In animals immunized parenterally or

orally with V., cholerae 569B the bacteria multiplied

to some extent but growth was retarded about seven-
fold when compared to non-immune animals (Table 7.1).
In mice immunized with the hybrid vibrio 569B-165
which shares only the flagella antigen with the test
organism a comparable suppression of growth occurred
(Table 7.2). Table 7.3 shows the antibacterial acti-
vities of the antisera from each of these groups of

mice. Serum from mice immunized with V. cholerae 569B

had good haemagglutination, bactericidal, and agglu-

tination titres against 569B whereas the serum from
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mice immunized with 569B-165 had only one activity

against 569B - agglutination of live bacteria.

Passive immunization was much less effective at re-
tarding bacterial growth in the intestine (Table 7.#).
Antiserum given either directly into the loop or in-
travenously produced a mild retarding effect on
growth of the organism only when high concentrations

of antibody were used,
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Table 7.1: Effects of immunization with V. cholerae 569B
on growth of V. cholerae 569B in intestinal

loops of mice.

Route of Number Number of bacteria Bacteria recovered
immunization of mice (x 107) inoculated (% of no. inoculate:
Non-immune 11 2,8 % 1.4 2 1600 ¥ 1000 ?
+ +

Parenteral 10 2.8 = 1.4 190 - 175

| + +
Oral 6 2.4 = 1.6 300 = 210
a Values expressed as mean ¥ standard deviation

b Bacterial recovery determined 5 hours after inoculation
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Table 7.2: Effects of immunization with hybrid vibrio 569B-165
on growth of V. cholerae 569B in intestinal loops

of mice.
Route of Number Number of bacteria Bacteria recovered
immunization of mice (x 107) inoculated (% of no.inoculated)
Non-immune 8 1.0 Y o.4 2 1030 ‘X 300 ®
Parenteral 8 1.0 £ o.4 160 + 80
a Values expressed as mean ¥ standard deviation

-b Bacterial recovery determined 5 hours after inoculation
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Table 7.3: Antibacterial activities of sera* from mice

immunized with V.,

cholerae 569B or with the

hybrid vibrio 569B-165 when tested against

V. cholerae 569B,

Tmmunized Haemagglutination Bactericidal Agglutination titre
with titre titre with
Live Boiled
5698 5698
6

5698 256 1.5 x 10 2000 512
569B-165 <2 50 - 250 6L <2
Non-immune <2 50 <2 <2

¥ Pooled sera from 10 mice in

each group
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Table 7.4: Effects of passive immunization on recovery

of V. cholerae 569B from intestinal loops of mice.

Route of passive Number Number of bacteria Bacteria recoveredb
immunization o of mice (x 106) inoculated (% of mo.inoculated
Local

Bacteria pre-
treated with:

4 H,U. 5 ¢ 2400 ¥ 1400 ©
16 H.U. 5 1.k Y11 1700 ¥ 800
50 H.U, 5 3% 1.4 700 ¥ 215
Parenteral
300 H.U, (0.3 ml)
per mouse intra-
venously 24 hr . 2
before test 11 2.3 = 1.h4 500 - 175
Non-immune
0.3 ml normal mouse
serum I.V., 24 hr . .
before test 5 3 - 1.1 1200 = 480

a The antiserum was raised in mice against living V. cholerae

569B, The antiserum had a haemagglutination titre of 1/1.000,

therefore, 1 ml of this serum had 1000 haemagglutination
units (H.U.).

b Bacterial recovery determined 5 hours after inoculation.

+ .
¢ Values expressed as mean - standard deviation.
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7.3.2 Location of V, cholerae 569B in the intestinal loops

of immunized and non-~immunized mice

The effects of active immunization on the location

and distribution of V. cholerae within the lumen of

the small intestine are summarized in Table 7.5. In
the non-immune animals much of the epithelial surface
of villi was covered by a layer of bacteria varying
from two to ten organisms thick. Often the bacterial
layer extended down the lateral edges of villi but
organisms were never observed within the crypts.
Smears of intestinal loop contents indicated that the
bacteria which were free imn the %umen were notJag—

gregated,.

In the immunized mice the distribution of vibrios
differed markedly from the non-immune animals. The
mucosa was conspicuously free of organisms. There were
only a few individual bacteria observed on the epi-
thelial surface. Smears of luminal contents of im-
munized animals showed large aggregates of Vibrio

cholerae with only a few single organisms.

