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PRE'ACE

Thts thesls ls concerned wlth physlologlcal aspects

of, body flutds and renal fr¡nctlon of Merino sheep durlng

alteratlons Ln potasslun lntafie. The absorptlon of potassíum,

sodlum and water from the rumen before and after the addltlon

of ¡ntasslum to the rr¡nen, has beerr lnvestlgated. Studles of

the effeots of netr¡ral hor¡nones a^nd pharmacologlcal agents on

the renal excretlon of potassfu.rm, sodfun and water have also

been made.
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ABBREVIATIONS USEÐ

K

Na

ct
HCO

3

Potassl-um

Sodlum

Chlorlde

Blcarbonate

Ac Acetate

( e,r¡dother conventlonsl ehemLcal abbrevlatlons)

Isotopes other than the nÊtural Lsotope are

distingulshed by a superscrlpt before the symbol, ê.g. 42K.

An exceptlon to this rule ts trltLated water which ls doslgnated

TOH.

GoncentratLons ln the text, dlagrams and flgrrresr are

expressed by encloslng the chemlcal synbol in square brackets:-

e.g. rumen II( - rumen potassJ.um concentratlon.

In referrlng to pH the hydrogen lon ls comurcnly expressed

+asH.

Other abbrevl-atlons

m-equlv nLllL-equl-valent ( fn text)

mE miLll-egulvalent (in tables and flgures)

¡r-equlv nlcro-equlvalent (ln text)

¡-rE nicro-equlvalent ( tn tables and ftgures)

m-osrnole mllll-osrþIe ( ln text)

¡r0sm nLlll-os¡no1e (tn tables and fl.gr¡res)



pOsm

mII

¡rc

rqr0

e%

mlcro-osmole (tn tables a¡rd flgr¡res)

mllll-unlt

micro-{urJ.e

ml1lL-micro-CurLe

grams per iOO mlllllltres

Bodv flulds

mF ExtracelLular fluld

ECV Extracel1u1ar volume

ICF Intracellular flutdf

ICV fntracelÌulor volume

PV Plasma voLu¡ne

TBW Totel body water

% of TBIY percentage of total body water.

Miscellaneous

Vlator ltO lllater turnover

B"ilt. Body welght

f.V. Intravenous

S.A. Speclflc actlvlty

IIb HeennglobLn

PCV Packe¡l celI volume

RBF or

RPF

GFR

RenaL blood (or plasna) flow

Glomerular flltratton rate



ATP AdqrosLne trlphospbate

Cyctla fl$lP Adenoslne-3r 5r -nnnophosphate

ACTII Adrenocortlcotrophlc hormone

ADH Antldiuretic hormone

EACA 6-amlno-n-hexolc a,cld or Epsllon-an1no-n-oaprofc acld

Arg-vagopressln Arglnlne-8-vasopres6tn
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1

r. IN1RODUCTIOII

I Potagsi_ur es an g!¡se.ntlal bodv element

Although tt ls well docunented that potasslrm (K) Ls

requlred ln the dlet of anlmals, the l1kellhood of K deflclenoy

occunring fn a grazlng runlnant ls extremely low. Moreover,

the ingesti.on of, K by the rumtnent at pesture is at least tr¡¡o

or tl¡ree tlmes J-n excess of Lts optlmel requlrements and

these hlgh K lntakes have been lmpllcated, rnost ltkely ln-

correctly, in the development of varlous metabollc disorders.

Tliese hlgh Lntalres raiso the questlon of how tho rr¡mLnant

tolerates and ollmlnates thls excéss and controls K et(cretlon.

"4" " plant nutrlent, K ls the CLnderella of the

elemonts; to it has been attrLbuted the htghest and the

hu¡nb1esù fr¡nctlons ln the pla^nt organlsn" (Fow1er, 1963).

Thls comment may, wlth eute reservatf.ons, be applted to

the a¡rlmal as well as to the plant. Most of the fu¡tctlons

attrlbuted to K have been desorlbed slnce early last

century, fol.lowlng the realtzatlon that K le essentlal

for llfe and growth.

The hlgtory of K as a^n essdrtlal element tn

anlnal well-belng Þgan when LLeble ( f 84?) dlscovered the

contrastlng dlstrlbutlon of Na and K ln l¡'mph as

compared wLth extravascular tlssue, A short tlme later
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von Bunge ( 1884) cl,al.med that the hlgh K levels ot ctovers

(¡"reaeured by Ðousslngeult) caused salt cravlng ln anl,mals

and he asEerted that a lack of Na as compared vlth K, or an

excess of K salts ln the dletvather than NaCl, caused Na

i;o be lost ln the r¡rlne a¡rd a salt cravlng to occr¡f..

In the followlng years, Ringer ( 1Bg3) a¡rd Locke

( 1695) contriþuted largely towards the establlshment of

K as an essentlal body element, by thelr dfscovery of

tlre antagonism of lons and thelr elucidatlon of the role

of lonf.c specles tncludtng K ln maLntafntng nörmal funct{on.

ì,leanwhl-le Loebr s study of Fr¡ndulus heterogLltrjs (mfnnow)

publlshed ln "Îhe D¡marnlcs of Llvtng Matter" t-llustrated

tbo nutrltlve slgnfflcance of the lnorganlc constltuents

of the dlet as contrlbutors to physlologlcal well betng

(Mc€ollun ì tg57) "

Osborne and lulende1 (1918) were the flrst, how-

ever to stuCy the effects of a low I( dLet, demonstratfng

retarded grorv'lh ln yourrg rats. The rats of Schrader,

Prickett and Salrnon tn 1937 wher¡ fed a low K dlet shorved

abnormal dlstentlon and cyanost s as well as poor growth.

As wlth Ogborne and Me.ndelf s w,¡rk there wes some doubt as

to the llmltatlon of the deflcfoncy to I( and vttemtn 812

wae probably deflclent as well. Ttrerefore, the flrst



3

absolute demonstratlon of K belng necesftary for the Crowth

of antmals (rats) was by Oront-Kolles and McCollum

( 1e41) .

Quite recentl-y several estl-mates of the K

requlrement of growfng sheep and cattle have boen made.

Telle, Preston, I(lnter and Pfa¡rder (1964) a^nd Campbell and

Roberts ( lseg) estlmated that growlng shoep regulre about

O,5 to O.6% of a balenced ration as K or 1.63 m-equLv/ke

body welglr't/ùt hr for maintenance. SimlLar values were

obtalned by Roberts snd St. Omer (1965) for yor.rng steers.

St. Omer and Roberts (1967) estimated that the malntena¡rce

K requLremer¡t of young helfers was 193 m-equlv K dally./

lOO kg body wefght. Thls was conslderably less then the

ealculated requirement for growth, based on a value of

O.5% dietary K oî 287 m-equlv/l@ kg body weight. St,

Omer and Roberts suggested that thls nay be due to a

supreoslon of appettte by a low K dlet.

In adult lactetlng cows, only O.32% of the dry

matter of the dlet need be K to nalntaLn a mllk productlon

of 2 gallons/day (Du Tolt, Malan and Groenewald, 1934).
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2ö PotassÍurn and the Rumlnent

In comparlson to many othen lnorganlc eleme¡ts of

the body (Na - O. 1 to O.l5 g./o, Ca - O. tB 9.7o, P - O. t? g.%,

rre - o"o1õ g.%, co - o.oo11 E,%, zn - o¡oo18 to o.oo33 9,.%,

I - O.OOOOOS to O,OOOOI g.fr, (Underwood, 1966)), a Larger

fCactlon of the malntena¡rce dlet of sheep needs to be K

(O.5o E.%). Owlng to the naturally high content of K ln

most plant specles grazed by the runlnant, the K lntake

usually far exceeds the requlrements.

Following the lnltlal discovery by Lawes and

Gllbert at Rothanstead (1859) and Knops (1862) that I(

(potasn) was essentlal for plant growth, fertlllzer containLng

potash or potash alone has been added to both groln and

fodder crops and paature and lts use contlnues to grow.

Therefore, the levels of K l-n plant species grazed by

runl-nants wlll probably contlnuo to lncrease. Table A

lndlcates ';he levels of I( ln varlous foods llkely to be

encountered by the rumlna¡rt.

AltJrough rnany specles of gtrass rnay be classlfled

lnto hlgh, medium or low Na content grasses, no such

classiflcation can be fou¡¿d for a,ny groups of plent specles

for I( (Griffiths, Jones and't''tra1ters, 1965¡ Grtfflths and

Walters, 1966), Furthermore the K eontent of mony plants
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varles wlth the evallobllity of eo1l K, o¡rd thl's nay be

further rnoEltfled by the Na contont of the solI (Grtfffths

a,nd !?âlters, 1966). thus, ratlos of K to lla nay vary

ov6rawtderangewlthnodefir¡lterelatlonshlp

botrveen the t'¡¡o nor sny absolute level of K'

Reforrlng to Table A agaln it ca¡l be seen that

the upper limlt of I( content ls achieved by an arld zone

saltbush of Áustralla (¡t trlplex lindlevl). Its K content

of 165O tn-equtg /kg of dry matter I's slmllar to the Na

content of r.-i;hc.r Atrlplex (4. nummulorla ancl Ä.. veslcarla)

a¡d Kochta ¡;'rr.tbushes which are eaten by grazlng sheep

(ii4acfarlane, Flor,vard and Slebert, 1967).

f¡. more conmon pasture plant wlrich contains large

Ievels of, i{ 1s ¿¡'lfaLfa (i1{edica,e;o satlva, L.) r'vhlch may reach

levels as high as 9OO-1OOO m-equlv./kg of dry matter (personol

observntion) . L{any pasture clovcrs also ¿rttelin K contents

of ?õO-96O m-c,qulv /kg of dry mattor.

Tahle A lndlcates that by grazing any of these

species of ptarnt the K intake of the sheep far exceeds the

requirements. îh,erefore tt appears llkely that the rumlnant

has cieveloped sor,ie mechanlsm w-hereby Lt can regulate the

exeretlcn of thls excess K load r,vhile ¡naLnt'elnlng normal

levels of functlons.



POTÂSS Â}IÐ ilri\,l

LIKELY 1D BE

frlfalfa (vegetattve)

Alfa1fa (hay)

Bar1ey (vegetative)

Barley (graln)

\{heat (graln)

TLnrcithy forage

Clover forage

Clotrer and rnlxed gfassed

Rye grass pasture
( annual)

Rye grass pasture
( peronnial)

Oats graln

I'Illd oats (vegetative)

Corn Kernels

Corn cobs

Corn sllage

175-1055

225-Lc6o/

610-970

160

146

435

72ã

900

365

475

105

695-720

õ5-230

165

287

TABLE A

K

cF sol,{E FoODs

Na

n-equlv
Ke DM

% Dvt

o.7-4.2b

1. O-4. 3b

2.44-3.98

o.64

o.58

t.?4

2.ga

3.60

m-eoulv...--
Ks DM

69-313

43

48

It?

7o fJÅll

o. 10

o.11

o.2?

O.L6-O.72

1.48

1.90

o.42

2.?g-2.88

o.22-O.92

o.46

1. 15

30

13

o.úI

o.03



Saltbush
/rtriplex uunnularlE

Saltbush
litrlplex lîndlevi

Red clover hay

Red clover pasture

Drted Salt bushes (USÂ)

aso.-gao 3-32-3.92 315G3900 7.26-8.97

1650

466

43È737

1255

6.6

tr.97

t.72-2.96

5.O2

7 o. 016

o.231æ

(Taken from: Personal observatlons; Blology Data Book - Ed. P.L.

/¡.Itman and D.S. Dittmer, Federatlon of Âmerlcan Socletl,es for

Experimental Blology, iTashington, D.C. ( 1964) ; Feeds and Feeding -
FiB. Morrlson, lr.iorflson Publlshtng Co., N.lr (195?); Conposltlon of

Cereal Grafns and FÞragëÉ ¡. Natlona1 /idåder¡y of Sclences, lif¿tlonal

Research Councll Publtcatlon 585, iTashlngton, D.C. (1959)).
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3. glgtuf ate:
It was thouglrt ltkely at the beglnnlng of these

lnves'ilgations that the adaption and tolerance of rumlnants,

sheep in parti.cuLar, to the ingestion of increaslngly large

quantÍti.es of K '¡;ould be assoclated wlth changes ln a number

of physiological. rnodallties.

a" Speciatr ized renal or gut nechanLsms whereby the excess K

coul-d l¡e oxcreted mlght be for¡td (a¡rd the sheep does shov,

net secr:ctiorr of K, at rest, v,lithout special K loadlng).

b. A.n increased water turnovef âs the K lntake was lncreaged

and ¿ur increased urlne volume would be llke1y unless

unusual. concentratlon of K occurred ln the urine,

c. There shculd be alterations ln the rate of uptake of K and

possibly water and,/or Na from the runen rvhen the K content

of the rumen was Lncreased by the lngestlon of quantltles

of K.

d. Some mechanlsm stfnulatlng the lncreosed excretlon of K

without allowirrg too great a rise 1n plasna K seened

Ii.kely since sheep nonmally turn over 3OO-8OO m-equiv of K

dalIy.

e. l'rom earlier fl"r¡dings (I(lnne, Macfarla¡¡e and Budtz-Olsen,

1961) that r¡asopressin lncreased K excretton by the

kldney there was the possibillty that vasopressln as well as

otl¡er acttve hormones were i.nvolved in regulatlng K excretfon.
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SLnce pre'rious studles (fngtlsfr, 1966; Kelmcs arrd.

I{crrlson, L967) have indl.cated that during the fngestlon of 2OO-

8OO m-equiv K/day by sheep the fraction of the total K excreted

fn the urine (relattve to urine and faecal loss) remains

relatlvely constant, measurements of the K output in urine and

faeces were made uùen the K intake exceeded 1@O m-equív /de¿y,

From tho fact that a large Na lntake alters the volumes and

concentrations of body flultls as well as water tunnover

([,{acfarlane, ItrowarC and Slebert, 1967) these parameters

lvere also measured at increaslng rates of It lntatre.

.l'o explaln the possLble changes fn water lntake

aseociated with an increased T{ lntake, measurements of the

changes of, rumen and plasma electrolyte concentration and Op

were made folloi,vlng the ingestion of varying quarrtities of I(

ln the food or the dlrect addition of K salts to the rumen.

The time course of changes ln urine volume and electrolyte

concentratlon ware also followed.

Further, ln reÌation to the addltion of K supplements

to the rume¡!, the uptake of rvater uslng I'ìOII, K, using aaK snd

Na, using 24Na was followed. Sallvary return rates and movement

fron the blood to the rumen and vlce versa with a¡¿d without

saliva r¡/ere also studied. The uptake rates of ltOH, 42K and

24Na from other segments of the lower gut were brtefly examlned.
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In attempts to analyse the mechanlsm of K secretl"on

by the kldney and the posstble stlnulatton of thls secretlon,

the effects of varlous pharmacologlcal agents and hormones,

alone and ln comblnatlon vrere observed¿ Included ln these

observatlons was the effect of vasopressln on the re¡ral fr¡nctlon

of normal, K depleted and K supplemented sheep and sheep

undergolng an lnduced dluresls. The latter Lnvestigation

was almed at finding whether the K-excretlon effeat of thi.s

hornpne lvas separate from lts a¡rtldluretlc actlon a,nd if so,

could vesopressln ald ln the regulatton of ß excretlon.
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II. LITERATURE REVIET{

1 Bodv flulds and olectrolvtes

The total fluld component of mammals (total body

water = TtsW) ln terms of body welght may rangê from 95% tn

the huma¡r foetus to 3úo ln a very fat adult ptg (vlott, 1968).

In the sheep, TBW can very from 5È80?6 of the B.Wt. wlth

a meân of the order of 7Øo.

The total body flutd of m¿¡r may be divlded t¡to 2

compartments, the extracellular fluld (æFt a¡rd the intra-

celluIer (ICF), the former belng further subdivlded lnto the

transcelLul"ar f,luid (tp), the lnteretLtlal flutd (IF) and tho

plasme (PV). In rumlna¡rts the flutd of the alfmentary tract

constitutes such a Lerge fractlon of the totel that lt ¡m¡st be

consLdened ae a third body flql.d compartment. Therefore, Ln a

sheep for example, with a TBW of 7Øo of the B.Wt. the ÐF

may occupy 3ú7o of the total body fluld, the ICS 55?6 and

the gut fluld 15%,

There are th¡ee maJor differences between the ECF and

the ICF. By far the rpst lmportant ls the predomlnance of K+

and tr¡ a l-esser extent Mgz+ 
"rrnrrg 

the oatlons of the ICF

compaled with malnly lla+ in the ECF. Phospùrate le the predomlnant

a¡¡lorr of the ICF wt'lh CI- end *O-, as the anl.ons ln the ECF.

Flne.lly a much greater percentage of the ICF base is neutrallzed
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by proteln at pFI 6" 9 than ln the ECF. Several exceptions to

the rule that K+ ls the predominant lntracellutar cation extst,

notably in some sheeplf¡6¡9 the erythrocytes are 1ow ln K and

hlgh tn Na (Evans, 1957).

The roles of, eloctrolytee ln the body fluicl are

qulte nu¡nerorls though the;u have 3 rnajor frlnctions:

a" ElectrolylLs:L_@

The effect of electrolyte concentratlons on cellular

netabolism iE one of the least understood roles of body electno-

lytes, although 'lhe cell-ular levels of K a¡rd iirÏg are essential

fon lntegral function. In the cell, I( is comþlned with protein

as an essential ingredient of cytoplasm absorbed on membranos,

and along rvith phosphate Ls also combined with glucose and

gLycogen (Flcr:rlson. 1954; Kernan, 1965). Cellular K influences

the netabolism of fatty aclds pærticularly the lncreased

metabollsm to acetoacetate by the llver in the presence of K

(Geyer, lileaclows, Marshal-l a.nd Gongatyare, 1953), the utll.lzation

of fats and protelns added as dletary supplements (Wooley and

ùlichelson, 1954), and the syntheeÍs of proteÍn (Cannon,

Frazler and Ïlughes, 1S52).

b. S4sgg- and ce:.Iular potentlal dlfferences

The electrochemical role of electrol_ytes is partly

concerned wlth etr-ectroneutrallty, but the unequal dlstrfbutlon

of catluns achleved thnough actfve transport, between the ånslde



and outside of c<¡ils leads to potential dlfferencqs across the

membrane. /+ctive Lon tra¡¡sport depends upon the presence of

K extracellularly and Na Íntracellularly for the functlon of

a speci.f lc adenosine triphosphatase (AlPase). Skou ( 196¡t)

has proposed tha.t this enzymeo' located on the cell membnanre,

fs associ-ated v¡ith the nelcase of enerByrfor the active

transport, by hycirolysls of adenostne triphosphate (ATp).

The explansrtion of the steps lnvolved 1n supplylng this energy

are still uncertaln (Skou, 1965:rGarrahan and Gljmn, Lg67i

Katz and Epsteln, 1967a). Other lons and metabolltes beslde

lTa and I( may also be transported by thls Na-K-ATFase eysten.