7.4 Discussion

In Chapter 4 and 6 it was demonstrated that antibody
exerted its protective effect by preventing the adsorption
of the vibrios to the mucosa thus allowing a more efficient

mechanical removal of the organisms by peristaltic forces.
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In the experiments described in this chapter active im-
munization resulted in a suppression of growth of

V. cholerae in the intestinal loop. It was concluded that

inhibition of growth was achieved by secreted antibody

which prevented the attachment of the organiswms to the in-

testinal mucosa. This conclusion is based on following ob-
servations:

1) The mucosa in the immunized animals was free from at-
tached Vibrios while covered with organisms in the non-
imnune mice. The differences in numbers of organisms at-
tached to the mucosa in immune and non-~immune mice could
not be quantitated but may be estimated to be more than
1000 fold, It should be mentioned that the total number
of organisms per loop was ‘approximately the same in
both groups because 10 x more vibrios had been injected
into the loops of the ijimmune mice.

2) The bacteria in the lumen of the small intestine or in
the smears from immune animals were agglutinated.

3) Growth of the vibrios in loops of mice immunized against
NCV-569B-165 was similarly suppressed, Antibody in these
mice was not directed against the somatic antigens of

V. cholerae 569B but only against the flagella (Table 7.3,

A mechanical effect of antibody ~ agglutination of the
bacteria and inhibition of motility - appears, therefore,

to be the likely mechanism of growth suppression.

Tt should be mentioned that the viable counts were not af-

fected by agglutination. In control experiments in which
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viable counts were performed on deliberately agglutinated
vibrios, after homogenization in the presence of a piece of

intestine the viable counts were not reduced.

There are at least two possible ways that bacterial growth

may have been suppressed:

a) Suitable conditions (nutrients, pH, etc.) for multi-
plication are lacking, and

b) multiplication rates and killing rates are equivalent
resulting in a constant number of organisms.

The growth inhibition observed in this m;del could be caused

by a reduced multiplication raté due to less suitable growth

 conditions in the lumen and heavy agglutination of the or-

ganisms as well as by an active killing mechanism on the

mucosal surface..Fréter (1972) suggested that antibody not

only has an effect on the adsorption of the organisms to

the mucosa but also mediates an antibacterial mechanism on

the mucosal surface, In our model antibody does mot seem to

mediate the killing of vibrios for the reasons given above

(anti—H antibody is effective) but it is possible that this

killing mechanism described in Chapter 5 participates in

the growth control in immunized mice (see General Dis-

cussion, section k),

Antibody given passively was quite inefficient in sup-
pressing growth of the vibrios in the loop. Only high doses

given either together with the organisms or injected 1i.v.
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had some effect. This may be explained by enzymatic de-
gradation of the antibodies to insufficient levels during
the period of the experiment. Rapid enzymaticldegradation
of serum antibody in the mouse intestine has been de-
monstrated by Fubara and Freter (1972). In actively im-
munized animals, however, antibody could be provided con-
tinuouslf by secretion and this may also occur in mice

with antibody given i.v. 24 hours before the experiment.
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Table 7.5: Effects of active immunization on the location

and distribution of Vibrio cholerae 569B in

ligated intestinal loops of mice.

Twmmune Distribution of V., choleraea Microscopic
state Mucosal surface Intestinal lumen agglutination
Immune Occasional Bacterial +++
bacteria ob- aggregates
served
Non- Thick layer Mostly single +
immune of bacteria bacteria

a The distribution and degree of agglutination of

V. cholerae 569B were determined on smears of intestinal

loop contents and frozen sections of intestinal loops
using a fluorescent antibody technique. Smears and sections

were examined 5 hours after bacterial inoculation.
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CHAPTER 8

GENERAL DISCUSSION

In Chapter 1 the determinants of host-parasite relationships

in the intestine have been reviewed. Susceptibility to an in-
fectious agent depends on a variety of host and bacterial factors
The infant mouse changes from a étate of susceptibility to almost
complete resistance to a cholera infection during maturation.
This allows the conclusion that host factors_are of major im-
portance for the resistance of the adult mouse to infection in
this model, Susceptibility in infant mice, on the other hand,
appéars to be mainly due to lack of those proteotive factors
which enable adult mice to resist an infection.PTo analyze the
role of unspecific defence mechanisms in protection against
cholera and the effect of antibody on these the infant and

adult mouse models appeared to be quite suitable. As reviewed

in Chapter 1 bacteria will be eliminated from the gastro-in-
testinal tract by mechanical rewmoval and killing. To assess

the relative importance of each of these factors a second marker

- besides viability - had to be used.

Radiolabelling with 32P provided a relatively simple method
with which to label bacteria and count radio—activity in

tissues. But a fewhpoints with regard to the interpretation
of the experimentswhere 32P-labelled bacteria had been used

should be discussed.
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i) Irradiation damage of the labelled organisms

The uptake of 32P and accordingly the specific activity of
the bacteria was low. Although a slight decrease of virulence
of the labelled vibrios was observed this seemed not to have
any significant effect on the results. Radiolabelled and
non-labelled vibrios were similarly sensitive towards killing
in the adult mouse and no differences in bacterial agglu-

tination was observed.

ii) Loss of radiolabel without killing of the organisms

32

Liberation of the P label appears to be associated with

killing of the organisms only (Spitznagel, 1966 a, b).

Loss without killing would be imnsignificant, particularly

in the short-termed experiments described in Chapter 5.

iii) Loss of radiolabel into the circulation

In the long-termed experiments with adult and infant mice
described in Chapter 3 and b approximately 90 % of the
radio-activity were recovered after 3 - 6 hours in the
gastro~intestinal tract and faeces. About 10 % were re-
covered in liver and no measurable activity was found in
the spleen, This amount, however, does not greatly affect
the interpretation of the results obtained in Chapter 3

and 4, The specific activities shown in Fig. 4,3 and 4.4
would only be insignificantly affected, In the loop experi-
ments with 32P-labelled bacteria (Chapter 5) no measurable

32

amount of P could be found in the liver and spleen.
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iv) Growth and death rate

The total number of viable organisms recovered in a tissue
will be the net result of growth and death. Methods for
estimating growth and death rate on mucosal epithelium and
other tissues have been described (Meynell and Subbaiah,

32

1963). Radiolabels such as P are not suitable to estimate
those rates accurately because the marker could be reutilized

etc., Thus, although specific activity may reveal killing

(viable orgaunisms

o= Teb ik ), it cannot be excluded that simultaneously

also growth had occurred. In most experiments this seemed to
be of minor significance for the interpretation of the re-
sults. On the other hand, the estimation of such rates would
have been of great value particularly in the infant mouse

experiments with and without antibody (Chapter ) where

multiplication and killing may occur simultaneously.

There are several animal models available using V. cholerae

which do not mimic the human disease exactly. Nevertheless,
they permit the study of local enteric immune mechanisus. The
infant mouse protection test which provides an assessment of
the protective ability of antibacterial antibody (Neoh and
Rowley, 1972; Chaicumpa and Rowley, 1973) has been used here
to analyze the anti-bacterial function of antibody in the in-
testine. The results concerning the antibacterial immune
mechanisms on the mucosal surface may, with some restrictions,
be transferrable to the human situation, for the following

reasons:
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The basic features of the disease closely resemble those
in man. The infection can be established by mouth with
living organisms and the course of the disease appears to
be similar to that in man (multiplication of the challenge
organisms in the intestine, fluid distension of the small
intestine, diarrhoea, death 24 - 48 hours after challenge).
The infecting organisms are eptirely confined to the in-

testinal lumen (Chaicumpa and Rowley, 1973; Chaicumpa, 1974).

Although in most experiments antibody has been given
passively with the bacterial inoculum for convenience, it

has been shown that antibody injected i.v. or i.p. prqtected
khe infant mice (Chaicumpa, 197&): Thus, sccreted antibody

as observed in activély immunized humans receiving parenteral
antigen (see Chapter 1.4.1), can be protective. There is no
conceptual difficulty in assuming that antibody will opefate
basically through the same mechanisms on the mucosal surfaces
of both infant mice and humans. The possibility that active

immunization has an additional effect by eliciting a cellular

response cannot be excluded.