The requlnement of both K and Na at opposite

sides of the menbrane for trensport involvf.ng lla-K-ATpase

suggests coupllng betr,veen the actlve transport of both these

lons (Tosteson, 1966). Hor.vever, even when Na alone ls

transportecl by the frog skln, I( 1s still required (Strarp

and Leaf, 1966).

CardLac glycosides, like ouabaln, tnhtblt thls a,ctfve

lon transport probably by interferlng wlth the Na-K-ATpase.

Llke other ATPases ln the cetl the Na-I(-ATpase has an absolute

roquirement for mgp+ uut ln tlssue homogenates EÊ Na+ end

K+ as well as Mgz+ are requlred for ¡naxlmum hydrolytlc activlty
(Katz and Epsteln, 1967a). Thts Na-It speclfic hydrotytic

octlvlty of tLssues such as kidney and brain, has been correrated
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with theln level- of acttve tra^nsport estimated fron physiological-

parameters (Bontin6, Simon and Hawklns, 196L; Bontlng, Caravaggio

and ,IIal"rklns, 19€2)" Furthermore, by fncreaslng the glomerular

flltratlon rete and hence tubular reabsorptive work of rat kldneys,

by unlJ.ateral nephrectomy, by feeding a hlgh protein diet or by

administerlng methyir.prednJ-solone, a substantial lncrease Ín lIa-K-

AîFase actlvXty cf the tLssue hes been induced. Other enzymes

such es glucose-6-phosphatase and succinlc dehydrogenase were

unaf fected (iiatz and Epstein, 1966' l'967b).

A dlfflculty associated with the correlatlon of Na

reabsorption ln_g_tjp and Na-K-ATPase actlvlty of kldney tlssue

ln vltro ís the flnding that elthough the 3 dluretlcs,

frusemiqÌe ar¡d ethacrynlc acld are both strong tnhlbitors of rat

kldney )tra-K-ATPase activity in vttro, only frusemfde inhlþits

Na reabsorptlon and causes a natriuresis¡ in vÍvo ln the rat

(I-Ioot< and li¡j--l-11anson, 1965). Slmllarly there are other dluretic

compou¡ds ivhich inhi.bit IIa neabsorption by the kldney ln vttrg

but have no effec'C on Ì.Ía-l(-ATPase actlvlty -+n-vÅv.g 
(Taylor,

1963; Bonting, Canady and llawki-ns, 1964; Frazer, 1963). Thls

alone does not rule out any correlation of Na-K-ATPase activity

and octlve transport but Ít does questlon the valLdlty of the

assumption that a high Na-K-ATPase actlvity @tro arid a

high acttve transport rate Ln vivo are a.ssocieted.
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One probtr"em connected wLth the hypothesls that the

Na-I(-ATPase fs associated with Na reabsorption ln the proxlmal

tubule of the kidney ls that if Na and I( transport are

coupled then Il shorr.ld be, but ls not, actlvely transported tnto

the proxlmal. tubule lumen. However, lt ls thought that the K

pump is locato-cl cn the basal membrane of the renal tubule cell

and tha'i: if i( i-s¡ astir.'ely purnped into the cell 1t diffuses

out (Katz ancl Epstein, 1967a). It is known that the basol

membrane is mor.e permeable to K than the luminal membra¡re

(lllalnic, I(lose, ancl Gleblsch, 1964).

During ac'iive I( secretion in the distal tubule and

Collecting dtrct, this tra¡lsport system mey operate wlthout

back dlffusion through ttre basal membfone.

c. Osmotlc control of fluLd volume

Another role of tÏ¡e electrolytes Ís to mslntoin withln

rerativery narrow llnlts the volume of, the ECF and the rcF. This

ís achieved by csntrol of tlre fluid OF through

changes ln electrolyte concentrattron. Although Na is the maJor

electrolyte of, the ffiF, o^nd the ". üAV , is presumabty ffrst

to suffer as the result of any envi.ronmental or dietary stress,

lnvestigatlons invotving changes Ín Na and water .¡ovement Ln

relation to chan¡Jes in prasma osmolarity shorv that to accomodate

such changes I( barance must also be consldered (l{¡mn and Ffoughton,

1957). Slmllarly, the osnolallty of plasma may be predlcted by
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a study of total body water and exchangeable Na and K but

not exchangeable Na alone (Edelman, Lelbmo¡r,OaMeara and

Blrleenfeld, 1958). Thus it can lae lnferred that lntrace1lu1ar

I( ls osmotically actlve lfke the Na of the ECF and plays its

part in controlling ECF as well as ICF volur:e,

Di.vergfurg for a noment to conslder the plasma

separately lrom the llCF it Ls seen that the plesma contalns

siguiffcentty more protcln than the remaLnder of the trF. Thts

protein produces the colloid osnotlc or oncotic pressure which

prevents the lo$s of rvater from the plasma to the lnterstltial

spûce by the hydrostatLc pressure ln the capillarles,

Àlthough the. ICF and ECF are seperated they have

2 moJor sÛnlla=itles, the first of whlch ls that the tstal

numbel' of catLons (m-equiv /L,) balances the total numl¡er of

anlons (m-equiv ./1.) plus protein charges and therefore both

a.re nearly neutral. Secondly, the total concentratlon of

electrolytes (+ protein) or osmolarity (n-cstnole/L.) of both

flulds ls very simllar; between 15O and 17O m-equIv /.L.

(B1ack, 1963).

In the above discussion the ICF and ECF have been

considered rother inclepend.ontly, but overall both are 1n a highty

dynamic etate wtth each dependent on the other. Thls dependence

should be greater 1n sheep than in ma¡r since the rumen holds

4-1O 1. of allmentary flulds, whlle 6-15 1. /day of sallva a¡¡d
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7-B L.,/day of gastrlc secretlons, a total egual to half of the

total body fluíd_sr may be poured lnto tho artmentary tract
a¡rd Lewis, 1959

Per day (Annisorln Denton, 195?) ¡ Hence arly changes

tn these novelnents as a result of disease, elecirolyte

defietency, dletari criange, hormone imbolafico or stresg could

result ln a complete reshuffre of water and electrorytes

throughout the entlre body. To prevent any maJor dlsturbance

of the system a precise control of electrolyte and water

movemerrt and excretlon ls necessary.

2. Total ud excha¡rgoabLo.elætro lytce

The determlnation of total or excha¡rgeabre electrolytos
was untll the last 15-20 years a tedlous post-rrcrtem process

invorving chemLcal anatyslo of v¿hole bod,les or body com¡rcnents.

Lawes and Gllbert publlshed results in lg5g on the analysls

and distrlbution pattern of the varlouE naþr Lnorganlc elemer¡ts

lncluding E ln domestlc anLmals. Although Lleblg ln 1g4?

had dlscovered the contrastlng dlstributton of Na and K Ln

rymph as eompared wfth extravascurar tlssue lt was not until
1906, that .¡tbderhal,den, usLng humanr red blood cerrs, demonstrated

tl¡at I( was maintained at hlgh concentratlons as an lntra-
celrular cation and Ne predomlnated as an extracetlular catlon.

Slnce radrorsotopes have become readrty avalrabre

this dlstrfbutlon of I( tntracellularry and ¡Ia extracerlularLy

has been rvl-dely investlgated ln reration to the exchan8eabre
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as well Bs the total body electrolyte, ln an effort to define

some relatlonship between electrolyte and fluid content and

body compositio.r. By using 42¡ç, 24¡s or 22Na, a2Btr 131 J-

albumln, 6pCr-1abel1ed recl ce1ls and 3II"O or DrO measurements

of total. and exchangeable Na, K and Cl, red cell volurnerPV,
are

EtrV and TtsWn readlly obtalnable (Boll'ng, 1963). Y{hole body

counting of the naturally oceurrlng K isotope (4oK) 1s also

wldely used to obtaln whole body K content (Hansard, 1963).

These paraneters also allow calculatLons of ICV and electrolyte

concentratfons to be made.

Total bdy or total exchangeable K Ln humans,

estlnated from 'LzK dllutlor¡ tecbnlques varles wlth sex a¡ld

age. Non-obese subJects between the ages of 10 and 30 yelrs

contat¡r between 43 and 55 n-equlv4cg ln males a¡rd 34 end 51

m-equlv,/kg in fenales wLth means ln the order o1 45 and 37 np

equlv/kg (Forbes and Lewts, 1956; Threefoot, 1962; Anderson,

1963¡ d'Der¡cchaines, Collett, Busset a^nd Mach, 1961) ' Expressed

on e fat-free basls, these values become much hl6her as they

often do when cal-culated from whole body counts of 4oK. The

dlfference between total body K estlnated by the lsotope methods

ls presumed to be dr¡e to s nonexchangeable K fraction which ls

equllLbrated wlth AoK but not lrzK but thls point ls stt1l

debatable and difftcultles of whole body corurtlng malce lt hard

to resolve (VeaLI a^nd Vetter, 1958; Mlller and RemendrLk, 1963).
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Levels of total and exchangeable Nâ in the adult

huma¡r body, range ftom 37-47 m-equlv /kg D. \yt, tbe

value for rnalee being greater than that for fe¡nales (Forbes

ond LevrLe, 1956). Estfmates of exchangeable Na uslng 22Na

gr 24Na are lotver than the total t{a calculated from whole

body analysÍs.

In sheep the whole body K has been variously

estlmated by chemlcal and lsotoplc meâns to be of the order

of O.2t to 0.2670 of the dressed carcass weight nislng to

O.28 - O.Sq on a fat free basLs (Spray and ïrlddowson, 1951;

Klrton and Pearson, 1963). Several of these measurements

(Kirton and Pearson, 1963; Kulwlch, Felnstein and Anderson,

1958) shou'ed that there was conslderable K Ln bone and fat.

Mudge (1953) eetlmated that approxLmately õ.g% of the whole

human body I( wes ln bone and about 7Øo Ln muscle whlle Klrton

and Pearsont s ( 1963) measurements on sheep shmü gWo of t]ne

total body K to be ln mugcle.

The K and Na content of muscle ls not constant and

varles between flbre types; r'ed muscre ceLrs contalning ress

K (as low as 153 rn-equtv /kg lntracelrurar waterf than white

muscle (as htgh as 162 m-equirr /Rg rntracelrular wator ln rats)

wtth the total number of n-equiv/L. of Na and K remalnlng

relatlvoly constant (Sreter and yfco, 1969).
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Slnce the K of the body ls Located predominantly 1n

the muscle ceIls, llver, klctney and braln (lea¡r tLssue)

correlatlons betrveen whole body I(, TtsVl, lean body mass and

separable fat have been made. Correlatlon coefflclents

from -O.72 to -O.89 were found between K content per unlt wefght

and percent separable or excess fat in llve lambs uslng elther

azK or whole body counting (Klrton, Pearson, Nelson Andergoa and Schuok,

1961; Judge, Stob" Kessler a¡rd Chrlstlan, L962). Uslng

moasurements from chemlcal analysls of plgs, correlatlon co-

efflclents between whole body I( and TBW, ether extract and

protei.n es a percentage of E. Ì¡t. had values of -O.82,

-O.83, and O.71 respectlvely (I(lrton, GraedLnger and Pearson,

1962). Holvever, there !-s a large varlabltlty between anLmals

tn relatlon to the K content of muscle and fat. ltlhoLe

Dody I determined by chemlcal analysls has shown better

correlatlons vylth other parameters than has K content measured

by lsotoplc rnethods (Klrton and Pearson, 1963).

Due Ln part to the electrolyte content of bone tLssue,

the turnovor of rvhole body Na and K is relatlvely slov,r. In t erms

of blologlcal half ltfe the turnover of either element w111

depend on the rate of intake ¡¡nd excretlon- f.e much more Na

than I( is found in the ECF and ls avaf}able dlrectly to the

kldney, thenc wlII be a faster turnover of a greater fractlon

of total Na tha¡r of K. Although the totat I( turnovet/day of. a
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sheep 1s hlgh (o.5 - L.Ú"/trr) due to the large It lntake'

relatively small amounts of much of the intracellular I{ are

turned over, since the K (and lla) turnover rate of lndlvidual

tissues, in partl-cular bone and the red blood ce}ls, is very

slow (Potts and FarrY, 1'964).

3. Control of bodv flulds and electrolvtes

Body fluld and electrolyte bala¡rce is sustalned between

the dlencephali.c regulation of intake on one side and excretlon

of water and salts by the kidney and ggt on the other. The skln,

sv¡eat glends, m€rmmary gla¡rds and the surface of the lungs and

nasal cavit¡r also make slgnificant contributlons to water îO

depending on the physiological state of the a¡rlmal-" These areas

have only minor control fr¡nctlons, however, though some regulation

may occur ln the sweat glands.

In addition to regulatlon of total body fluids and

electrolytes, there may bo changes in the individual fluid

compartúents v¡hex'e the volume may vary but ln which the concen-

tratlons of electrolyteS are conserved wlthln narrow Ilmits.
Morrls,

Thls was weII illustrated by the work of llacfarlane,- IIoward,

i,,4cÐonald and Budtz-Olsen (1.961) when llerl-no sheep wlthout vråter

ln suruner lost more than 3Øo of the PV a¡rd ECV bt t only

sllght chafiges occuúed ln the electrolyte concentratlon of the

plasma.
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Electrolytes ingested tn food are sbsorbedfrom the

allmentary frnid lnto the rF, thence lnto the plasma. slnce thls

fruid has Na+ as l-ts predomlnant catlon ariy K absorbed ln excess

of that requi.red to malntaln the normal 4 to 6 n-equlv/l. must

either pass lnto eells or be excreted. Although there ls

evidence that the Ii content of some mammalian cells may be

elevated try raising the ECF [.K] (Ðawborn and Ross, 196?) nost

of the K absorbed is promptly excreted by the kldney to malntaln

a balance.

Extracellular [Na] and [K] may be etevated by the

absorptlon of these erectrorytes from the gut or by the ross of

ECtr water. ECV ls also reduced as vrater ls lost by the ktdneys

or in the sheep b;' rapld salivation. To restore the FV and

concentration to normal, either in the first tnstance K and t'tre

must be excreted vla the ktdney or returned to the gut or water

must be absorbed fron the cells or the gut. Drinklng allows

avaiLabre water in the gut for absorption forlowlng whlch the

EEF and r(F volunec and concentratl.ons may be returned to normar

by the excretion of a,ny exc€ss water and electrolytes.

Drinktng nay be fnltlated directly by the action on

hypothalanlc receptor cerls of a¡ erevated ECF osrolallty or

indlrectly by a decrease ln 'IeV (ce1l dehydration)

followtng loss of water to the ECF (\''Iolf , 1g5g; Stevenson, 196?).

other stimull and lnhibi-tons of drlnklng are cha,nged ln the EEV,
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dr¡mess of the móuth, rate of sallvation, a deficlt of K ln

the ICF oi: gastric voJ-ume (Strauss, 1957i Fourman and Leeson, i.959;

Epsteln,. t9,67 i Atlo1ph, 1967) .

Thus j-n al-l- the mai5.¡alian species studled, the ECV

and osmolality and ln ttrn the ICV a¡rd concentratlon are

regarlated largely, through alteratlons 1n the renal eccretlon of

fnee waten, i( and i'ia and to a lesser extent by water and electro-

Lyte excreti-on in the faeces. These ane under hormonal, vascular

and nenvous control. For example, free-r,yater clearance depends

upon the release of vasopressin fron the pitultary, while i\Ta

excretion ls largely controlled by the adrenal secretion of

aldosterone and the renin-angl-otensin system whlch orlglnates

in the kldney. These hormones are released bj/ various factors

which wfll be enumerated ln a follovrlng sectlon. The controls of

body fluid concer¡trs:tlons of 1{ and lts excretion are stLll,

hovrever, largeLy uncertaln.

(1) Electrolvte movement ln the eut

Besldes causing Na retentfon and Ln some anlmats

K excretion by the kldney, aldosterone a¡rd related mineralo-

corticolds increase Na reabscrption from the ileum and colon of

rats, dogs and inan (fidmonds and l,äarrlot, j,967, Levltan, L967i

3hields, IVIiles a¡rd Gll-bertson, 1968) while Lncreasing thè

secretlon of I( lnto the colon (Eùnonds and ilarriot, 1967; Berger,

I(ar¡zakL and SteeLe, 1960; Shfelds, lfulholland and Elmsle, 1966).

As yet there ls no informetLon on the effeet of al-dosterone on
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electrolyte movernents ln the gut of sheep and cattle.

Sodlum absorption by the iLeurn and colon ls an actlve

process, against eiectrochemlcal gradtents (Curnan and Schvlantz,

196O; Curran and Solomon, t957; Schuttz and Zalusky, 1964a).

Thls active absorptlon of Na is also related to the actl-ve transport

of glucose a.nd ami-no acíds (Schultz and Zalusky, 1964b; Schedl

and C1ifton, L9}õÐ) but more lmportantly water appears to move

wlth ttre ila in solutlon isotoufc with plasma. Therefore, by

i-ncrcasing realcsorptlon of Na ln the lower gut, aldostorone

increases watcr reabsorptlon and expancls the ffiV (Curran a¡rd

Solomon, Lû57; Ëcin¡cnds and il{anriot ;, i967).

Altirough K Ls secreted into the colon of rats, dogs

and man, lt is not centain whether a slmilar secretion occurs in

rumlna¡rts. Concentration changes in various gut segments of sheep

and eattle suggest that K ls secreted lnto the colon though most

of the K entering the sma1l intestine ls absorbed by the tlme lt

reaclres the rectum (Horrocks and, Phllllps, L%4 a, b; Perry,

Cragle and I;If ller, 1967; Van i'feerden, 1961). The secretion of K

into the colon of rats, dogs and man is a passf-ve process with

the ion passing dorvn an existing electrical gradlent yet against a

concentrstion gradient (DrAgostino, Leadbetter and Schwertz,

L953; Code, Eass, llcClary, Ner,'¡num and Orvis, 1960; CoopersteÍn and

Erockman, 1959).
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Stinulation of I{ secretlon into the colon of man

durlng prlmary aldostevonism resul-ts ln an excess loss of I(

ln the f aeces (,Shie1ds et al. L968). This extra K loss can result

ln a lowered plasm" I K] an lncneased plasma volume, shifts and

prolongatlon of the S-T segment of the electrocardl.ogram, hyper-

tenslon and muscular weaknesg.

Another hormcne which lnfluences Na and hence water

movemont but not Ii in the gut of man, dog and rat, is vasopnessin,

Various vvcrkers have shovrn that vasopressin lncreases the lÏa and

waten absorptíon from the small intestine and colon of dog and rat

(Usslng, 1,957; Bllckenstaff, 1954; Ðombradi, Krtzse and Janeso ,

1960; Aulscbrook, 1961). Levitan and li/tauer (1966, 1968) horveven,

reported .decreases of water end Na absorptlon from the colon of

man while Qreen and l.{atty (1966) for¡nd no effect of Pitressln

on Na absorptJ.on b1, the rat ileun or colon þJilI9, or by mouse

and toad colon .lqgt=g. More recently, Soergel, l{halen, I{arrls

and Geenen, (1968) have shown that presumably endogenous vasopressln

released duríng dehydratlon as well as exogenous vasopress¡ln,

decreased water and Na absorption from an lsotonic or hypertonlc

sallne solution perfusJ-ng huma;n small intestlne ln vlvo. These

v¡onkers concluded that clrculating vasopreg€¡ln affects the srnall

lntestine of man ln one of 2 vays: either by an l¡;creased

secretion of water and salt lnto the lumen or by lnhibltlon of an

actl-ve ltra absorblng mechanlsm.
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Overall , the gut, 111çe the kldney, plays an importar¡t

part !n regulatlng the ICF and þ¡]F volurnss and solute concentrations

of many anl-ma} species l¡ut as yet ft has to bo shown that it can

function in the regulation of Ii rnetabolis¡n of the ruminant.

4. Kidnev functíon and autoregulatlon

(i) The counter current nochanlsm and kldney fr:nction

The cor¡nter-current hypothesls whicb states "that a

small osmotic pressure (OP) difference contlnuously establlshed

between the contents of the ,Ilmbs of a loop could be multlplied by

a counter-curreiltlr (lirirz, L96!) 19 nor,'r accepted as an integral

part of the renal concentratJ.ng mechanism. Good agreeÍEnt between

the mathernatlcally derlved explanatlon of tho system (Hargltay

Kuhn, -i951) and renal functlon in relatlon to structure has been

found (Gottschaliç, and tvþlle, tg59i Schmldt-Nielsen â.nd OrDeIl,

1961).

The maþn proble,l stilt assocfated with the hypothesls is

that no one has elernonstrated an actiue Na pump in the ascendlng

limb ef the loop of I'Ienle. Studles on the permeablllty of the loop

of flenle, the vasa recta and the collecting duc'ü, provlde

observations rvhich are, however, conef stent wlth thistdea (Lìerliner,

and tsennett, 1967; i{organ and Berllner, 1968).

Briefly, the mechanlsms of kidney tubular frurctlon

lnvolving the counter-current hypothesis are as follows:-
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In the proxlmal tubule, 7O to 8Ø of the gl-onerulaû

flltrate Ls neabsorberì, the major electrolyte betng Na, though at

least 7@o of the I( filtered 1s also absorbecl here. The I{a

neabsorptfon 1s an actlve process and water ts presuned to fol.low

the Na to yleld a resorb.ate lsotonic with plasma. Horv thÍs water

Illovernent occurs is uncertaln since no osmotic gradient ls

demonstrable. T\¡.'o current 'lheorLes Lnvolving the role of trnter-

cellular cana.liculi as the sltes lvhere osmotic gradients are

produced and mafntaÍned, are the ttdouble-merûbrane" theory of

Cunran and Liaclntosh (L962) and Ðletschy, (1966) and the concept

of "IocâI osrnosfs" now modffled and termed the "standlng gracìi-ent

osmotic flor,'/' theory of Diamond and Tormey (1966, a,b) and

Díamond c¡d Bossert ( 1967).

From the proximal tubule, the Lsotonlc flltrate proceeds

down the descending llnb of the Loop of Henle and lnto the v¡ater-

lmpermeable ascending llnb. From the ascendlng llmb active lIa

extrusLon occurs causLng the flukl of the interstLtlum, the vasa

recta and descending llmb to become hypertonlc. The vasa rectae

may be cor¡nter-current exchangers wlth the limbs of the loop, the

nultipller (Ilerltner and Bennett , ].967). Thus, the f lul-d entering

the ascendlng tlmb is truly hypertonlc but becomes lsotonfc or

evén frypotonic by the time lt roaches the flrst part of the dLstal

tubule.

In the distal tubule, further Na reabsorption occurs

with some fractlon beÍng exchanged for !(+ a¡rd H+ r¡ntll the flui.d
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enterlng the collectlng drrcts Ls Lsotonlc wlth plasma. If
vasopressin Ís present, the corlectlng ducts llke the dlstal
tubures of some speci.es becorne more permeeble to water, and water

is reabsorbed by the osmotlc pull of the hypertonic lnterstltium.

Therefore, a hypertonlc urLne ís produced, whire ln the absence of

vasopressln llttIe or no waten 1s reabsorbed in thls regton and an

isotonic or poss,*-bl-y a hypotonfc r¡nine resurts (Gottschaur and

lfylle, 19õ9; lTirz, 1961; LassÍter, Gottschalk and Mytle, 1961;

BerLiner and Bennett, 1967i Thurau I/altln and,schnermann, 196g).

(ii) Electrophr¡sl.oloev of the neþhron and ion movernent

Transtubular potenttal dtfferences of the ordejr of -2o rnV,

lumen negatl-ve, ha-ve been measured across the proximar tubures

and -35 to -60 mv acnoss the dlstar tubures of mammarla' nephrons.

Much smalren potenttar dtfferences of -1 to -3 mv exist across the

thl-n descending tirnb of llenle and slfghtry hfgher potentlals acnoss

the thicker ascendtng rlmb of the roop and the correctrng duct
(lirindhager and Giebisch, 1965). These values may be only the

mlnlmum due tc flrrx asymmetry and lt is now doubtful lf the potential
difference acros' the proxlmal tubure ls -2o mv. Frömter a¡rd

Hegel (1966) and Brnrgr,rsscrcson, Granths.rr o¡rd orroff (196g) havc

shoum the true þotontlar difference Ls close tó zero, though tl:ey

h¿vc confit'med thc cxfste¡rcc of ¿ <tlstnl transtubular potenttal of
-60 nV Ln rats.

Potassium transpont in the proxr.mar tubule (rats, dogs,

rabbtts, rnan) like $Ia, is apparentry active wlth at reast 7vo or,

the flltered I( belng reabsorbed. potasslum ts a,ctlvely transported
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from the tumen or perltubuler fruld into tubular cetls slnce

the [t] in tubular flui.d is conslderabry less than expected from

passive dlstribution according to the membrane potenttars (Bloomer,

Rector and serdin, 1969; TÍatson, 1g66; iriaInlc, I(lose and Glolrf sch, 1964,

Malnic et al,, 1966a,b). From lnsÍde tlre proxLmal tubule cells
the I( can diffuse down its concentration gradient l-nto the pLasma.

In the dj_sta1 tubule Na neabsorptLon must be active

since it proceeds agalnst a high electrochemicar gradlent. rn most

situatlons varylng degrees of net secretLon of K must occur as the

concentratlon íncreases from below prasma level in the early dlstat
tubule to g:reater than prasma lever at the proxlmal end of the

corLecting duct. comparlson of actual I x] craarents wl_th those

carculated on the assumptLon that I( dtstrlbutes according to the

transtuburar potential, suggests passlve diffusion of thls ion

from the high cerlular I I(] to the lov¡er concentratlon of the

dlstal tubule. Ylhen net reabsorption from the lumen does oecur,

It should be an active process (Thurau et al. 196g).

For the malntenance of a hlgh intracellular !( content whÍch

is the source of secreted K (DeRoufftgnac and Gulnnebar.lt, 1966)

an Lnward K pump at the perltubular cell surface of the distal
tubule ts likety (t"rlnOhager and Gfeblschr 196õ). The perltubular

membrane of rats ls selectively permeable to I(+ whereas the

luminal memþrsne ls equarry permeabre to K+, Na+ a¡rd cl . Thts

means t}¡at the transtuburar potential dlfference ls dependent on

the [K] of the peritubular fluid. Distal tubut_ar Ir¡ fn
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free flow or stationary mlcroperfuslon has been found to be lower

than that calculated from passi.ve equlllbratlon. therefore, an

actl-ve reabsorptlon of K at the lumlaal surface ls assumed to

pnevent an electrocheml,cal equlllbrium being reached (MáInlc.,

et aI. 1966 a. b).,'

From the high intracelluLar leve1 of K ln dlstal tubule

cells, secnetlon lnto the lumen takes place via exchange wlth Na+

and in competltlon wtth H* (Berllner, 1961). Dlsruptl-on of this

exchange may occur in I( or Na deflclency, when inadeqr,nte Ne and

K respoctively are presented for exchange. However, dlstal Na

reabsorpti-on Ís always ln excess of K secretlon and furthermore

nelther the rate of dellvery of Na to the dlstal tubule nor the

$a] of the tubular fluld appeers to alter the K secretLon rate

(Malnic, gt_I,1., 196C arb), A one-to-one exchange

mechanlsn 1s, therefore, very unllkely.

Informatlon about lon npvements Ln the coLlecting ducts

ls stlII rather scanty thor.rgh Lt seems that K transport is slmlrar

to that 1n the dlstal tubule, net secretlon belng regulated by the

transtubul.ar potenttal difference (i,¡äf¡rfC, S!jI. r1966 a,b).

r Chloride ie the predomlnant anlon of the urine ln non-

herbivores, whf.le ln herbfvores such as the sheep, HCO , ls

excreted ln large qua¡rtftles to satlsfy the large K excretion,

whlch ln sheep may exceed 5OO m-egulv./day.
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Chlorlde reabsorptLon from the proxlnal tubule \flas,.

r-urtll the time of, Frörnter and Hegelt s ( 1966) work, consLdered

to be a passlve process wlth Cl roving down Lts electrockremlcal

gradlent. ririth a net potential dlfference of zero, actlve

transport of CI ls lLke1y, as work carrled out by Clapp, Rector

and Seldln (X962) usfng non-reabsorbable anions has already

suggested.

The transtubular potentlal difference of the dlsta1

tubule favours passive CI reabsorption but Rector and Clapp (1962)

have proposed that thls too 1s actlve or has an actLve conponent.

Slmilarly, actlve neabsorptlon from the collectlng duct ls llkely
and Gl.ebisch, 1966)

(ïlindhager n ). Filtered HCO3 r the anLon whlch accou¡rts for

the alkaline urlne of herbivores, ls reabsorbed Ln the proxLrnal

tubule. i.rueabsorptlon Ls medlated by exchange wfth actfvely

secreted H*. The carbonic acid formed ln the tubule decomposes

to co, and v¡ater whlch are absorbed. The decompositlon of carbontc

acid is catalysed by carbonic anhydrase ln the lumlnal membrane.

In the dfstal tubule a slmilar .rlCO, reabsorptlon

rnechanlsm is postulated though carbonlc anhyrìrase 1s absent ând a

disequllibrium pH develops between the tubular fluid and the

plasmê (Rector, Carter and ,Selrlln, 1965). The secretion of H+

lnto the dlstaL tubule ls ln cornpetltlon wlth K+ so that a hlgh

K load leads to decreased H+ secretlon, decreased IflO,

reabsorptl-on, the excretlon of IffiCEA end an alkalLne urtne

(Berllner, Kennedy and l{llton, 1951). Ttrls ls presunably what
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occurs in sheep, whose urlne pH may attain values of 8.3 or greater

(llaefarlane, g!_pIrrl961: Stacy and Brook, 1964: personal

observatlons). At pH greater than 6. L no carbonLc acl-d ls present

ln the urine e.nd at pll greeter than 8.3, carbonate is formcd.

(fif) S.utoregu1atlon

ReguLatlon of urinary excretion and controL of body

fluids is in turn governod by renal plasma flow (RPF), the

glomerular fil-tratlon rate (GFR), tubular reabsorptLon, secretory

mechanisms a.nd the actfon of varlous hormones. Renal plasma flow

and GFH, are the 2 factors fon which there ls evidence of auto-

regulotion (T?¡urau, g!_gf, ) 
1968) tt¡ougtr extra-renal f actors rùay

also alter these fates of f lolv.

Although the RPF may not alter, the distrlbutlo¡r of blood

ancl the dírectlon of flow wlthin the cortex and medulla of the

kiclney may change thus arterlng water and solute reabsorption and

secrctlon (Thurau, et -?1., 1968). Normally the blood flow flrrough

the ¡nedulla 1s far less than through the cortex. The mean

transtt ttme in clog, cìetermined by using szp-Iabelled red cells,

v¡as 3.2 sec in the contex, amd 24 sec for the medulla (GrangsJo,

[Ilfendah1 and ltfolgast, 1966). The cortical flow rate ln nats,

Iike dogs, ranËes between 3.84 and 4.9O nL/g of kidney tissue,/rnln

(Hatnlng and Turner, 1966). Durlng a mannltot diunesls estlmates

of eortic¿"l blood flow determined from the extractLon ratfo for

p-amlnohl,ppur$te(PAH) or the uptake of 86Rb, showed decreases
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Ln cortfcal flow to 72-?47o of the total RpF (Harslng ond Barthe,

1966). Thus the nannltor LncreaEed the medullary blood frow.

So far, the cortlcal and medullary blood flow of

runinants has not been estlmated, trut such investlgatlons may

provide instght lnto the urine cohcentrattng abtllty of these

anl.maL9.

There ls stlll t¡rcertalnty on what regulates the rnedullary

blood frow fndependently of the öortlcar frow and how tho total
renal blood flow 1s controlled. pappenhelmertB ,'cell separatlon,,

theory of autoregulatlon of RpF (papþenhelmer and Kinter, 1956)

does not appear very satisfactory (I,rlrz, 1961; Moffat, 196s) but

the "vasoconstrlctor" theory of l,Vlnton ( 1g56) Ls u¡ore readtly
acceptable, va¡l,ous rvorlcers have suggested that contror of renar

vessel dilatlon or constrlctlon depends on carotl.d traro-receptors,

afferent carotld slnus reflexes and changes 1n arteriovenous presaur6

differences. rn reratlon to the latter ldea, scott and corcrkers
(lgos) reported that the concelrtratl.on of e chenlcal dlratlng agent

produced ln the kldney increased v¡henever the arteriovenous

pressure gradient was reduced. ThiE substanee ln turn reduced

f,lorv reslstancs by vasodllatlon. Thurau (1964, 196?) clalned that
the substance was vasoconstrlctlng and that lts synthesls rxas

fnhfbtted or reduced whenever the perfusÍon pressure e¡rd artorlo-
venous difference was reduced. He fu¡ther suggested that thj.s

system ls assoclated wlth the Juxta-gromerular apparatue, renin
and anglotensln, the contr.,orring factor betng the [Na] of the
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lntratuþutar fl-¡:id ln the distar tubule. rhe [Na] at tlrls slte
ls apparentry a function of the blood flow slnce at low blood frow

and consequently reduced GFR, the tuburar I{a load and hence

tuburar Na ¡:eabsorptlon farr (Lassen, r.rrunck, and Thaysen, 1g61.;

Thurau, 1967'!. Thtrrau, therefone, proposed that an r¡¡rcontrorled

incnease ln RPF causes an i¡rcrease rn the GFR and the post-

proxlmal delÍver',r of .Ì'ía. This etevated I Na] actlvates renfn

release from the gna¡rurar cerrs. Renrn then catalyses the

formatlon of anglotenstn rr fron¡ substrate, o-globulin and angio-

tensln r. An6lotensin rr Ln turn prodr:ces vasoconstrlction of the

afferent arterloles aüd a reduction ln GiFR¡

Although such a system may regulate RpF per se it
does not necessarily show how medulrary blood flow is controrled

slnce the assumption that medurlary brood ls of post-glomerulâ,r

origln needs revision (Thureu et aI. 1968). LJtmgqvlst ( 196õ)

showed that in sotne areas of the human cortex there is a shunt

between afferent ancl efferent arterioles and that nedullary brocd

need not nccessarily be of post-glomeru.Lar origin.

Even though the rnethod of neguLatlon of medulrary brood

flow ls uncertain, it seems that srolver þLood flow through the

medulla (comparecl wlth the cortex) Ls an ald to u,e cotmter-current

mechanism of concentratLon. The lower blood flow rate through the

vasa rectae of the medurla allows a hfgher concentratlon gradlent

of golutes, partlcurarry IrIa, to be bulrt up wlth a resurtant
hypertonLc unLne belng produced. Thls high 

I Na] or I fC] fn
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medullary tlssuo nay fn ltself regulate rnedullary bLood f,Iow

slnce it vrould produce a¡terÍolar smooth muscle contractl-on.

Although lt has been denonstrated that I( secretlon does

occur fn the kldney of the rumlnant (McÐonald and ll[acfarlane,

L958) there ls no evidence on where or how this secretLon takes

place or v,rhether trç nay behave like lTa ln autoregulatlon and in

the counter-current system.

5. Effects of hormones on 1 f,unctlon

In additlon to the effects of changes ln blood flow

discussed in the pnevious sectlon, honrnones may control kfdncy

functLon bv arterLng tubular reebsonptlve and secretory processes.

(i) Adrenel hormones

Îtror¡nones f,rom the adrenal gland rnay be subdivlded into

3 groups on the basls of thelr normal functions, These groups

are the mlneralocorticoids, the glucocortlcolds (cortlcal) anA

the sympathettc catechol amlnes (medullary).

(a) Aldosterone e¿nd renln-anslotensLn

Tlne 2 prLnary mlneralocortlcolds, so named by Selyo

(19$e) for thetr actfon on the renal excretion of el.ectrolytes, Bro

aldosterone and deoxycortlcogterone (Doc). Aldosterone fs the

predonfnant natural hormone and s,.Lso by far the ¡nost effectivo
(Llpsett, Schwartz and Thorn, L961).
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The prlne aotlons of aldosterone on renal functtons are

the productlon of an lncreased Na retentlon (Ioss of Na ln the

sbsence of the hormone) and ln some specles a¡¡ lncreased excretlon

of K (Bar@er, Berlln a¡rd Tulenko, 1958; Gawrt, Renzl and Chart,

!-9õ5; Lockett and Roberts, 1963). Generally no change 1n water

ou'lput has been fowrd durlng aldosterone admlnlstratlon (Stmpson

a,nd Talt, 1955; Thorrr, Laldlaw and Goldflen, 19ã5)r

The inereased retentlon of Na producecl by áldo6terone t-s

due to an lncreased actlvo ¡eabeorptlon of Na by the dlstal tubule.

How or rvhere 1t produced an lncreased K excretlon ls not yet

known (Va^nder, Itlalvfn, Wllde, Laptdes, Sulllvan and McMurray,

1958).

Aldosterone causea the sheep kldney to retaln Na and

hence tt te lmportant ln Na deftclency (Blslr West, Coghlan,

Denton, Goding, Illlntour and vfrlght, 1963). However, aldosterone

does not appear to pronote K loss ln shoep as it tloes ln other

specles (Klnne, 1963; Macfarlane, 1963).

As well as lncreaglrrg renal lla retentlon, aldosterone

reduces Na and lncreases K loss ln faeces and eweot of man, dog

and rabblt (Dunca¡r, Lldd1e and Barttar, 19õ6; Davls, 8a11, Batrn

and Goodkl.nd, 19õ9; Dawborn and Roes, 1967) and produces largF

changes fn the saltvary conposltlon of sheep (Denton and

McDonald, L9õ7; Godlng and Denton, 1956).
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It is thought that aldosterone does not stimulate IrIa

reabsorption directly but during a 45 to 60 min latent period

following admlnistretlon or adrenal relcase, l-t stlmulates

prod¡¡ctl-on of Rl'I/¡. and protein synthesls (Fanestil and Edelman,

1966; Flmognari, Fenestil a¡rd EdeLman, L967>. Anparently, thls

1s not the mechani,sm by which aldosterone produces e kallr.rcsls

(Flnognarl. et al., 1967).