The role of unspecific factors in the elimination of

V. cholerae from the gastro-intestinal tract of mice

A number of unspecific antibacterial factors which prevent

V. cholerae from colonizing the small intestine has been

found in adult mice. Gastric acid reduces the number of

living organisms to less than 1 4 of the inoculum before
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they reach the small intestine. In a susceptible host
gastric acid could provide an efficient barrier against an
enteric infection. Gastric acidity may account for the wide

range in the infective dose of V. cholerae (106 - lOll

viable organisms) in human volunteers (wHO, 1972). On the
other hand, gastric acidity appears less decisive as an
antibacterial factor mediating the resistance of adult mice
to a cholera infection. After neutralization of the gastric
acid by Na-bicarbonate, approx. 100 x more living organisms
(20 % of the inoculum see Table 3.1) could be found in the
small intestine. These and even higher numbers of living
vibrios were removed rapidly from the small intestine. The

most important antibacterial factors appear, therefore, to

be located in the small intestine itself.

The two basic mechanisms responsible for the eliminationL
of the vibrios from the small intestine are mechanical re-
moval by peristalsis and a bactericidal mechanism. The re-
quirement for the combined action of both mechanisms to
eliminate the living organisms from the small intestine is
an important finding in Chapter 3 and L4, Inhibition of

peristalsis prevents the elimination of V. cholerae from

the intestine (Fig. 3.1 and 3.2). Similarly, inhibition of
killing by staryation (without affecting péristalsis) re-

duces the efficiency of the elimination process. The syner-
gistic action of these two factors is further demonstrated

in Fig. 3.3 and can also be observed in infant mice. As de-
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monstrated in Fig. 4.4 an increase of specific activity in
the antibody-treated as well as in the non-treated groups
occufred only after the bulk of living vibrios had been re-

moved mechanically.

The complexity of this in vivo model does not allow a clear
definition of the killing mechanism although the results of
the starvation experiment (3.4) suggest that secretions are
involved. It seems that, after the majority of organisms
has been removed, those bacteria in close contact with the

mucosa are killed preferentially (Table 3.2).

The role of the indigenous flora in this elimination process
is not clear althoiigh, as the results in stgeptomycin—treated
mice demonstrate, an intact flora seems to be important. As
outlined in the introduction, the normal flora may exert its
antagonistic effect in several ways: Additional killing

(Meynell, 1973), enhancing the peristaltic movement, etc.

(Abrams and Bishop, 1967).

The basic mechanisms responsible for the efficient elimination
of pathogens from the gastro-intestinal tract of adult mice
can also be found in infant mice (Chapter 4) although with
reduced efficiency. The organisms are only,siightly affected
by gastric acid; the mechanical removal is delaved, and the
killing mechanism in the small intestine, although present,
appears less efficient. It is probably reasonable to assume

that the susceptibility of infant mice towards a cholera
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infection finds its explanation - at least partly - in

these less developed antibacterial mechanisms.

The number of living organisms is considerably reduced
further in the large intestine. All of the single factors
participating in this killing have not been analyzed. The
normal flora is probably of greater importance here than in
the small intestine and it is not clear whether the killing
mechanism found in the small intestine operates in the large
intestine as well. The data in Chapter 4 (and discussed in
4.4) suggest that normal physiological functions are re-
quired for an efficient killing of the organisms in the

o

large intestine.

It seems probable that the antibacterial parameters ob-
served in mice will operate in other animals, including man.
Maintenance of a stable indigenous microbial flora, gastric
acidity, peristalsis, and an intestinal antibacterial
mechanism may all be required for maximum efficiency. Each
of these mechanisms operates to different degrees with

different orgénisms and V. cholerae appears to be extremely

sensitive to several of these., Stress situations produced
by shock (laparotomy and bleeding) or toxin (LPS; Chapter 3)
delay the rapid elimination of the organisms-and thus in-
crease the chance of a successful colonization of the mucosa

by enteric pathogens.
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8.2 Nature and biological significance of the mucosal

killing system

The data obtained from the in vivo experiments in adult and
infant mice (Chapters 3 and 4) suggested that a bactericidal

mechanism was operating on the mucosal surface, killing

mucosa-associated V. cholerae. The complexity of the in vivo
model hindered a more detailed definition of this killing
system, and the effect of antibody on it. Therefore, the
loop model was adopted to allow a more accurate and more

reproducible measurement of the bactericidal effect.