Ey lis actlons on lla oxcretion, aldosterone ls concerned

vrlth regulation of FCV and conc@r¡tratl-on and hence there have been

numeroua lnvestigetlons of the factors controlllng lts release.

ûne of the most lmportant of these is the renirt-anglotensin system

prevlously descrlbed (pp32). Iilhen thene is a low plasma INa]

or a low ECV, the enzyme renln ls neleased by the receptor cells

of the jr.rxta-glomerular apparatus ln the kidney (Laragh, frn¿ers,

Kelly and LLeberma.n, 196O; Peart, 1965). Renin release results

in the prcciuctlon of the polypeptide, angfotensin II, which stlmulates

aldosterone release from the zona glonenulosa of the adrenal

coftex (e1ain-lUcst, Cogh1an, Denton, Godfng, l,4unro, Petersen and

l'{lntour, !962; Ganong and t4ulrow, L962). Snall doses of

angiotensln II, which is a potent vasoconstrl-ctor, will cause

water and I{a retentlon 1n dogs undergoing a diuresls, but ln hlgh

doses Lt ls natriuretic. The reverse situation occurs in nat,

rabbit and ma,n (Grose, Erunner, and 'l,LegLer, 1965).

The rclease of aldosterone may also be stlnulated by

ad¡renocorticotrophic hormone (ACTH). A.CTH produces smaLl
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lncreases ln aldosterone secretlon Ln sheep (Blafr-i$est,glgf.

1.962) 1n cattle (Kaplan and Earttor, 1962) in dogs (FarrelJ.,

Fìauschkolb. âr¡dRoyce, 1955) and fn man (Crabbe, Reddy, Ross and

Thorn, 1959). I{owever, much more ACTH ls requlred to ellcit
aldosterone secretLon than ls nceded to produce the maxlmal

release of 6lucocorttcolds (Mulrow and Ganong, 1961).

Anccher fector mor-e pertinent to the subject of this

revl.ew w!.icir diroctly produces a rÍse in ci.rculating ardostenone

level-e Ís a rl-sc ln plaena [x1 o* a fall J.n plasma L¡¡.]. rn dogs

a rlse l-n plasma [t<] or 1.3 m-equlv/t. or a falr h prasma [Na]

of 14 m-equÍv,/I. w111 l-ncrease aldosterone secretlon (Ðavls.ggl.É,

1963) though tur sheop a much smaller nlse in plasma [l(1 {<O.S

m-equlv./l") or fall ln plasma ¡Ela] (< S n-equlv,/I.) wltf release

aldosteronc (El_air.-f cstr et al..r 1969).

TVo othor factors impticated in the control of the

eynthesis and release of aldosterone are pulse pressure and

arteniaL pressure, Their actlon, along with the other factors

mentioned, mav be r¡edíoted through the central nervous systen

(Ðenton, 1965),

(b) Ct$.r cortJ-costeroids

fn man, dog and eheep, cortlsol ls the ,.irinclpal
steroLd ln the adrenal vefn brood, though the rat adrenar secretes

corticostarone (Hechter and pincus, 1gS4).
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Although IÐc, cortÍcos'lerone and dehydrocorticosterone

always cause salt retentlon Ln man (Thorn, Laidlorv and Goldfl-en,

1955) cortlsol and cortlsone vary, dependin8 on whether the

admlnlstretlon ls chronlc or acute. chronic adnÍnlstrc.tlon of

cortlsol to man silrnuletos Na retention and lncreases K 10ss,'

leading to hypokalemla (Relrna¡¡ ancl íJchwartz, 1952). The K loss

observed is, howeven, dependent on concomltant Na retention.

Ðurlng acute adminlstration of cortlsol 1n rnan, a kalfu¡resLs may

develop lndependently of any Na retention. slmultaneousl¡r with

the kalúu¡ssls is a rise ln plasma fK] due to release of lntra-

celtular .T.í (Eartter and Fourman, L9ã7). In the adrenalectomised

dog, acute doses of cortlsone were found to cause l'fa retention

rvlthout K loss (Roberts and Pltts, 19'62).

A further effect of both cortieol and cortlsone ls am

lncrease lr¡ GFR whlch ln man, ilâY cause an lnitlal natriuresls

prfor to Na retentlon. Furthermore, both these horrpnes restore

the abili-ty of the kldney of adrenalectomlsed men or of patf-ents

with Addtsonts disease, to excrete a salt load (Burnett, 195O).

Inman,dogandrateLthercortlsolorcortlsonels

capable of increasfng the GFR and water excretion but they both

have a ¡nlld Na retalntng activity. Thelr prlme mtneralocorticold

actlon ls a "facilltatlon of tubular adJustments to salt load"

(Ltpsettret e.L.,1961)¡ There appear to be no reports of the

effects of cortlsol or eortl.sone on renal function in the
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sheep or cow though Macfarlane (personal communication) found

that cortisol had no conslstent effect on urinary electrolyte

excretlon in the sheep.

(c) Adrenal medullanv hormones

Adrenalin anC noradrenaline, the 2 hormones of the

adrenal medul.l-e, probably have thelr largest effects on kldney

function by their vasoconstrictlng action. Razzach, Hass¿þs1fa

and Nagulb ( 1964) showed that lnfuslons of noradrenalin

elevated the iìPF of dogs by 257o while adrenalin decreased RPF

by tgTo. One woulcl anticLpate a decreased RPF and GFR due to

vâsoconstrtc tion.

The effect of these 2 hormones on electrolyte excretion

seems to vaty vr:Lth the species, dose, method of administra.tion,

lnnervation of the kidney and general state of electrolyte and

r,vater balance ln the antmal (Llpsett, et al.¡ 1961). For example,

ln dogs Na excretlon nay be reduced by both hormones, ll gulnea

plgs and rats lt may Ìre íncreased whlle 1n man the response ls

varLabLe. Potasslum excretfon âIso responds Ln a varlable way

though 1t appeare to be independent of ÞIa excretlon (Llpsett,

et a_1.r1961), l./lost frequently, both catechol aml.nes produce

a small l{a diuz'esls in dog and man (Green and Sim, 1961) while

in sheep both produce a di-uresls wlthout any conslstent effect

on electrolyte excretion (Klnne, L'lacfarlane, and Budtz-OIsen,

1961; I{lnne, 1963). The dluretic effect in dog and man may be
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due to the increased blood sugar and l-ncreased Tn of glucose

produced by botlr hormones (li{esson, 1961) though lt ls dtfficult

to conceive that thfs is the reason ln sheep whlchhsvea plas4a

gl.ucoso concentration of 50 mg/lOO rnl.

An extra-rena1 eff,ect whlch adrenalln has ln relation

to K metabolÍsm is its prorlr-rctlon of a rapld release of hepatlc

cel1 T( and a t¡ra"nsient hyperkalemia. Thls release of !( is related

to the stimu].e,tion of glycogenolysls vrlth presumably the loss

of cell li bi.ndi-ng sites during glycogen breeÏ.down resultlng ln

free intracellular I{ v¡hich ls then lost to the plasma (Cralg,

1958; Cnai q and Î{onig, f 963).

( 11) Posterlor pitultary hormones

The posterlor pltuitary extract used by Ollven and

Schafer tn 1895 was found to increase the blood pressure of

anaesthetised dogs. A short tirne later, itllagnus and Schafer

( 1901) demonstrated some effects of tlris extract on urine flow

in the rabblt. Today the term vasop.iessin, covers an lncreasl-ng

number of polypeptldes of relatlvel$ slmilar structure, isolated

from the posterlor lobe of the pltultary of marrmallan and non-

mammalian spec:i.es (FiC. Ð.

In mammals, 2 vasopressLns are found, 8-Iyslne

vasopressl-n and B'-argLnlne vasopressln (Fig. A). Lyslne

vasopressin occurs only among the suborder Sulforocs of the
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hypophyseaL polypeptldes¿
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manmalla ând arglnlne vasopressin ls prodr.lced ln all other

suborders. The posterlor pltuitary Iobes of several specles

of, the Sul-formes lncludlng those of the European wlld boar

Sus scrofa) the warthog (Phasochoerus aethlopLcus) the gia,nt

forest hog (llvlochoenis angulatus) and the eollared peccary

(Tavassu angula,tus), havc beon shown to contaln lyslne vasopressln

on both lyslne arid arginine vasopressln. The posterl.or

pitultary of the white llpped peccary (TaypssL pecarf) contalns

both vasopresslns or onÌy arglnLne vasopressln (Ferguson and

HeIler, 1965).

A hodmone cloeely allLed to vasoprèEsln and dnparently

bor¡nd to the same carrler proteln molecule ls oxytocin (Ffg. A)
and Livlngston

(Schwartz,ñ1964). Both oxytocin and vasopressln have slmllar

effects on several kldney functlons, though the levels of oxytocln

requi.red are far in excess of those of vasopressln (tsrooks a¡rd

Ptckford, 1958). The amounts of oxytocln nequLred to stimulate

ntlk letciown or uterine contractlons are also hlgh.

the prime effect of vasopressln (a¡rtldluretlc hormone)

1s the reductlon of high urfne flow rates, wlth varylng degrees

of effect on electrolyte output, dependlng on the specles.

Vasopressins reduce urlne flow by alLowing the fuII effect of the

hl.gh medullary osmotlc pressure produced by the cotrnter-cunnent

system to be exerted. These hormones LncreaÊe the permeabtllty

to water of the collectlng ducts and ln some -
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specLes of the dlstal tubule, allowlng osmotlc equlllbration

be'i;ween tubular fluld and the tlssue so that a hypertonlc uríne

is produced.

Vasopnessin does not alter the olectrolyte output of

man durlng a diuresis or at a normal flow rate (Thomson, 1959;

I(leeman and üurtler, 1963). Si¡nLlar1y, vasopressln has no ef fect

on the urlnary electrolyte output, @R and RPF of nonmal or
a, bi

dehydrated do6s (Sha.nnon, LWL2r^Brooks and Pickford, 1957), but

ln hydrated dogs srnall lnJectlons of Pltressln lncresse the ltra

and Cl and at 'úiaes the tr( excreti.on (Brooks and Plckford, '1,9,57,

195S; Grinnell, Xra.mer, Duff ancl Lydon, 1968). Infusione of

vasopressi-n alr,vays produce an anttdluresfs and tncreased

excretion of lIa, I( a¡¡C CL lf inltlal urlne flow rates atre hlgh.

Broolis and Plckford ( 1958) , also showed that dogs trnder-

golng a diunesis respond to lnJectlons of oxytocln wlth an

l¡rcreased RPF r¡ut with no alteratlon in electrolyte output, whlle

at low flovr rates a ¡narked natriuresls and at times a kaluresis

occurs.

Vasop,ressln has usually bee¡ for¡nd to increase the

excretiq¡ of lta and CI in rats (Ðlcker and Heller, L9a6; tsarnafí,

Rosas, de la Lastra a"nd Croxatto, 1960) though Tlorn (19ö9)

was unable to find any saluretlc ef,fect wlth doses up to 1 rnU.

BarnafL, et a1.) (1960) also found that a delayed lncrease ln K

excretLon may occur. Infuslons of oxytocln ln rats produce an
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a,ntldluresls but no changes 1n electrolyte output (Barnafl

g!jl. 1960). In ma,n, a sustalned infuslon of oxytocln has

been found to lead to exeess water retentlon and water intoxi.-

cation (pittman, 19GS).

Sheep k¡ave several patterns of response to vasopu.essin.

Doses of PítnessLn or argini.ne vasopressln as smal1 as 1 mLJ

(by tnjection) or LZ wl/hr (by infusion) produce increases in

the GFR (transient), K, l{a and CI excr:etion and ere dluretic

at urlne frov¡s less than 1 to 1..5 mr/min, but they are antÍdluretic

at florrr nates greaten tl'¡an i..5 to 2.o mr/mln (Klnne, l.,lacfarlane,

and Bud'1.';-,.l.,.Lsen, :[9çL; Cross, Thornton and Twedde1l, 196g; pesters

and Ðebackei:e, 1963, Gans, 1964) . cross,É el¡¿ ( 1963) clafmed

that ft was the lnltial urine osmolallty vrhlch determined wlrethen

vasopressí-n wes diuretic or antldiurettc.

The electrolyte inta.lçe of the sheep determlnes whether

vasopressln wilr increase Il excretlon rnore than Na. on a hLgh

I( dj.et, the lncrease in el-ectrolyte output produced by vasopressLn

ls mainl-y due to K rvhfle on hfgh sla diet, the revorse situation

oecurs. (Macf arl-aåe, et aI. 1961 ; Gans, l964) ,

contrary to the findings of Macfarlane a¡rd coworhers

and othere, Eitacy and tsrook (1964, 1965¡ oppose the idea

that vasopressin may lncrease erectrolyte and water output.

rn their experiments usl¡rg water loaded sheep and infusions or

fnJections of vasoplressin, they roport an antÍdiuresls, the
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pr."oduction of hypertonl-c urine Bnd no alteratf.on ln total

electrolyte output.

The mechanlsm of action of vasopressin is at presen!

thought to ice mediatertr by the stimulation of the enz¡nne, adenyl

cyclase, rvhicXr results Ln a¡¡ increased productlon of 3'r5r-eycllc

adenosine monophosphate (cyclic A¡/IF) (Orlof f and Ilandler, X967).

Cyclic ÊJvlP h.1, some unknov,tr mechanisrn then alters membrane permea-

bility altowing free rvater npvement. the permeability of lsolated

toad blaCder (Leaf, 1960) and rabbit collectlng duct (Grantham

and Burg, 1966) ls altered ln a slmllar manner by both cyclic

Al,4P and vasopressin. ÉIandlen, Dutcher, Sutherland and Orloff

( 1965) have also shown that vasopressLn stlmulates the producti-on

of cycLic Al,{P by the cells of the toad bladder.

Nurncrous fa-ctors have bec.n lmpl-lcated 1n the control of

the rer¡al concentratlng ab1llty by cqrtrolllng the rolease of

vasopressin. Two of the npst f.nportant are the ECV and osnolaltty.

An lncreased ECF osinolalÍty or a decreasod ECV actuates the

paroventrl.cular and supraoptlc cells of the hypothaLamus to

release neurophysln granules, from the axon terminals. These

granules then pass from tho posterlor pituttary (ÐoWlao, and Polsnerr1964

Ðlclcer, 1966) to the pitultary velns and thus into the genenal

circulation (Verney, L947, 195?; Kleeman and Cutrer, 1963).

Che¡nical and elc:trical stlmulatlon of the hypothalamlc cells r,vill

release vâ.sopresal-r¡ and it appears that some cortlcal stimulatlon

of release also occurs (Cross and Green, 1-959;St¡¡rdsten and Saulyer,
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19ã9; -'jroeters ar¡d Debackere, L963). Funther stlmull for vasopressin

reLease are a decroase in blood pressure and body posltional

changes. Alterations ln blood pressure affect receptors in the

rtght etrLum (S.hare, 1965) while the blood redfstrl-butlon effected

by body posttfonal changes also acts on upper thoraclc receptors

(See;ar and Moore, 1968).

( Í.ii-) t¡'ihel. hormones

1\¡ro other hormones which have speclflc actlons on renal

functlon are parathó¡inone ancl calcl-tonln. Thcse horn¡ones cqrtrol

prasrna levers of ca and phosphate by neguJ-ating nenal excretion

of these ions. The only actl-on these horn¡ones have ln relation

to K or l{a metabolisrn is that an @xcess of parathornone, such

as occurs in hyperparathyroidLsrn, reduces the concentrating abtlity

of the kidney Þy reduclng Na reabsorptl-on and preventLng the

establlshment of a high rnedulÌary tnteretitlal osmotlc pressure.

Þ¡lost of the other hormones of the body have some

effect on renal function though whether these effocts are of

functlonal signfflcance l-s unlçnorvn. Furthermore, many such effects

may be the consequence of a physlol.oglcal ovent outslde the

kidney. Fol: exam¡rle, grucagon by stlmulating gluconeogenesls in

rats, may raÍse the ttFF, GFR and glucose excretiorr rates,

urir¡e flow rate and the excretlon of l,la, K and Ca (Charbon,

Iloekstra and Schukl-irk, 1963).
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Il¡o further hormones wiri.ch may have physlologfcal

ections on renal functlon are oestradlol and progesterone.

Oestradlol has been shown to complement the action of vasopressln

whlle pregestercne !.nc::i,cgses t}¡e excretlon of Na, K and CI ln

rats, by blocktng the lla retalning effect of eldosterone (Thorn

arid Engle, 1938; De1s, Lloyd and PLckforcl, 1963; Dance, Lloyd

and Pl-ckford, 1959).

(tv) Ìharmacoloqical Agents

Ðrlrlng the past 40 years, varlous organic compounds

have been used to reduce ECV by lncreasing Na excretlon and

hence lncreaslng urinary volume. The flrst "dLuretlc" used r¡¡as

an organo-mofcurtal compound commonly knom as Salyrgan or

Mersa1yl acld.

/¿,fter the dlscovery and use of sulphonamide by

Hörlein ( 19og) and Donagk ( 1935) there came a srow rearl.zation

of I'ls effect on tho kldney. This bega¡ a neu¡ era in dluresls

wíth acetazolamlde as the prototype. DlsuLphonamides folLowed

ar¡d ln turn the thiazides or heterocycltc dlsulphonamLdes and

subsl:i'¿uúed thiaztdes, whfch are now in connon use. An anthra-

nllLc derlvate of benzene sulphonaml-de, frusemtde (Laslx) Ls

nolv one of the most actl"ve dluretlcs. l.lore recently, pteridene

(Trlamterene) and oryl-oxyacetlc a,cid (ethacr3mlc acid) derLvatives
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have been prepaned and tested as dluretics, Most of the

numerous diuretics may be classl-fled on the basis of che¡nica1

eomposition, structure and actlon, lnto 6 groups. These 6 groups

are the 1) organo-mercurial compounds 2) thiazldes, 3) carbonfc

anhydrase lnhi-bitors 4) aldosterone lnhibltors, 5) osnptlc

diuretics and 6) ether compounds.

The organamercurlal compounds have the release of

free mereuric ions as the basis of their action, These ions

bind v¡ith sulphydryl groups (-SH) of tire cel1 proteins of both

proxLnal and distal tubule cells which leads to a reductlon in

hla reaþsorptíon end increased lla and v¡aten loss (ärelner, Levy,

and l,{udge , t962; }{111er and Fa¡ah, 1962).