The data given in Chapter 5 allow the following conclusions

about the nature of this killing system:

i) It operates on the mucosal surface (Table 5.5) and kills
only mucosa-attached organisms (see detailed discussion in
5.4).

ii) It probably requires metabolically intact epithelial cells,
This conclusion is based on the results obtained in loops
with a compromised blood supply. Epithelial cells left
in situ for 10 minutes without transferring them into an
oxygenated 'nutrient medium are likely altered metabolically.
The sensitivity of these cells to suboptimal conditions
is demonstrated by the fact that they are very difficult
in in vitro conditions (Reiser and Christiénsen, 1971).

It cannot be excluded that a blood-~derived factor, secreted
by epithelial cells, is involved in this killing. This,

however, seems to be unlikely since mouse serum is not
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bactericidal for V. cholerae and other gram-negative
organisms. This problem can be solved only with

tissue culture methods,

iii) It kills other gram-negative organisms with varying
efficiencies (Table 5.10). It is possible that this
depends on the cell wall structure of the organismus;
however, this could only be clarified by examining
more organisms systematically,

iv) It appears to be antibody-independent.
In short, it is suggested that one or several metabolic
products secreted from the intestinal epithelial cells are
involved in this killing process. Such a mucosa-associated
killing has not been described in the literature althouéh
there are a few data which point to such a chemical barrier

against bacterial colonization.

Hampton and Rosario (1965) observed destruction of Strepto-

coccus moniliformis attached to mucosal epithelium in

electron microscopic pictures. Fubara and Freter (1973)
recently provided data which indicate that an antibacterial
mechanism operates on the mucosal surface which requires
metabolizing mucosal cells because it can be inhibited by
metabolic inhibitors such as iodoacetate. This anti-

bacterial mechanism, however, seems to be antibody-dependent.



156

What kind of bactericidins could be secreted from epi-
thelial cells? Several bactericidal systems are known
which cause killing and lysis of bacteria. Activation

of the whole C'sequence results in damage to bacterial
cell walls (Miiller-Eberhardt, 1971). But, as discussed

in 1.3, it seems unlikely that the whole complement se-
quence is functionally active in the environment of the
intestine. The altermnate pa%hway (Gﬁtze and Miiller-Eber-
hardt, 1971) can be activated by endotoxin, zymosan etc,
and does not require antibody for activation. Thus, anti-
body independence of the mucosa-associated killing system
would not be an obstacle to the assumption that the comum-
plement system may be in some wéy involved, éther factors
reported to enhance complement-mediated killing, such as
lysozyme (Adinolfi et al., 1966) or beta-lysins (Donald-
son et al., l97h), require antibody. The observation that
complement-resistant bacteria (NCV 5698-165 see Table 5.10
and Chaicumpa, l97h) are equally sensitive to this bac-
tericidal system could be taken as an argument against

an involvement of the complement sequence in this killing.

Other bactericidal substances are found in polymorph-
nuclear leucocytes and macrophages although in the latter
the antimicrobial agents are unknown (Hirsch, 1972). Such
agents are lactic acid (Dubos, 1953), hydrogen peroxide
(McRipley and Sbarra, 1967% myeloperoxidase (Klebanoff,

1967, 1968) and cationic proteins (Zeya and Spitznagel,
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1968, 1971). The release of such antimicrobial substances
from phagocytic cells on the mucosal surface is unlikely

in view of the fact that hardly any cells can be found on
this surface (see l.h.2). However, such agents could be
synthesized and released from epithelial cells. In addition
to such bactericidal agents, digestive enzymes would be re-
quired since the organisms were degraded to relatively
small fragments (Table 5.7). The mucosal epithelial cells
of the small intestine contain and secrete a variety of
digestive enzymes, such as f-~galactosidase, B-glucoroni-
dase, phosphatases, and other lysosomal enzymes, Most of
these enzymes can be found in highest activities in the
cells along the villi (Nordstraé and Dahlqgi;t, 1973).

The brush border of the epithelial surface is the site

of terminal hydrolysis of disaccharides and peptides

prior to absorption (Miller and Crane, 1961).

More data are required to reach a definite conclusion
about the nature of this killing mechanism. Tissue culture
methods, metabolic inhibitors, or drugs which affect
membranes such as cytochalasin B would yield more in-
formation about the metabolic and secretory processes
involved in this killing. Recently, Chaicumpa and Rowley

(1974) were able to inhibit the killing of V. cholerae

in the gastro-intestinal tract of infant mice by agents

such as choleratoxin, lysolecithin, and prostaglandins.
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A few words should be said about the biological sig-
nificance of such a mucosa-associated killing system,
As outlined in Chapters 1.3 and 8.2, the intestinal mucosa
is protected by a variety of factors and this killing

/
mechanism may be an additional one. However, the upper
levels of the intestinal mucosa are relatively free from
a normal flora and will, therefore, be at greater risk
of being infected by enteric pathogens which specifically
attach to it. Such a chemical barrier against colonization

and invasion by enteropathogenic organisms could be an im-

portant defence mechanism, particularly in such areas.