Ll-lie the organo-mercurl-al compounds, most of the comrþn

thlazj-des such as chlorothlazlde, hydrochlorothlazide and cyclo-

thlazlde largely reduce dlstal but also proxlnal tubular ltra

neabsorption. lt{any of thlazldes lncrease I( and IICO, excretlon

as well as tla. Chlorothiaztd.e stlmul-ates distal K secretion ln

rabblts (Foulkes, 1965) rvhlle hydnochlorothlazide lncreases the

length of the collecting duct of rats whlch secretes K

(Sulll-van and Plrch, 1966). Tlrls effect is partlally independent

of any carbonlc anhyclrase lnhibltory activlty whlch these

compounds possess. l,riany of the thiazides, llke the organa-

mercurial dluretfcs, also increase l?-hyöeoxycortlcosteroLd

production, these steroÍds ln trrrn havLng a supplementary

effect on water excretion and nenal functlon.
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The anthranLlLc derLvative of loqtzene sulphonamide,

frusemi.de, appeâ.rs to inhlbit t{a reabsorptlon from the loop of

Hen1e rather than in the pnoximal or distal tubules (Malnlc,

VÍ,-;ra; Enohibara, 1965). This lnhibLtlon results in a fallure

of the cormten-curr"ent system and prevents the productLon of a

high rnedullar3r osmoti.e gradi.ent necessary for the formation of

hypertonic urinc¡. By tirls means, frusemide is a very effectlve

diuretic causlng â lar6e Na and water loss, with a smaller

increase fn I( eccretlon than ls produced þ most dluretics

(i\{alnlc et a.1" 1965; Sukl, Rector and Setdln, 1965). Frusemlde

may also lncreese the RPF and GFR (Vorburger, 1964; Flook, Ludens,

Brody a¡rd i{llllamson, 1966), and, alter the dlstrLbutlon of

þlood florv fn the lcldney (Elrtch, ãakhelm, ilones and Barger, 1962)¡

Ethacrynic acLd, ên aryl-oxyacetl_c acld derlvetive

also appears to block $la reabsorptlon in the loop of Henle and

onry str"lghtry tnhibit proxlmar a¡rd distal solute reabsorption

(Gussln and Cafruny, 1966; Earley and Friedler, 1964). It has

been suggested that ethacrynlc acid ltke the nercurlal dlurettcs,

acts by blndfng wlth -SH groups (Komorn and Cafruny, 1965)

though there ls the alternative suggestion that both frusemide

and ethacrynic acid inhlbit the Na-I(-ATpase found Ln renal

tubules.

By tnhibiting carbonic anhydrase activlty dluretics

such ag acetazolamirl.e and dlchlorphenaml_do Þrevent IIC0,

reabsonption and also lncrease K and water ross (}.{aren, 196?).
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The os:notic dh¡retlcs do ncrt, however, lnhlþlt

reabsorptlon per se but as they are not readlly reabsorbed thqy

maintaln a high tubule flutd to plasma OP ratlo whlch preventq

water reebsorption, Sfmllarly, aldosterone lnhLbf-tors such as

splronolactone, do not dtrectly retard þIa reabsorptton but

pnevent the stlmulatlon of the reabsorptLon produced by

aldosterone and related mlneralocortlcolds. Thls ù¡ turn

results in a greriter lI¿ and water logs.
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I II. INVESTIGA.TIONS

1. Meterlals and methods

(1) Anlmals

i!trerlno ewes a¡rd wethers selected from the ì'lalte

Instituts flock were used in all experlments. these sheep ranged

ln age fro¡n 1 to 5 years, and thelr weight varied from 2õ to

45 kg.

Durlng 1966 and 1967 the sheep were housed ln seml-open

pens wtrlle not .!:elng used for experlmental purposes but ln 1968

and 1969 were mafntained lndoors. Experlments were performed ln

s¡nall lndoor laboratorl.es or in a constant temperature troom.

Elei'en of the sheep possessed chronic rumen fistulae,

3 had chronLc oesophageal flstulae wÈ¡lIe 4 others had flstulae

ln other segments of the gut.

( 11) Exoerímontal orocedures and technLoues

Durlng the rnaþrlty of experlments, animals were kept

ln paLrs ln metabollc cages. Pairing wes used to redr¡co the stress

of lsolation in pens. If necessary these cages allowed the

neasuremènt of food and vrater lntake and the colLectlon of

urlne e.nd'faee'ëS for. \retghlng and sanpllng.

(a) Blood sampline and the inlectlon or lnfuslon

of flulds

For single blood samples, blood was obtalned from the

Jugular veln usLng a hepartnlsed syrlnge and needle. lirhen serlal
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blood sampllng was necessary, commercLally obtainable plastLc

cannulae connpnlslng a plastÍc tube fitting closely to e hollow

trochar (F.iranula, Fraun) were lnserted lnto the Jugular vein

and retalned ln positlon b,*,' suture through the sktn. In

experiments of more than t-2 lv duratLon, a nylon obturator rvas

lnserted through the cannula to pnevent blockage and to prevent

the cannula sllpplng out of the mobLle blood vessel.

Blooci samples we-re taken using syrlnges contalning elthcr

drled heparl-n or heparin ln a ferv drops of sallne. Samples for

vrhole blood anaLysls or for TOII determlnations lvere stored ln

bottles in a refrlgerator of O to 5oC untll needed. If plasrna

was requined, :;he blood lvas centrlfuged wlthln 2 hr of sarnpllng

and the plasrna separated from the red cel-Ls and stored at -5oC

untll analysod.

InJec'clons of drugs and hormones lntravenously were mode

through the cannula lnserted for blood sampli-ng but when lnfusions

\Ãrere c,1trried out a second cannula was fnserted lnto the Jugular

on the opposite slde of the nock, and solutlons were infused through

this cannula.

Infusions were Blven using a Sigma constant volume

finger Lnfuslon pump wlth a sensltive varlable control of flow

rate.

(b) Shont-term urlne eollectlon

For urlne collectl-on over short lntervals a self-
retalnln.e; lndrve1llng cathoter (FoLey type:'Jarne) of 3 to 5 mI
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bulb capaclty wos fnserted lnto the blarÌder. Catheters were

lnserted at least 2 hr prlor to beglnning coltectlon as were

Jugular caruruLoe; These catheters were left ln position for

varying periods of time rangtng from 1O to 60 hr depending on

whether or not the sheep showed any sign of reactlon to the

devlces.

LJrine from the catheter was passed by mee.ns of a 1 mm

(ID) polythene tube either dLrectly to a LI(Þ fra.ctlon collector

attached to a lt,I(E Radl-Rac electronic tlmer or to a ceII contalnlng

a comblned pFï-ca1-omel-el"ectrode (Radiometer or lektron) , a I{

electrode and a bla electrode (Tektron) in series. From the

electrode cel-l- urlne f lowed betwcen the electrodes of a concluct-

tvity meter (i¡.rliometer') and then to the IJ(E fractlon collector.

The pI{, the I( a¡rd the }Ia eLectrodes wero connected to

a slngle Radtometer pÏl rneter whlch ln turn lv€ls connected to a

Philtps ¡¡¡]f,t-channel recorder. The conductivlty meter wes also

attached to the recor:der.

The use of a single pH meter for all glass electrodes

ìiras made possible by using a serles of 3 9V relays activated by

a clocliworlt rnechanisn drlven by the recorder (constructed by

mysr;If).

Urine samplee were collected ln tubee contalnlng 3

to 4 dirops ot 'iúø thymol in buta¡roJ. as a preservative. As soon as

pcsstble after collection the uríne r¡olurne utas mee.sured and e
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subsample takon and stored at + 5oC untll analysed.

(c) Rumen eupþlements and sampll¡lg of rumen and sallva

Tv¡o metlrods of adding solutlons to the rumen were

employed dependlng on the volume to be added and the speed at

whtch the operatlon had to be carried out. iirhen volumes ln

excess of LOO ml were added such as ln the addltion of 4OO n- cqulv.

of K salts i¡r so.iutlon or durfng azK or zaltra er<perlments, the

solutlon was rrsr:oIly poured into the rumen from a cylinder

which fttteci closely to the rubber opening of the rumen cannula.

At other tlrnes, when raptd mlxing rvas requLred, the solutlons

were lnJected into a number of si.tes in the rumen fluids using a

syrlnge 1if,f,r-.;,:- with a very long needle. The latter method was

norma.lly employed when addlng phenol red to meâsure the volume of

the rumen. 4.s the sheep wlth oesophageal fistulae did not have

rumen fistulae, solutions rvere aEl-:.ed to the rumen vla a tube

inserted throur¡ih the oesophageal f lstula. Endotracheal cannulae

wene for¡nd to be veny satisfactory for acld.Lng eoluttons to tho

rumen of oesophageal fistulatect sheop since by inflating the

balloon regurgitatlon wes prevented. These ce¡rnulae vrere thenefore

retai.nc¡d in posltlon throughout the course of an experlment and

they allowed se"llva to be returned or rumen eamples to be

taken rvith mL:limal dlsturrbance.

l-ìumen se.mpllng from rumenostomlsed sheep was car:rled

out trsing a 3O to 40 cm long, 1. to 1$ cm glass or hard polythene
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tul¡e sttached to a Lêrge rubber suction bulb. Samples were

taken from ¿t le¡st 3 sltes withln the rumon to pronlde a sample

volumo of at loast 25 mI.

SaIlva sa.nples wore collected by restrainlng the ¡ncve-

ment of, the sheep wlth a head halter and allowlng froe flow of

sallve lnto stalnless Eteel or polythene trays.

Estimatcs of ealívary flOw rate were made from sarnples

collected over perlods of 1 or 2 hr. These estLmetes were only

used for volume measurcment whlle samples for analysls were spot

sanplea taken et the ond of each perLod. This prevented any

contaminatlon by the rumen flutd whlch may have been forced paot

the "tracheal ce¡rnulJ' bulb. Samples were frozen r¡rtll analysed.

Sallva from o6ch collectlon perlod was returned to the ru¡en vla

the oeoophag;eal tube at the end of each t or 2 hr period.

(d) I( supplementatfon experlments

Inltlally a trlal experÍnent lnvolvlng 3 ewes was run,

One shcep was maintal¡ed as a control at all tlmes whlls the

other 2 receLved varylng quantities of KCI, I(HCO, or KAc

sol.utlons, addetl dally to a basl,c ration of 9OO g of lucerne

chaff. lote.l body water, water TO, trV and PV were næasured

once a week.
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In the mai.n experiment, 4 sheep wene used, 2 of whlch

had chronlc rumen flstulae. The 3 to 6 pcrlods of I( supplemen-

tatlon extended for 25 to 30 days a.nd lnvolved supplements of Ot

6O0 and 12@ m-equiv of tr( salts as an equimolar mlxture of i(Cl,

KIICO^ and tr{Ac.
.t

The baslc dlet of all sheep was 9OO g of lucerne chaff

whlch u/as suppcsedly of uriform compositlon. For supplenentation

pertods a lar¡¡o quantlty of chaff was mlxed wlth the approprlate

quenttty of ll salts ln a mechanical mixer and each sheep was

f,ed 9OO g of chaff/day plus the respectlve quantity of K salts.

Ðurlng the first 17 Lo 22 days of any perlod, the sheep

were kept in pens in a controlled temperature room (19 to 2*C)

a¡rd clurlng the last 7 to I days placed l-n metabollc ca6es ln the

same room.

A 1O to 15 day lnterval at the begtnnlng of each perlod

was ellowed so that the shcep became accustomed to the dlet. At

the end of thle perlod, TBI'1, ECV and PV were estlmated. Food and

water intai<es were then measured for the next 7 to I days before

sheep '¡rcre placed 1n rnetabollc cages where ¡¡rine and faecal

measurem(xrts and sampling contlnued to the end of the supplementation

perlocl. At the end of thís perlod TBYI, ECV and PV were

redetermined. The next supplementation perlod dld not necessarily

corrrnence iLrnmed iately.
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Durfng the perlod ln whlch the sheep were ln netabolLc

cages, rumen sampl,es were taken thrlce daily from the 2 runen

flstulated streep. isamp1es were taken prlor to feedlng, 4 to 6 hr

and B to 10 hr after eatlng began.

FolLowlng examlnation of the results obtalned uslng the

2 rumen-:flstuLated sheep, a further 2 sheep with oesophageal

flstulae were ir,'.e.eed on K supplements. Spot saliva samples as

well as rumen samples were then take¡¡ at the 3 perlods Just outllned.

(e) K rgstrlctlgn experlments

Two shcep were fed a ¡nixture contalnlng 68% drl,ed

brehters graln, 17% crushed maize seed, t2% };'a¡mtermllled washod

cardboard, t.6% anlmal tallorv, rvith vltamlr¡ Â and Ð supplemørts.

Both sheep vrere also allowed continuous accs¡ss to a urea-

mincnal blook conta-lnlng not less than Sg% utea, 92 7, NaClr.i t¡Håcê
elements

and less than 28 m-equiv/kg of K. The total molsture of the food

was in the order of 2 to 3% but prf.or to feedlng the mlxture was

dampened so that the paper stnyed rnlxed with the graln.

Flve hwrdred g of mlxture ìve,s fed each sheep dalIy, but

as !l deficiency developed the appetlte of both sheep feIl and

the dalty ratlon was flnally reduced to 25O E/dÐy. Both sheep

were weighed dally.
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( 11f) Expcr funerrtal measuroment g

l,4easurements made during the varlous experfmentg wore

as föIlows:-

(o) Total bodv water (TBVf) measured by the dllution of

tritlated wa,ter (TOH).

(b) Extracellular volume (ECV) meo-sured by the diLution of

sodlrrr,r thloc¡mate (NaSCN) .

(c) Piasma voLume (PV) measured by the d llutlon of dye T-1'824

(Evans blue).

(d) tïater lgrnover (TO) estlnated by measurement of the

speciflc activlty (S/l) of IOH from the blood or plasma

over a perLod of from 7 to 16 daYs.

(e) Tlrine flow rate was measured by dlrectly recording urlne

volume from a cetheter over a tined lnterval.

(f) Uri¡g_-p[-I was deterained automatlcally on urLne passlng

dlnoctly from a catheten to a combfnod pll-ealomeL electrode

connccted to a Badloneter pl{ rneter rvhich wes ln turn

attached to a Phllips multl-chennel recorder.

(e) Llrine fitÏal and lKl ( comparative only) meer.sured by Itra

and K sensltlve glass electrodes couplecl in series fn a

ceLl with the combined pH electrode. BV uslng a serles

of 3 gV relays activated by a clockwork mechanlsm

fitted ln the recorder only a elngle pH meter was

required to allow reconding of ptl, fNa] and [f] 1n turn.



5B

(h) Glomenulor ffltratlon rate (CFR) estimated from the

clearairce of inulin from plasma into the urlne.

(1) Renal plasma flow (RPF) estimated from the clearance

of sodlum-para-aminohlppurate (PAII) from plasrna lnto

the urine.

EIec trol-vte excreti.on [No], [lt] ana[cI] and ossplar

concentrotions were môcrs¡ured l-n urlne, plasma, whole

blootl . si.J.iva, rumen fluld and faeceg.

(k) Packed celI volume (i{aernatocrit , PCV) dotermlnatlons by

(1)

centrifug'j.ng whole blood for 60 mln at 3OOO rpm at a

radfus of t2 cm Ln precisl-on bore (O.7 nr¡n) tubes

graduated to 1@ dLvlsions.

Plaqrne_pro'qein concentratLon calculated frorn the plasma

refractive l-ndex by the formula of Sundernan ( 1-æ4, whLch

was derlved frorn lneflsureìments on human serum. The

absolute valueg are therefore probably not correct but

tire me'i;hod ls adequate for comparatlve purposes.

Rumen ";o1ume calculated from the dllution of a lsrown(m)

(J)

quarrtity of phenol red 1n the rumerr.

(n) Saltvary fLow measuned dlrectly by collecting sallva

from oesophageal flstulae ln stainless steel or

polythene trays.

TL-ìlÍ. 42Il and zaNa distributlons measured by countfng

sanptres of various body flulds taken at reguLar Ínterva,ls

aftor tl'¡.e lnltlal adelttlon of, one or rpre of these lsotopes

(o)
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to dlfferent body flulds.

(p) ÍIornpnes and pharmacologlcal agents action meosuned by

calcutatlon of water and electrolyte output after I.V¿

injection or l-nfusion of the compound concerned¿

Itrozmones used were vasopressln (Pltressln - Parke Ðavis),

d, l-nldosterone (Aldocorten - CIDA) and Cortlso1 (Effcortela¡r -

Glaxo Labratr.:c'-'--'s, England) .

Pher¡nacologlcat agents tested tvere, acet¿zolanfde

sodlum (Ðiarno:c - Lederle) , cyclothlazlde (Boehrlnger) , frusernÍde

(Laslx - â,ustrali-nn Hoechst Ltd.), ethacrynlc acld (itfrerck,

Sharp and Dohne), 6-an1no-n-hexoLc actd (Epsllon-amlno-caprolc-

acld - BDH) and i,-lysine (Slgma).

(1v) LsboratorJf netheqE

(a) Total water and turnover neasurements

TI¡e s';ttablllty of, uolng trittated water for the

measurement of .'.lBü¡ has been well documented by varlous u¡orllers

(Prent1ce, ßiri, Berlln, rìyde, Panson, Jolner and Lawrence, 1952; RLchmond,

Langhim and Trujtllo, t962i i{ansard, 1963). ivïorrl-s, Iloward and

IVlacfarlane (.X.%2) slrowed that at least 6 hr was necessary for

equilibr¡rtfo::. l.n sheep followfng lntrarnuscular tnJectlon of TOH,

durlng wh:,;h tlnre the anlmals were deprlved of food and water.

Six on more lir were allowed for tÏ¡e ¡nlxLng of TOH wlth HrO

l-n all experiments.
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Trltlated water as 1lOH wa.s obtained 1n 1 CurLe

quantltles f¡:om ttre Radlochenlcal eentre, Arnersham, Engla.nd. Thls

was dLluted J.n 0.8,6% sallne to a concentratlon of 1@ ¡rC/ml and

sr¡fffclent was inJected to 61ve a measuf,able activlty ln body

flulds for 2 woeks. Ðoses of 1@ to 3OO pC pcr sheep were

used.

Samples of bLood, urine and (durtng îOi{ uptake studiee)

rumen flutd, tvere subllmed to dryness to permlt the collection of

free water. Etther 2 nI of subllnred water wae added to 14 ml

of scintlllatiqr fluld or 1 ml to 10 mI of sclntillation fluld

fon countlng. The sclntillati.on fluid contalned 1oo g nephthalene,

25O mg L-A-loÍ,s-Z-(4 nrethyl-6-phenyl-oxazolyl) benzene, 1O g

2-5-dlphenyloxaz.ole and dioxane to 1 1. (iì¡erbtn, Chalkoff and

Imada, 1959). iSan¡rles were cor¡nted fn s Packard Trt-Carb

Spectrometer.

(b) Extracellular volume meas¡lrement

A stes-rle solutlon of lIaSCitI (15 mg,/kg) vras lnJected

fntravenously e*rd atlowed to dlstrfl¡ute In the ECF for 20 mLn.

Thlocynate concentratlons were mea.sured Ln 20 rnLn plasma samplee

by the methcd of, Bowler ( 1944).

(c) P1asma volume measurement

Tlre dye, Evans blue (O.3 mglkg) rvas lnJected lntra-

venously and allowed to equlllbrate for 5 mln l¡efore a blood



61

sample was taken. the extlnctlon in a spectrophotometer at 62O m¡t

of the 5 mln plasma allorved deterrnlnatlon of the dye concentt'ation

and estimctÍon of plasma volume.

(d) rn clearancg

l^ slmll-ar method to that of lrlcDonald arrd Macf arlsne ( 19õ8) uas

employed. Follov¡fng a primlng lnJectfon of 15 g of lnulin as a

lØo ster"Lle solutlon of pyrogen free lnulLn, o;r l-nfuslon of 2/o

lnulln at the rate of 1 ¡nl,/mln v¡os contlnuecl for 2 to 6 hn, Plasma

and unine samples v¡ere s¡ralysed by the rnetìrod of Rce, Epsteln

and Goldstetn (1949) follorvlng a^oproprlate dlLutlons, Plasna

protefn was fÍret preclpltated uslng O.3 ld perchlorlc acld.

Since lnutln clearance appeers to moasure @E'

(Sharmon, 1942d) the GFR wag calculated according to tho equatlon

of Snlth ( 1951.).

(e) PAFI clearance

Inulûo a¡rd PAH clearances were alwaye carrled out

togetirer so the stock soltrtlon conta.Íned ÎÐoth. The PAH concentratlon

was 67o and the pntmfng lnJectlon contained O.9 I of PAH. I'

constant lnfuston of 1-.2% at i m\/mln follorved the primer. thi.s

roto of lnfusl-on produced plasna concentretlons lovr enough for

PI"ii clear¿nce to be consldered to be the effectLve renal plasrne flovr

(í3n1'lh, 1.951). PAif coneentratlo:¡ uas estimeted 1n dilutecl plasmo

filtrate arrd urXne samples by the ¡neth.od of iìmith, Flnklesteln,
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Allmlnosa, Crarvford o¡rd Ga¡ber ( 1945).

(f) Elec trolvte measu¡¡ement s

Foocl and faeces sasrples were dried at --iOCPC for 24 Yrî

then rveLghed for dry matter deterninetl-ons (Dr^jl) . A random sanrple

of the dnted m$terÍa1 wos honogenlsed and a further 1 g random

sample of homogenate was taken for.' wo.ter extraction or ashing.

Aslring was carrted out at 5õCPC fot 24 hr follov¿ed by the acldltlon

of 2 to 3 drops of concentrated nltrlc acid. thls soLutfon was

then dlluted to the appropriate electrolyte concentrations (O, L to

2.O rn-equLv/L.) tor ¡neasurement.

In the water extractlon, the hor,roS;enized materlal v¡as

placed ln a flask wlth ãO nl of water and shaken for 3 to 4 hr

ln a water bath et ACPC. Dllutlon of thi.s solt¡tion v¡as then made

es l"¿tth the asi¡ed samirles.

iiieesr-rrcments of the [itla] and [f] ot urfne, blood rumen

or salLva sar:rp1es and food or faecal extrocte rvere made uslng om

EEL f lame photometer or c Unl-cam SP. 9O alcsorption spectrometen

at.bacired to a Unlcarn log recorder, folLovring dllutlon of the

sanples according to thelr electnolyte content. Ðllutlons were

lnltlally made uslng volumetrLc fla'.slss but dr:rlng the latter half

of experimclntetfon a li,colc and Tucker automatlc dlluter tvas used.

The csnolali'ly of all f luid samples va,s aeasured by freezlng

point eiepresslon using a model G lllske osmorneter.
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(s) HaemoaLoþln concentrotlon was calculated from the

absorptlon at õ4o rqJ of a 1/5@ dllution of blood ln er soluti-on

conts,inlng cyanmethaenogloÞln. Spectrophotometers rvere ceLtbrated

ln t erms of a ste.ndarcl cyanmethaernoglobln solutlon provlded by

Ethnon-Or tho Ðlag:rost lc s 
"

(h) R volume rnessurement

Asaturatedeolutl.onofphenolredwaspreparedand

flltered. luantitfes rongl'ng from 50 to 76 ml rzere adCed to the

rumen as prevS-ously descriþed. IIOUrty rulnen sanples r,vere tal;en

and centrlfuged to obtaln the supernatant. Phenol red concentratLons

in the rurnen liqtro¡were determLned accordfng to the rnethod of Hecker,

Budtz-O1sen and Ostwald( 1964) wlt]: the modlflcation of Ternouth

( 196?). Tho Lot¡; of the concentrattons of phenol red rvas plotted

agolnst time errcl o llne dra';ir¡n thror-l6h these points by vlsual

observation and extrapoletecl to sero tlme, Tlre rumen volume was

then cnlculeted from the zero tlme concentryatlon and the qua¡¡tlty

of phenol red. a'ì-ied.

(i) 42K and 24Na dlstri butlon measurernents

SampJ.es of rvhole Þlood, ru!Ìren and salivo flul-d were

counted lr¡ I ml allquots Ín a Packard arrto-Stunira' spectrometen'

PLasma was counted ln 5 mI of plasma when sampltng rvas freciuent.

The iiome SaropleS wene lr:.tep subl:rrned to pnovl-de v¡ater for T.I3FI

meagl.lremerr'is wlton nece$sary.
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The electrolyte concentratlons of all sanrples were also

measured to allow calculatton of the Bpeciflc actlvltles.

(v) Anal a¡¡d Present lon of Reeultsat

Llnear relatlonshlps between I( lntake and a nu¡nber ol

dependent vartables presented lu Sectton 2 (t) wero calculated by

the etaûdard nethod of least sguares regresoion analysls and are

baeed on pooled date from 4 sheep. \l¡here a sheep has recolved

dlfferentlal treatment e.g. perlods of water reetrtctlon, the results

from lt havo been plotted ln the ffgrrres but excluded fron the enalysas.

The calculatsd regresslon llnes have been drawn 1n noet of

the figures only when the regresslon coefflcient "r" achleved

slgni.flcance at tLte 6% level or better, that ls, when the slope of

the regresslon I1ne was slgnlflcantly different from zero. The

leveL of stgnlflca¡rce of "r" 1s shou¡n ln the flgures by'* = P<OiO5;

¡t* = P(O.OI and !í:i./f = P <O.@1 .

:,Tater turr¡ovor Ls presented not only as l./dày but also aS

L./kgoiB2¡ary, ThÍs expresslon derlvoE from the slope (o.82) of the

lntenspeclflc ll.ne relatlng log rvatef tr¡rnoVdr (L¿/day) to log body

wetght (ke) (Macfarlane, 196õ), and has been ueed to glve a comrÞn

expresslon for sheep dffferlng ln body vrelght and to provlde a fLgure

for comparison vrfth other ruml-nants.
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2. Re_sults

(1) Effects of a h

eLectrolvtes

(a) Pllot experlment

The ingestlon of large quantltles of K ln the dlet ls

common ln g¡.azlng sheep. Slnce the effects of lncreosl-ng the K

lntake on body fluids and water 1þ were uncertaln, a plIot

experlment was r¡n uslng 3 sheep. Potassium supplements, ln the

form of one of the 3 salts, I(Cl, KAc or IGICO, were added to

9OO g of lucerne chaff a¡rd TEl{, EEV, PV and water 1G were

measured before ;rr¡d dt¡flng supplenenta.tton' One sheep was

used to determlne whether there vtas any dllforence ln effect

due to the anlon. Results obtatned uslng thls sheep have been

lncLuded ln the tables and flgures, but as there was no

control period tire effects of K lntake on body fLulds and

rvater Tû l'¡e:re de üermlned only for the 2 other sheep.

Tahle 1 and Flg. 1 shovr the relatfonshlp betv¡een

B.i1'to, measured body f luid volumes and wa.ter TO ln relatlon

to I(. lntake. There was no sL6níficant ctrange fn B.i','t. or TBì'ü

though both lncreased sllghtly th:roughout the experlment.

SlmtLarly, over the ra¡ge of I( lntakes used therc were no regular

changes tn iilV or PV alone or as a pencentage of T'U'W.



TABLE 1*

EF'FæTfi OF K I}IT¿.TG ON BODY FLUIÐS AI'IÐ 'f¡/\TE¡I TJRNOVM

Sheeo B+ l( salts O O KCl I(Ac XIICO3

I( Intako mElclav 667 æ7 921 935 V6

B.llf t.
ttsl'Í

TBVI % B.II't.
Þcv

æv % 1B\r¡

PV

PV % rtsi"r

TÐ

TlO I

Sheep I

L, /day
Arno'B2 /^^u

K salts
mE! /darr

kg

1.
d
lo

ml
6
lo

n1
o,
lo

36.25

26.4

72.9

8640

32.7

1961

7.4
4.58

o-%tl

30.65

29.o

74.9
a440

36.8

!.994

8.7
4,47

o.27o.

37.40

24.8

66.3

8400

33.9

L?21

6.9
3.7t

o.190

31.90

2t.a
68.4

8910

40. g

2æ3

9.2

3.50
o.230

34.50

24,r
69, g

9,O10

3?.4

20,24

9.4
5.20

o.286

36.4õ

24.9

68.2

a720

36. 1

L9?,6

?.9
5.46

o- 286

32.80

23.4

71.5

8450

36,O

1387

5.9
6.49

o^ 371

31.35

2/1.ã

78.O

8L?n

33.2

18 16

?,4
6. 23

o.370

KAô

981

31, OO

23.2

74.7

8990

39.8

1548

6.7

?.49

o-44A

o o Yae KACO ¡(cI' ¡C13
çaa oRl 1ñ4.' 1ãRAI( Tnløl¡a

B.'t'ft. kg

1tsW 1,

TBW % B.Wt. %

ECV mI

ECV % ælT 7"

PV nI
PV % ltsl{ %

TO

îo

Gt'rf'ì 'rr,1

L. /day
t./ueo'"/uuy

31¡ @

22.6

72.5

7060

3L.4

1322

5.9
ã.33

o.319

30.30

23,9

79.O

8920

37.3

1655

6.9
7,M,

o.430

31.40

24.1

76.9

8970

37.2

1729

7,2
6.59

o.331

* K lntakes do not necessarlly follow a natural tine seguence

.,. contlnued



TÍâ3LE 1 contlnuecl

Sheep I

I( Lntake

K salts
mE./dey

f¡t-r n

981
3

T(C1

1000 tt27
KAc

1067 Læ71063

B.1t¡t. lcg 31. BO

lBl'Í 1. ?,3.9

mï 70 E.\.rt. 7" ?5.3

mV ml 11330

jrcv%TPi'r % 47.3

PV mI 1938

Pv%1tsïf % 8.1

TO l./day 4.36

To t. /ueo'82 ¡oi^y o. 256

33.90

27.O

79.6
g94ocr

33. 1cr

1 158cl

4.3ü

4.ã7

o.284

32.26

26.7

79.6

10080

39.3

22A6

8.9
4,86

o.zÙt

34.20

25.o

73. O

11500

4e. o

2293

ø.2

3.39

o.18?

35.4õ

2á.3

?L.4

10800

42.7

2õ90

LA.2

4.59

o,249

34.90

26.ã

73.O
'!oJ.90

40. o

2o,5X

g. 1

3.90
o.2L2

o Th" values of ECV Bnd pV aro too lor,v apparently
due to so¡ne tec!:nfcal problem.



STTEEP B

K Intake

Tfë1,8 2

EFFECTE Cil ¡i IÌÏT,4J(E ,c11 I',¡I:TEP- LliD ELÞCTRCLYT¡- i:'iETI"D-iiLïfi1,i':'

nr-eguj.v,/day 76ã 1L7? L500 1950 1780 57Ð Ð4õ L935

r.20

36.30
36.10

23.84
24.3t
65.67
67.34

8494

9698

23.4@
26.85

35.63
39. 82

i95n
1794

!.¿Y

36.25
38. OO

23.27
28"Li
F¿. 1A

73.Ð7

AO90

1€Lo

27.3ø
22.77
¿!2.4"7

30.76
1?l o¿l;a

.l\]ai ¿

L2'6

39.32
39.32

30.38
30. 03

79.28
7Ê.3?

8304

Ð7.l9

23.24
23.62

29.31
30.80

1687
1 751

139

39.97
4L.37

29.L4
30.OB

72.21
72,7L

9817

10L50

25.19
24.õ3

34.89
33.74

!.693
1.717

\42

41.A2
4L.22

AC) ¿ OU

ù\)¡ ¿ts,

7O*2t
73.48

9%&9

9321

22.55
22.61
€o { 1

3c.77

1805
I O.) l!Q- !

263

â,f'r 4Ã

3û.70

2¿.20
2,5.9Ð

69.73
6C.92

9n78

8774

¿2.39
22.67

3?.55
ql õq

I lQc\

1878

tr.81

onR
Ðôôdù. o

25.ø,3

65.54

L0243

26.39

40.27

i805

R

155

38r 90
39.45

28.Og
26.44

72.20
67.O2

9õA2

943L

24.63
23¡ gO

34. t1
35.67

17o7
LB34

R,

Na Intake

B.Tlt.

TBliV

T\¡,fts % E.ì'ft. 7"

ECV

ECV % B. i'it. %

EtrV % BiT d
lo

m-equiv,/day
!: cr

I

nrl

m1PV

,¡ Electrolyte lntaiee in y¡ater is not ir¡cluded nor is loss in suint. iÍ Íntrjce i¡:. rvater n=rged continued

from approximately 1.O to 7.O m-equiv/Cay a;rd Na intake vr¿ried fron 2.O to 16.0 n'equi.vrlday depending
on vrater intal:"e.

cl' R represents a period during wliich vlater intake v¡as restricted to tSre 'ralue sl:ovln.



TABLts 2 cont.

W 7o B.'fft.

FV % TBriT

nasna [r]

rrasna [na]

erasna [cr]

Plasma OP

Plasma P¡roteln

m-oSmole
l.

g
1@ ¡nI

ot
lo

d
lo

4.38
4.9?

6.67
7.38

4.50
4,65

137.5
L3?.2

104
105

292
293

6. 15
5, gg

4.74
,.4.32

7.38
5.84

4.80
5.20

131.7
I37,9

103
106.5

292
294

5.94
5.76

4.40
-4,45

5.55
5.83

5r15
4.85

138.2
136.o

1@.5
104.5

294
290

6.O2
5.92

4.34
4.L5

6.O2
5.7I

5.25
5r20

l-40.5
136.o

103.5
110.5

284
290

6.04
5.52

4.40
4.42

6.2?
6.01

4,75
4.80

136.8
131,7

1ÌO
106

294
2A5

5,87
c, þo

4.58
4.85

6.52
7.26

5.10
4ræ

L42.7
134.5

103
LL2

309
289

5.66
5.97

4.65

7.IO

5.37
5.40

135
135

110
108

3o2
299

4.39
4.65

6.08
6.94

4'.;?O
5,40

140,5
I40.5

108
107.5

303
æ4

5.65
6.L2

6.24
6.93



whole urooa [x] 
=gE!g

'lYlrole blood [na] ¡n¡equtv
L a

?.9
8. I

LzL.5
L22.5

3¡ 36

4,15

o.zLg

2.OL

359

?L9

4l

s¿

1355

27t3

o.55

8¡5
8.95

119
117.5

8.O
8,45

r17.5
123r5

8.77
8.55

125.5
120.5.

6.99

7.ã3

o.356

5"O5

388

Lg%t

24

L2i

LO?'6

so72

o-66

8.?.5
ro.o

9.45
8.o?

L26.3
L2?.3

8.3
?.5

126.5
r25

2.o

2.4r

o.1r9

L.27

415

527

168

2L3

L762

224L

Or49

8.8ti
9,1

130
131.5

ã.o

6,42

o.262

3. 16

606

1908

47

149

1793

5665

o,63

trater Intake

'fater TO

tolkgg'82

Urlne volume

urrne [K]

Urine K/daY

urrne [na]

Urlne Na/day

Urlne OP

Urlne sotrub
day

Faeces wet wt.

1.
day
1.
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There was è slgnlflca¡rt rlse ln water tO a¡rd TO/

kgo.az /d,ay eø the K lntake/day wEs lncreaeed and a slgnlflcant

regresslon for N/day (y = O,3õ8 + O.OO58x, r < O.O1) stas

calcul¡ted for sheep B and I. SheoP F whlch received K supple-

mentE througlrout had a slgnlf lca"ntly lorver îO than aheep B and I

for equlvalent K i"ntalces but tþe dlfferent anlons had no detect-

ablo effect on anY Parameter,

(b) Ifaln expertment

Frorntherecultsobtainedlnthepllotexperinent,lt

rras declded to repeat the experlment uslng 4 sheep ln an attenpt

to reÍrove some çfl the lnterferlng factors and elso to exanlne

ttlne a¡rd faecaf losSes of K and the levels of blood and rumen

electrolytea. The followlng sectlons descrlbe the reeults

obtalned.

(1) :.odv fluids

Ttre TtsiT, ECv and PV of all 4 shee¡r were deternLned b¡r

tii¿ nethods ¿nd at the various tl.mes descrlbed. Theso results

are summarised ln Table 2 and shovrn 6raphlcatly ln Flg. 2.

Slgnlflca¡rt regresslone were calculated f,or TBVf and Ttsi.:f as a

percentage of B.l'{t. agalnst K lntake. Body rvelglrt also tended

to lncreage, but thls was shoYm to be non-stgnfflcant ìilhen



Plg. l. Effects of dally suppkaments of I(ù1, KHOO' ânal

I(Ac on body flutd volumes and water tufnoven of

Sheep E¡ f â$d tr. The dlet of sheep F wàE eontlnuelly

supplemented and valuos obtalned for tho dlf,ferent

parameterE were not lnciludEd Lrr the celdulatlong

of the regroosLons.
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results from all 4 anlmals were grouped. Since ItslÏ es a

percentage of P,.ift. Lncroased as the K lntalce rose. any lncrease

ln B.-i1rt. which dld occur was lllrely to be due to an tncrease ln

water retentlon rather than ln body sollds.

There tvere conslderabl.e variatlons Ln lneasurements

between sheep ani, between tlmes of meagurement of all parameters

at any partlcular I( lntake ln the sarne sheep. In several cases

(ta¡te Z) the fnerease Ln TB\'{ es measured 8 to 10 days after the

beglnnln6 of a supplementatton perlod was not sustal'ned at tho

end of ttre perlod, llevcrtheless the second rneasurement of T1311tr

was usually st1lt Cpeater than durlng the previous perlod of

lower I( t¡ttake.

As entfe,ipated the ECV rose and tho TBIJI lncreased wfth

lncreaÞl.ng K lntaker In e llke nanner to Tts'.,f , ECV as a percentage

of B.I:ft. and Ttllil varfed greatly, Ttrere tva.s no slgnfflcant

relatlonsbtp between EcV as B percentage of either B.'ít. or TBÏl

and K lntalre though in a couple of lnstances lndlvidual sheep

ghowed a tendeney to have sllghtly htgher percentages on the

hlghest K Intakes.