Effect of antibody on the elimination of V, cholerae

from thqﬂgastro»intestinal tract

In the infant mouse (Chapter 4) antibody clearly promotes

the elimination of V. cholerae from the gastrowintestiﬂal

tract. The results described in this chapter suggest that
antibody enhances non-immunological antibacterial pro-
cesses which can be observed even without antibody in

the control animals,

A number of workers have shown prevention of growth or
decreasing numbers of organisms in the intestine of anti-
body-treated animals (Bhattacharya and Mukerjee, 1968;
Ghosh, 1970; Smith and Linggood, 1971; Chaicumpa and
Rowley, 1972) and it has been suggested that antibody

mediates the killing of the organisms by an as yet un-
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defined system. Freter (1969) showed that immunity to
experimental cholera was due to an antibody-dependent
antibacterial mechanism on the mucosal surface which

could be inhibited by iodoacetate (Fubara and Freter,1973).

As discussed above (8.2) the two important unspecific
parameters protecting the mucosa of the small intestine
are mechanical removal and killing of the organisms. The
data obtained in the infant mouse model (Chapter h) clear-
1y demonstrate that the mechanical removal is accelerated
by antibody. Although the more rapid mecﬁanical removal is
paralleled by an increased killing (Fig. 4.3 and oWy it

" seems unlikely, as discussed in this chapter (h.h) that
antibody directly promoted this killing. Tﬁis is further
substantiated by the observation in intestinal loops
(Chapter 5) that antibody did not have any effect on the
killing mechanism., The main support, however, for this
assumption is provided by the results in Chapters 6 and 7.
In these experiments protection of infant mice and growth
control in intestinal loops could be obtained by anti-H

antibody.

In summary, there is no evidence for an antibody-mediated

bactericidal mechanism in infant mice.,

The data given in the Chapters 4, 6 and 7 suggest that the

only function of antibody in intestinal immunity against
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V. cholerac, as based on the infant mouse model, is to

prevent the adsorption of vibrios to the intestinal

mucosa. The most convincing data - supporting the as-
sumption that antibody acts by prevention of adsorption
only - are provided by the experiments in Chapter 6. The
statistically significant correlation between agglutination,
prevention of adsorption and protec%ion and the fact that
anti-H antibody protects infant mice against the disease

are stromng indications for the validity of this assumption.

As reviewed in the introduction it is generally accepted
that bacterial infections on mucosal surfaces require as-
sociation between the pathogen and the mucosal surface.
Adhesive properties have long been recognized in many
species of enterobacteriaceae (Duguid and Gillies, 1957;
Duguid, 1959, Duguid et al., 1966; Duguid, 1968),
however, the significance for the pathogenesis of in-
testinal infections had not been experimentally shown.
Recently the importaunce of K88 antigen for the virulence
of E. coli for piglets and calves (Arbuckle, 1970

Smith and Lipggood, 1971) has been demonstrated. Jones
and Rutter (1972) showed that K88 antigen was synthesized
by a K88-positive enteropathogenic strain of K. coli in
the small intestine of piglets where it functioned as an
adhesin enabling the bacteria to adhere aﬂd colonize the

mucosa. The adhesive properties of Streptococcus pyogenes

to buccal epithelial cells has been attrituted to the M-
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protein (Ellen and Gibbons, 1972). Observations by

Kellog et al., (1968) and Swanson et al. (1971) suggest
that pili might correlate with virulence of gonococci
through an influence on interactions between the gono-
coccal surface and host epithelial cells. The association

of V. cholerae to the intestinal mucosa appears necessary

for its pathogenesis (Freter, 1969). The nature of the

attachment sites, however, has not been defined.