Overall, PV dld not change as the K intake rose and

hence t).rere was â slgnLflcant reduetlon ln PV as a percentage

of TBif. Aga.ln the sheep performed as indlvtduals with sheep



Flg. 2, Effects of varying the dally l-nttrke of K on B.litt. ,

lÏliìr, FJCV a¡rd PV aLone a:rd as peroentages of E.\'trt

and/or'ElT,l fon sheep B, F, N and O in a sonstant

envlronment,
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B a¡rd O malnte"lnlng a relatlvely constant PV, sheep F lncneasing

and sheep l.l clecreasíng then lncreasLng tts PV as the level of K

supplementatlon lncreêsed.

The changes ln body fluld volumes brougÈrt about by

increaeLng tho l( tnteke rvere reversed withln a month of the

cessatlon of K sr-'.irplements. In this ttme, TBi'{ and trV returnad

to close to lnltial presupplemcnt levele or lf not to the

actual values at least tb slmtta1' valuês as fractlons of the

B.','üt. Thus ln sunmary, the effects of Lncreaslng the K lntake

from ã45-76õ to 1780-1950 m-equlv,/day lveFe a resultant Lncrease

tn Tts\t¿, Ttsiir as a percentage of, B.iIt. and ECV wlth PV unchanged

though reduced ês a percentage of TB"fiI and B.Wt. l,{uch of the

lncrease 1n Îtsltl was the rosult of the expansLon of the ECV

though lt ls Lmpossible to exclude some alterations ln ICF a¡rd

gut volume.

(2) Plêsma and whole blood electrolytes

Var.latlons ln the plasma [K] rvere pronounced but

lrregular. Overall, there wa.s no alter.atlon of the pfasma IK]
wlth changes ln K fntake but there was a slgnlflcant reduction

ln plasma [Ua¡ {nfg. S-arb) as the I( lntalce rìose¡ The plasma

ffi of sheep B dld lncrease with increasing I( tntalçe but that

of sheep F rvas varfable and sheep N and O decreased then

lncreased tlaeir ptasma [tC].



¡'19. 3. Ëlffects of varying the dally Lntake of I( on plasma

and rvholo b!.ood concentrattons of sheep Ì?,FrN and O,
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Llke the plama [u.], the plesma oP fell a¡ the

quantlty of K Lngested rose, partlcularly ln sheep N End O (Flg.

3-c). Conversely, plasma proteln concentratLon lncrea'sed

slgnLftcantly from the lowest to the hlghest K lntake by

approxÍnately lg1o (Fig. 3-d).

The lndividuallty of all 4 antmals wac again

e:cpressed 1n termg of, the whole blood [f;[ ana although t]re

alteratlons tn K lntake produced no overall change, there wero

posslble rlses ln whole bloodËX] ot eheep B and F at the uppen

levels of K lntake (Flg. 3-e).. As wlth the plasrna {HqJ tft"

whole blood [u"] r"ff as the K lntake rose (Flg. 3-f).

(3) ì'tra lntake. TO and urlne volu¡rP

There rvere slgnlf,lcant lncreasee ln water lntake

of al1 4 sheep as the K lntake rose (F19. 4-a). Sheop F dld

not lncrease water l-nput untll the 1{ lnteke cxceeded 1O9 nr-equlv/day

whlLe sheep p had e water lntake greater tha¡r that of

the other 3 sheep. Thls wes subsequently expnessed in B by the

hlghest TO and urLne volune (ts, F at ma:rLmr¡n !( lntake 81%

greater than lnt-ttal TO, cf. I1, 637o; N, 6Ø'¡ O, 7Ú7".



Fig. 4. ¡rlteratlons i:: lv:.te:¡r. fu¡take, 11) onri urine volune

produeed ti-r s't^c n¡r;ee f n the riei-ly li i-ntake of Sheep

B, F, N an(' Ù.
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AIl 4 shcep also shovred slgntf,lcant lncreeses ln water

TO, TO,/kd.82 str6 urlne volume rvlth lncreaslng K supplementation.

The slnlLarlty of the sropes of the regressÍons of water lngested

and TO versus K tnteke, fndlcate that the changes ln daily I(

tnput had no effect on metabollc water productlon and that the

maþr part of the extra wêter lngested on the hlgher K intakes

wos excreted !.n ':!re urlne.

(4) Urlnary and faecal electrolytes

Fig. 5 shows the relatlonshlp between urlne volume, urÍne

IX] ena [¡¡"], urine K and lla outputs/day, osmotar concentratlon

ond outpul/d¿ïy a¡rd the lntake of K/day,

Inlttally as the Ii lntake Lncreased and desplte a ri.se

ln ¡¡¡.ine volume, the [K] of the urine rose reachlng a maximum

wlth the ln6est1on of 11OO to L3O0 n-equf-v !Ç/day. Above this K

Lntake, the urlne If] aecreesed though still re¡nained above un-

supplemented levels. As expected the sheep v¡lth the lower water

Lnta^lces and urine volumes had a proportlonally hlgher urtne [r1.

The hlghest urine [f] rneasured (690 m-equiv/l.) represented a

concentration 13O times that of plasna [f]. The llnearlty of

the relstlonslrlp of urinary I( loss a¡rd I( lntake indlcates

that the.'"e was a dlrec'¿ly proportlonal relationshl_p between !(

lntake snd urlnary !.( excretion. S:'l¡ce the slope of this



Flg. 5. Effects of al-teratlons ln K intalEe on uni-ne electro-

tryi;e concent::ttl,:ns eni excretion of sheep B, F, N and O.
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Fl-9. 6. Rela'cionshlp of urlne i Na] and excnetlon per

day and dally lÏa lntake durlng vartatfons of dally

K lnta!se.
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regressLon is. very close to ullty, for each m-equlv of K

ingested, ê m-equlv was excfeted ln the urlne.

The I Ne] of the urlne decllned wlth lncreasing K Lnteke

though lt 1s not certaln whether the relatlonship rvas dlrectly

llnear. A df.fftculty assoclated nlth relatlng urlnary It*a] or

Na loss/day to K Lntake ls the fact that the Na lntake/day was

not constant tirnoughout. Thus, the graph of r¡rinary Na loss/day

egalnst K lntake r:âIltlot be used to examlne whether urlnary Na

loss decleased whlle K input and urinary excretlon increased.

Table 3 shov¡s the balancee of K end Ha lnputs tn food a¡rd Ne and

K loss 1n urfne snd faeces. ?t¡is tndlcâ,tes that at the hlgtpr Ii

lntakee there was a tendency for totel Na loss ln some I'nsta¡rces

to exceed the lnput causfng the sheep to be ln a negatlve Na

balance. Sheep F on a K lnta.ke of 663 and 1719 n-equiv/day Wâs

also !n an apparent negative K balance. A hlgh]y positlve K balance

occurred when the dal}y K lntatre was raLsed from 663 to 1OO9

nr-egulv and thls may explafn the turexpectedly low water lntaket

TIO and urine volume at thls Il lntake.

Urtne osmolar concentratlon for sheep B followed the

same trend as the [X1 Uut for sheep N end O decreased throwhoBt

as the K lntake wes lncreased. Sheep F was somewhat erratic

(f'fg. 5-f). However, the total urinary osnola¡ loss was pro-

portlonal to the I( lnput for all 4 sheep (Flg. 5-g).



TABLE 3

PÀLå.NCES OF POIASSI"JIÍ l":'fD SODI iÍf ¿,7 V,4."]ìYING POT¿.Sg ïuil I¡rtTli,ÏES

K fntakex
(nreguiv,/ctay)

ï.oss of K ln
faeces and
urine (m-equlv/

l{a Intake*
(¡n-equiv,/Cey)

Loss of ÎIa Ln
faeces and
urine

Ealance
of I(

Bala¡rce
of iie

da m- 'i-iL

SÏIEEP B

SHEEP F

SI,]EEP }I

SI{EEP O

570
765

L177
1590
1780
1950
545 R

1935 A

545
?æ

1 167
15?6
L777
1935
534

1917

568
747
ô?o

1839
L793

25
39
10
t4
3

1.5

11
18

+
+
+
+
+
+
+
+

268
!20
L29
L26
Li'.2
1.39
18¡.
155

éto
t!2
!L2
123
139
145
2La
't7C

I
+8
+L?
+3
+3

6

-3?
-1Ð

67A
663

1009
17 19
1811

543
L270
19r8

õ46
L?-70
1918

509
t2?/l
1876

500
tzta
1916

+2
^7A
+70
-7?'Q
+18

+45
+52
+2

268
2(j/7
191.

196
2o,5

22,8
zffi
2'j-6

228
2CE
2t6

25D
274
lc-

ôd)Ð

¿: .)ú

¿,4 ,1. 1¿

2U!
¿¿b.ù,

1¿4 !

LÐ7
221.

+9
+3

+
+
+

3

+L6
+2
-68

36
46
42

+1
!C)

5

,! Electrclyte intake l.¡r water is not Lncl¡rdecl. R = nâ.ter !.nte.i:e rL-stricted
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slnae the Ne tnput of esch sheep was relatlvely constant

for all penlods, though different from each other, FlB. 6 shows

thst each sheep followed lts lndlvldual pattern. There ís some

lndlcatlon that the urlnarV Itta1 rLses wlth lncreaslng Nô lnput

ond that the lla output/day followed a llnear relatlonshlp wlth

the Na lnput./day.

A, ploi of the sum of the urlnary[K] and [Na] ageinst

the urlnary osnnlar concentratlon (Flg' ?) shows the distlnctlve

urlnary concer¡trating ablllty of each sheep' Naturally as the

eum of the urlnary [K] and [Na] lncreased so dld the osmolar

concentration (concentretions from other perlods of measurêr¡lê[t

are lncluded ln Flg, ?). The wlde spread of polnts lndlcates

that tFrere are nr¡merqus osmotlcall-y actlve substances other than

IrIa and I( contrlbutfng to the osmolar concentratlon.

In terms of total (Na + K) output/day and osmolar

output/day there ls a clenr llnear relatl-onship which ls cornmon

to all shoep (Flg. 8).

Á. slgntftcant posltlve regresslon rías calculated for

faeees wet wt, ln relatlon to l{ lntahe./day (F16. 9) but indlvldual'

sheep dld not ahvays follow thls trend completely. t{ttereas

sheep R lncneased both tts wet and dry faeces wt. wlth Lncreaslng

I( tntake, F, I'I, and C lnttia}ly decreased both welghts



Fle. ?. ComparÍson of total urlnary (No + K)

concentratlon and urtne Op durlng varl.atlons

ln the dally K Íntake.

Values obtalned durlng several perlods of K

oupplenontatlon of the dlets of Sheep B and F

for mes.Eurements of short tern varlatlons tn
urfne and plasura parameters are included.
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Flg. I, Cornperfeon of total url.nory (Na + lf) eræretron

â,nd, urln¿:l'y solute loss pen doy drrrlng

verlatlone ln the defly I( fnta.ko,

Values obtsj.ned clurf.nt eeveroL perfods of i(

euirplÞmentc.tton Öf, trro cl{ets of sheep B afrd F for
measurel'f¡onts of short term verfattong !.n urine and

pl.asma it+i.ametero Elre lncluclecl.
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Flg. 9. Effocts of elteratlons 1n dally I( lntake on the

dally f e.eca.i exeretlons of sheep B, F, N and O.
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then lncreased them st the maxlmum leve1s of K supplementatton.

Even thorgh no signlficant relatlonshLp bc.tween faecal dry vt.

end I( lntake could be found the percentage of ÐM ln the faeces

declLned as the K intake rose (Fig. 9-d), This subsequently

resulted Ln an lncrerge ln faecal water loss,/day from the .lnltLaLrof

betureen ? to 4Z % at the naximum K supplement (Fig. 9-e),

As the K lntake was increesed the DM dlgestlbllity of

the f ood decreased f or shecp B but ln F, N a¡rd O there wa.s an

lnitlal rLse followed by a fall.

Slnce the DM lntake (excludtng K supplement) varl-ed fron

sheep to sheep and perlod to perf.od, thc relatlonshLp of faeces

wet and dry wt, % DM, and I( fntake should not be consl.dered

dlrectly. l{owever, when these vâluos were expressod as a fractlon

of the DI\4 lntake the relatlonshlps shown ln Ftg. 9 were unaltered.

Furthermore, the lfnearlty of the relatlonshtps as shown was not

lmproved.

Electrol,yte oxcretlon ln the faeces was very low in

eII sheep and dld not alter slgniflcantly as the K load was

lncreo,ged. There ï¡as a sright tcnd"ency for the K content of the

dry faeces to Lncrease wlthout lncreasing I( lntake and hence K

output/day aLso tended to Íncreeso but not slgnlflcantly. The

þIa content snd i{a output vrere unaffected b¡r cha.nges ln i( lnput.
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Vlhen the K and Na content of the faeoes were expressed as

rt-equiv/I. of faecal water (taUle 2' ît9,. 9-k) the []la] felI

slgnlflcantly as the dally I( intake rose but ttre [K] r¡as unaltered.

The percento.ge of I( ingested each day that wag excreted

in the faeces rangei from 0.56 to O.91% for sheep B; O.5B to

t.68% for F;O.6ã to Z.LL% for N and 0.63 to 2.2Ú' for O.

simllar values for ]'Ta were 11.6 to L3.6% for B; 1'46 to 6'2Úo

for F;3.51 to 4.97 %1or N and 3.64 to 5.097" for O. Thls meant

that over 97% of the total urlnary plus faecal It loss occurred

fn tire urlne,

( 5) \'Jater restrlction

To ascertal-n whethcr the urinary concentratlng powen of

a g!.ven sheep kldney was rüore llmited than that of others and

thus a cause of the dlffenence between the vlater Lntake' ul'lne

volune and concentratlons of indlvidual a,nfmals, shecp B v¡as

placed on a restricted water lntake. \Tater lntalce at both the

nar<Lmum Il supplernent level and v¡Lth no K supplement was

restrLcted to 7Øo of the volunre whlch lt was antlclpated

would be drr:¡rk rvlth rvater ?d ltb. TIre reeults of thege restrlcted

períods have been fncluded ln Table 2 and Ín several fnstances

represented !n the figrrres uslng a star symbol. A more direct

comperlsca !s givern tn TabLe 4 l"¡here the vsLues obtained durlng



T{\BI,E 4

EFFæTS OE WATER RESIRICTION ON

WATER /$fÐ TLECTRoIYTE IIE'IAIIOLISIIIX oF SPEE B

AT-V

NoK

Normal Reitrlcted

+ 12OO mrequlv K

Normal Restricted

K Intake n-oquiv 670 ã4â 1950 193õ

dav

Na Intake m-eou19

-

dây

B.Vlt.

Ttsi{

g
B.Wt.

mv

x lOO

ECV
rtsvf

PV

ffi*t*
nlasma I t<]

nlasma [ua1

Plasrna [oP]

P1asma protein

Water Intake

x 1OO t"

181

39¡ 1

25t4

65.5

tozg

40.3

1805

7.7O

5.40

135

301

6.58

2,OO
(67% oî,

155

39.2

27,3

69.6

9506

34.9

1770

6.51

5. OO

14O.5

303

5, g9

5. OO
(?2To oî'
rmrestrlcted)

kg

1;

7.

mi

26,A

39.7

24.L

66.5

9096

á? itt

7872

7.O3

4.5õ

137.5

92

6.t7

3.51

139

40.2

29.t

?2.4

9984

u,3
1705

5.86

5.20

138

2A7

6.7A

6. gg

nI

7,

1.

s7,

2

1.
day

u¡rrestrlcted)



Tfater 1ìO

Te/*(f 'ea

Urlne volume

urrne IK]

1.
day
lL
day
J--
day
m-eout-V

-

1.

4.d7

o.2o1

1Ò 97

26ã

Urlne K/day sFequlv 537
day

Urine [n"] m-equlv 131
1.

Urlne lqa/day m-equlv 2æ
day

Urlne OP 49þ1456
dey

Urlne SqluteSi g;9gggþ2827
day dâY

Fêeces Tüet wti kg O¡ 5?

Faeces llry wt. kg O.29

% DM ln faeces 7, 5O.4

Faeëar watet' 1¡ oi28

Dv¡ dlgest % T¿ 6313

Faeèal K cohtent n*çq.\ttt¿ 2e
kg

Faecal water [r1 Eg!Ëg 28.6
1.

Faecal K loss m-equlv I
day

Faecal Na cc¡nter¡t gequlv, A
kg

Faecal vater [ua]

Faecal Na loss

35.5

2.4L

o.119

1.2?

416

627

168

2L3

t76.2

224t

o.49

o.23

46.8

o.26

70¡o

30

26.9

7

21

L9.2

!)

?.53

o.3ã6

5.O5

388
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24

139

LO?.s

6072

o.66
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42.O

o.38
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28.9

11

37
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18

6,42

o.262

3.16

606

1908

47

149

1?93

õ665

o.63

o.2a

44. 1

o.3õ

64.9

62

26.7

I

33

60.O

2tm-eouiv 10

-

day
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ttre restrlcted perlods are compared rvltlr tL;ose at sl¡nllar i(

lntakes but with rvater offered a¡!-!þ'

åt k¡oth the levels of l( supplementatlon ptasnra [If],

[nta] ana OP rose above normal, iÏhole blood [f¡ ana l- Xa] af so

rose rvlth the hiê:h K supPlerent but wene unaltered wlth no K

supplement. Unfortunetely, occurate detcrnlnatlons of PCV rvere

not made so l'u cannot be deter¡¡rined rvhether these changes were

due to alteratlons ln the clrculating red cell volume.

Ttth the htgh K intake plasma protein did not change

but was stgnlflcantly lncreased drrlng the perlod without extro K.

Slater reetrlction brought about reductl.on ln urine

volume to values alrnost proportional to the antlclpated reductfons

ln water lnt¡Ìe. These decreases resulted ln pronounced increases

fn the urtnary [K], [Na] and OP at both levels of I( lntake. Total

K end ÌIa outputs were, wlth one exceptlon, slmllar to those found

at equLvalent I( fntakes but rvith no lvêter restrlction. The

exception v¡as the Ìla output wtth no K su^niclcment v¡hen urlnary Na

output exceeded the intake by some 32 m-equiv/day. Coupled

with a faecal loss of 5 m-eq''¡.iv/day this rest:.Ited f.n a negatlve

Na bela.nce of g? n-equlv,y'cla,y" This loss of 5 n-aquLt,"of Na/

day ln thc faeces represented the smatlest fractlon of i'la tntake

lost ln the faeces (2.75%) ot eill supplement perlods for sheep E -
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next lowest velue vras 11"6%. A L3.õ% taecaL loss occurred

durlng rvstcn restrlction at the h!.gh It intake.