Inhibition of bacterial attachment by antibody followed
by mechanical removal of the organisms could be an im-
portant mechanism to prevent mucosal colonization and
penetration by enteropathogenic érganisms. Freter (1969)

was the Tirst to éhow that the numbers of viable

V. cholerae adsorbed to the intestinal mucosa could be re-

duced by antibody. He suggested that prevention of ad-
sorption could be an important antibacterial defence me-
chanism on mucous surfaces. However, it is not clear how
antibody inhibits the association of the vibrios with the

mucosa.

Several authors have suggested that antibody acts by
blocking specific attachment sites on the bacterial sur-
face. Such a function of antibody has been pgoposed in
protection against E. coli enteritis in piglets (Rutter
and Jones, 1973; Smith, 1972) and in streptococcal in-

fections (Williams and Gibbons, 1972).
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Our results, however, indicate that antibody prevents
adsorption primarily Dby agglutination and/or the ac-
companying inhibition of motility of the bacteria.
Microscopic examination of the epithelial cells and the
bacterial population at protective antibody concentrations
revealed that bacterial aggregates Were present containing
100 to 1000 bacteria or more. Agglutination would, there-
fore, reduce the challenge dose of organisms at the epi-

thelial surface 100 to 1000 fold.

In a recent paper Steele et al. demonstrated by using
antibody fragments that protective antibody must in all
cases have cross-linking potential for full acti#ity and
this must be taken into account whether thinking in terws
of inhibition of motility or of agglutination as the

effector mechanism,

Although it is reasonable to assume that cross-linking
could be a protective mechanism against mucosal infections
in general, it may be that it will not be sufficient in
situations where the pathogen exerts a particularly strong
association with the mucosa. In such situations neutraliza-
tion of attachment sites and other factors which hinder

attachment may become of increasing importance.
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8.4 Hypothesis: Synergistic action of antibody-mediated

prevention of adsorption and unspecific killing

Bacterial growth rates on mucosal surfaces are determined
by multiplication of the organisms on one side and death
and mechanical loss on the other. In the adult mouse killing
and mechanical loss exceeded multiplication. In the infant
mouse loéal defence mechanisms reduced the number of
living organisms to sowme extent initially but Jater on
bacterial multiplication overwhelmed these mechanisms.
However, antibody increased the efficiency of the anti-
bacterial factors (mechanical removal and killing) and
thus prevented colonization and multiplication. In the
,antibody-~treated infant mice the . total number - .of living
organisms recovered from the whole gastro-intestinal tract
was reduced, This reduction is not due to fecal excretion
as demonstrated by Chaicumpa (1972) in mice with blocked
ani but is clearly caused by killing. This observation is
consistant with the results of the experiment in which
antibody mot only enhanced the mechanical removal of
bacteria by prevention of adsorption but also increased
the killing rate. Increased killing was demonstrated by a
higher specific activity of the organisms recovered after
360 minutes from the small as well as from the large in-
testine (Fig. 4.3 and 4.4) of antibody-treated infant mice.
This, however, contradicts the findings, és discussed above
(8.3), that antibody does not enhance a bactericidal me-

chanism in this model. These apparently contradictory
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findings may be explained as follows:

As shown in Chapters 4 and 6 the bactericidal mechanism

of the mucosa in infant mice is quite weak and unable to
kill all the attached organisms. These bacteria multiply
and eventually produce their pathogenic effect. Antibody

by preventing adsorption reduces the bacterial load of

the mucosa and allows the killing méchanisms to completely
kill the few remaining organisms., Thus, antibody indirectly
enhances the efficiency of the killing system in the small

intestine,

The majority of the living organisms are removeéd into and
killed in the large intestine (probably unspecific killing
by the normal flora). Accumulation of fluid in the large
intestine with a continuous supply of living organisus
from the small intestine in mice suffering from an in-
fection would inhibit this uuspecific killing (see

Chapter U4.4),

Shedlofsky and Freter (197&) recently demonstrated in the
large intestine of monocontaminated adult mice that local
antibacterial immunity was considerably more effective

when it operated in conjunction with bacterial antagonism.
They proposed that antibody mediated inhibition of adhesion
and the antagonistic action of the normal flora form

a synergistic system,.
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Qur results in infant mice support this proposal to some
extent although mainly for the large intestine., In the
small intestine which is the affected part of the in-
testine in cholera, a synergism between non-specific
mucosa-associated killing and antibody-mediated inhibition
of adsorption reduces the number of living organisms in
the intestine and prevents colonization of the mucosa by

bacterial pathogens.
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