The dry faeces welghts and Ðlli dfgestlblltty were ur-

affec{ed by restrlction of water intake and were stmllar to

vaLues for equiva-:-ent I( supplementatl,on perlods rvith water

off ered ad ltb- but the faeces wet wt. ,% ONI end f eecal rvaten

were signtffcantiy reduced. Tlreso reductions rvere propoi:tlonal

to the reduction f.n v¿ater intatre. In summary (Teble 4) the

restrlctton of avaLJable water produced a decrease ln ECV and

rl.ses 1n plasma electrolyte concentratlons. There wa.s a

redtrctlon ln urinary volumo w-'.lch rrecessltated concentratlon of

K and lla ln the urlne by the kfdney so that the excretlon of tho

excess I( a¡rd Ìla lngested in the dLet could be malntained. To

conserve v¡n.ter whlch cculd presumably be used to maf,ntain body

f Iuld volurnes and ald ln urlnary exceetlon the a¡nount of rvater

lost ln the faeces vraa redueed. Faecal electrolyte losses,

wLth one exceptlon, rvere unaltered and faecal electrolyte output

wos not lncreased to prevent concentration of the url.ne.

(6) ln rumen ar:d salfvarv electrolvte

concentrations

å.lterations 1n the I( lntp.kc of sheep i{ and O,

prodi-rco-ti ¡:c¡nslcicrable changes tn rlrn€ìn electrolyte concentratlonç
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(nfg. lO). Slnllar changes ocotrrred 1n sheep U a¡rd V (¡'1g. 11)

but they were smaller and less fegular, probably because of

Ieakage from oesophageol fistulae. Furthermore, sheep U was

allowed free access to a I'laCI lick tt¡roughout and thls could

wel-I have nrodtfled tho end resulte¡

At any pa:tlcular supplement level samples were taken,

thrlce dally: bcfore feeding (prefeedtng), 4 ¡; 6 and 8 - 10 hr

after fecdlng begân. /ls the I( lntake rose, there \ilas an Íncrease

ln the prefeedtng n¡men [Ir] ana a decrease ln rumen [lia] of sheep

N and O. Rumen I icl rose fronr 44 5O m-eguiv,/]" wlth no K

sup-olement to 11O 116 m-eq'itv/!. on the maximum K supplement.

Thcne wrs a sl.multaneous decrease ln rumenþla] from Oe

m-equlv/l. to 24 - 35 n-equiv,/I. The rumen [r1 at a .'- 6 hr

and I 10 hr was ahvays greater than the prcfeeding level rvhlle

the rumen [Wa] rvas always less. This lncrease ln rumen [t<]

followLng feedlng rvas reduced as the K lntake rose. Thus there

was a rl-se of betrycen 60 72 m-equlv/L. wlth no I( sulrplernent but

a rlse of only 13 - 23 m-equiv,/I. rvLth maxinum K supÞlement.

Slnllarly the decline ln rumen [Ua; wnfch occurred after

feedlng !'ras progressively reduced as tho I( lntake rose, changes

belng rodtrced from 19 - 38 n-equi-t/L, wlth normal lucerne

chaff to 4 I m.-equl-v,/1. rvhen 12OO m-equlv of K was added,

From these vaÌues Lt can be seen that the dally fluctuatLons



Slg. 10. Changee ln rumon el.eotrolytø çoncentrattons of

elreep N and O durlng the addttlon of varylng

quantÍtLos of l( to the dlet. Sanples vere

oolleoted at O, 4-6 and B-1O hf efter eatlng

began. $fieon dall¡r concentratlons of, urlnary

electrolytes a,ao aleo ehown.
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ln ru¡nen [r1 'nor. greater than tlrose or [na] regardless of

K lntake.

Ru¡nen [C1], ltke [K], rose ot oach of the 3 datly

sampiìe periods as the quantity of I( tn the dlet was ralsed.

These lncreases were less pronounced then those ln[lc]. The

maximum rumen I Cf 1 attained was between 60 and 65 rn-equlv,/l.

tn tlre poot-feertlng rumen flUtcl on the ma¡<lmum supplement.

Cha¡rges ln rumen OP rvere much the same as thope in
r

rumen lle], vrttfr conslderable rlses ln the prefeedlng levels

as the I( intcfte rose. Thls resulted tn tbe prefeedlng runen

op on the maxinum K supplemcnt being well ln cxcess of the

plasma OP. Rumen OP also exeeoded the plasma OP at 4 6 and

$ r 10 hr after feedinij begen at all levels of I{ lntake. Rlses

in rumen OP forl,Iowlng feedtng were greatest wlth no X supplernent

and were of the order of 18o m-ogm /L, As the I( intake rose

the post-feeding OP rises became smaller and dl-d not follow

any conslstent pattern. The maximum rumen OP recorded was 453

m-osm,/L. for the I - 10 hr sample wtth n dally K supplement

of 600 m-equiv.

It is of lnterest to observe that the rumen elc'ctrolyte

concentrations of sheer: U úuring a perlod of Na depletlon whlle

belng fed normal chaff. vrcre somewhat slml,lar to those found
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durlng feedlng of a 600 m-equtv K supplement. fte runen [N]

was between 70 to 9O m-equiv,/1. and tfre [Ua] between 5O to 60

m-equtv./I. (Flg. 11). Thls may have been due to the Nacl

avall-eble to sheeP U.

In sheep V lncreaslng the K intake caused an lncrease

ln sallva [K] from ?.5 - 8.5 m-equtv/l. with no I( supplement

to 25 -, 30 ¡n-equlv,/l. with a datt$ K supplernent of 600 m-equlv.

iïlth a I( supplement of 12OO m-equlv. sallva [K] at al.I 3 perlods

was stlll greater than that wlth no supplement but less than that

wlth a 6@ n-oqui'v supnlement - 16 to 18 m-equlv/l' changes ln

sallva [ur1 ot U were dlrectly opposlte to those or [r1, [nt]

falllng from 188 19? rn-equlv/L. wlth no supplement to 133

139 n-equtv/L. wlth a datly K lntake of 6oor}-equiv and then

increasLng to L5? 165 n-egutv/!. on the maximum K supplement,

Prefeeding sallvary Na:K ratlos for the 3 levels of K supplement-

atlon ln sheep V, O, 600 a¡rd 12OO n-equiv./dayrwere 24.4t 6.2

and B.? respectl.vely (fabte 6). In sheep U the prefeedlng

sallvary lle:K ratlos lvere not al';ered greatly except at tlre

naxlmum K lntake. The latter faII was due to a ¡lcrcase in the

sallva I f ] rattrer tha¡r ¿r¡ decrease fn þlä1. Some sllght lncreases

fn I f 1 were foturd at both the post'-feeding sample perlods.



Flg,11. Changes J.n rumen and ealLve eoncont¡.e.tlons of

sheep V a¡rd U, durlng the addttlon of verylng

guantl.tles of X to the dlet. Both rr¡nen a¡¡d

sallva ssmples rvere collected at O, 4-6 and g-lO

hr af,ter feedÍng,

Sheep V dld not have etccess to ÌIaCI dr.rrlng the

perlod of thls experiment wheroas l, d1d. Rumesl

and sa!.lva electrolyte conceutratfons f,or a

perlod duri.ng rvhlch eheep U v¡as etightly Na

deflcient are shown.
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TABIE õ

SoDLI4kJTTASS lttll cot{cENlR/\rroN RAqros oF

RIIMEN FLUID AND SflLM OF

SHEEP 
-IJ. 

AND v PJRII{G-4II9RAqIoUS rN PorAss rLM.-rJrA4E

ttNA \3:F Tatro

K supplement Rumen F'luld Sa1iva
(n-equlv,/day)

o

t*

2,,

2.63

1. 16

1..

2.õg

1¿ OB

o.64

o.4õ

o.b7

o.37

o.63

o.83

o.64

2.50

o.62

o.68

L6.62

19. 06

20..26

28.77

15.14

1õ.20

9.24

LL.46

7.56

1a 88

1.49

3.34

?/1.42

24.2O

23.59

3tlt

vmA

600

L200

O-Na deftcl-ent

1

2

3

1

2

3

1

2

3

I

2

3

o



600

1200
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z

3

o.97

o.47

o. g3

o.36

o.1ã

o.11

6,32

4,61

5.11

8,?A

9.69

10.12

*1
*2
*3

!! O hr:

Ë 4-6 h8.

ltr 8-1O lrr.
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(11) Potasslum.restrlctlon

Because therc'was no control dlet contqlnlng

adequate I{, lt was difflcult to ascertafn whether the folLowJ.ng

results were due to K dsftciency or a low level of DL,f lntake.

Body ì7t, and 13i,l both decreased durlng the 3 months

perlod that sheep ['l and P wero on tho 1ow K diet. Ilowever, TBiîeg X¡

as a percentage of B.l.Tt. lncreased slgniflcantly to values of

79 to 84% (Table 6). Too f,ew estlmates of ECV and PV were made

to determlne the real effect the low K diet had on these

parameters though they dld decrease from the start to the end

of the experiment-

P1asma [r1 aecreased durl-ng the perlod of low K lntake,

falllng to as low as 2"96 m-eqtriv./l. Ln one Lnstance. Such a lov

concentretLon v¡as not maLntalned and the plasma [<¡ was norrnally

in the range 3.5 to 4f O m-equLv/L, v,lh1le plasma [f1 aecr.ased,

the [Na] rose to levels of 16ã to 1Bg m-equtv/I. No regular

measurem.ents of rumen electrolytc concentratlons rvere made. From

a few sarnplos of rumen fLutd which were analysed tirere dld appear

to be a rLse l-n rumenI U"], values reachlng 135.0 m-equLv,/I,

The rumen [r] ln those sa.mples rnnged from 1g to 35 rn-equlv./l. ,

concentrÀtlons whlch were t-ound ln normal sheep after 36 to

48 hr starvatlon.
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EF'FEEIS OÏI :( ÐEPLEÎILì}T

4

23.4

TtsW

E.lït.
ECV

ECV
B.lÏt,
æv
Tts\?

PV

SI.IEEP I\.{

B. \l¡t.

TE\II

kg

1.

o,
lo

n'l- cq'rrV

1.

m-equLv
clay
e

ob

l.

26.8

2L.L

73.?

8146

28,6

38.4

1708

5,99

g,06

4,45-
5.26

18.5

11

20.a

17.5

84.1

15

20.2

L7.O

84. O

6t75

29,?

36.2

1697

7.6A

9.37

x 1OO

PV
B .',Ít .

PV
ltsW

x 1OO

x 1OO

Ptasmp ttç]

Plasma ttt"l

l,iea¡r varues (Per day)
a period of 7 days.
,i. I( tnta'Le ln food

Food intake
(wet wt)
Food lntake
(dry vt)
\Tater drunk

Total rvater intalce

79. O

3.52-
5. 04

3. gB

3O9 ( 15O-45C)

t47 (78-235)

o.5? (o.32-1.02)

o.73

x 1OO

x1@

m1

ot
lo

cî
lo

mI

%

ot
lo

4,4O-
5.30

3.50-
4.20

1.

,/n- ¿ql,Jr\, 135.5- 157.O- 170.G L47.O'
155.5 1?O.O 189.O 165.5

after 15 v¡eelrs of loiv l( diet measured over

1.
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It( cont

Urlne volurne

urtne [K]

Urine K/day

Urlne [Na]

ïIrine IIa/daY

urtne lcr¡

Urlne cl^/day

Urlne OP

Urine OP/dàY

Faecal lVet vt.

Faocal ÐrY wt.

% U'n fn fâeces

Faecal i{ater

DM dlgest

Feeca1 i( content

Faecal I( loss

Faecal )la content

Faeca1 Na loss

O.4õ (O.32-O.õ5)

L.?t (t.3Ù2.26)

0.?6 (O.62-0.99)

34.6 ( 17. 1-5O.O)

t6.2 (8.9-26.õ)

39;4 (36.8-44.4)

1?;6 ( !J.8-24.t)

62U. (õ4õ-701)

2?3 (212-310)

o.'i.25

o. 065

53¡ O

O.@

65.1

!27

8.3

LOO

6.5

Tota1 K loss ln
lsec,aa and urtne (¡¡-equiv)

9. 05

1

1r

kg

kg

7¿

1.

%

m-equlv*
day
m-0emole
1.
n-osmolê
day

m-equlv
kg
m-eouLv*
day
m-eoulV*
kg
m-eoulv.+
årey

Total K inteko lcr
food and water (m-equtv)

4.?t

BaIa¡rco

-4.34
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SHEEP P

B.l,,lt.

Ttsr,l

x trOO

ECV

æv x1@B.l.It.
æv
îts\i x lOC

PV

ffi*.x roo

Owk 4 rr¡k 11 vk lõ wk

Itsif
B.1Tt

kg

1.

øt
to

%

7o

¡ì-eoulv*
day
ob

29.O

20.õ

70.5

7913

27,3

38¡ 6

1.599

5.51

7rg

27.2

20,2

74.3

2A.4

19. o

?3, g

22,9

16.3

7L,I

6s18

29. õ

30,o

1õ69

6.84

9.6L

nI

ml

%

7ô
PV
TtsW

x1@

nlesna [Ir]

PlaEna CI't"]

K lntake ln food

Food lntake
(wot vrt)

Food lntake
(dry wt)

4¿ OO- 3146¡¡ 4t
b,5o 4¡o5 4;

42-
93

3;30-
3¡ 8O

l/iean veluee ( per day) af ter 1õ Yeeks of low I( dlet meagured ovêr e
perlod of ? days).

tå?¡6u 164¡O'. r74.O- 163.O-
15?. t L?L.O 181. O L74.O

11. O

783 (69È980)

s 3Î-6 (3ß.477,
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Si{EEP P cont

'rïater drunk

Tota1 r'¡ster lntake

Urlne volume

urrne [K]

Urine lç/àÐY

Urlne [tla1

Ilrlne Na.,/day

unlne [cr]
llrl¡e cl/day

Urlne OP

urlne OP/daY

F'aeces r,vet wt.

Faeces drY wt.

% Ðt{ in faeces

Faecal water

Ðl[ dlgest

Faeca1 K content

Faecal- K loss

Faecal ÌIa content

Faecal Na loss

o.881 (O,59-1.33)

t.2?

o.?4 (O.ã2-O.90)

1¿67 ( L,t6-2.26,

1¡25 (O.65-1.75)

20.5 (13.1-35.5)

tr5.1 (9' 1-18' 9)

32.A (L9.4-62.4\

33.6 (16.2-39.8)

543 (431-649)

401 (270..535)

o.30

A,14

46.6

o.16

64.1

95

16.3

tL4

16. O

m-equlv
day

daV

kg

kg

7"

1.

ot
lo

¡-squlv
kg
¡¡-6qu1v
day
n-eou1v
kg
m-edutv*
day



TABI,E 6 eOnt.

SII$EP P oont.

Total K lntalce
ln food and cater
(m-equtv)

12.14

Total ß lògs fn
faoeeii ¿nd urlnE
(m-equlv)

1ð.9?

Balanoo

-4.83

'N, SodLum lntake not meaÉured ag sheep had aÔcese to Ì'Ia0l-uraa

blocks.
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The ¡¡pst lnterestlng aspeets of the "low K" experlment

were the rnarked redr¡ctions whlch occurred ln the urtnary If]
ônd losE/day desplte matntenance of the urinary volume at between

4oO and lOoO r¡l/day, Urlnary [f1 teff to aa low as 1. 15 m-egulv./l.

and over a weekly period of mcasurement near the end of the

'experlment the rnean [tC] for sheep M and P vrers 1.61 and L.?l

'¡n-equlv/l. respectLvely. These lorv urlnary [f] resulted ln ,qPlry

urlnary I( outputs of down to 0,6 m-equlv./day respectlvely.

Urlnary []fe] also decreaeed appreclably despite the r€âdy access

to ÞIaCl at all tlmes,

Faecal electrolyte e:ccretlon was surprlslngly nainte.lned

at levels slmllar to those of normal or K supplenørted sheep.

Faecal IC excretlon averaged 12 m-eeulv/day whlle that of Na

averagedllm-equlv/day. The total I( loss ln urlne and faeces

allowed the sheep to stay close to a K balance sfnce the dolly K

lntake ra.nged f rom 3 to 15 n-equlv (Table 6) ,

( 1r1) Chanees tn pLasma e.nd runen electrolvte

eoncentratlone êJrd urLnarv electrolvte and water

loss durlng and after feedlng

(s) Plasma Electrolytes

Plasma samples were taken from sheep B and F at

varylng lntervals, before, durlng and after eatlng 9OO g of
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lucerne chaff to whlch varylng amounts of K were added. In these

lnstances the sheep ate qulte normally to flnlsh eatlng thefr

ratl"on wlthln 6 hr of belng fed.

There was a rlse ln plasna [Ua1, I t<] ana OP after

feedlng with the highest conoentratlons occurrlng from 2 to I

hr after feedlng began. In other oiperiments when sheep were

catheterlsed for urine eollectlon and rumen samples were taken,

theso pealcs dld at tlmes occur after I hr, partlcularly lf the

K tntake was hígh (Ffg. 74, 15) ,

The magnltude of plasma I Xo], I f] ana OP followlng

foedlng was unreLated to the quantlty of K lngested. In fact

the hlghest values for these 3 parameters were 1n sheep F wlthout

a I( supplement. Then the [tt] reectred 7.7 m-equlv,/l., tne [t'la]

166 n-equtv/t. and the OP 314 n-oslt¡oI,/l,

Increases Ln the plasma I K] rauøed from 0.6 to 2.2

m-egulv/I., in prasma I ua] rrom 8 to 27 rn-egulv/l. ond tn oP

from 9 to 26 m-osnol,/l. The rlse ln OP was maÍnly due to the

l-ncrea.se fn Iua1. Although the absolute rlse tn ptasma Ixa]

was far more than that of I K] the percentage lncrea.se was

rnuch less (Mean [t1"1 "t". 1O.8%, iìrl1x. Zwoi mean [f] rfse

23"7%, max. aÚ/o; ¡nean OP rLse 6.31o, mex, 9.O7o)



Flg" 12. Post-fecdlng ciranges ln plasma [tla]r [X1, On

and pa'oùei.¡r concontratLon of sheep B and F

lngestlng vnrying qua.ntf tLes of I( in tlre dLet.
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P1asma electrolyte concentratLons returned to very

nearl.y the pnefeedtng levels wlthln 24 }:r.

Changes ln plasma protein concentre-tfons after eating

always follov,,ed a simllar patter:r but the nagnitude of alter-

atl'ons was quite variable (Ffg. t2). Plasma proteLn concentratlon

rose to a ma:¡imun 7 to 4 hr aftcr eatlng began after whtch lt

docllnod to be-'t.r:w prc-feeding levels. Thfs decline contlnued

untll 6 to 12 hr when the concentratlon once again cornmenced

to rl.se roaching values close to tlre prefee<llng ones at 18 to

24 }rr. The start c'f thc declLne 1n plasma proteln cc¡ncentratlon

was usually assoclated wtth drlnklng. Lnimals rarely drank ln

the first hr of eatlng and it was not untll the second to thlrd

hr that a lor8e volume of water was consurned.

(b) Rumen and ebomasol electrolytes

/;n extenslon of the results already descr'lbed ln

Section 11-d was a more detaiLed nnalysi-s of changes ln n¡men

electrolytes followlng f eedlng (F j-g, 13r 14,1õ) " Usually f eedln6

periocls were restricted to 3 hr for these experlments to allow

a better study of the chenges which proceeded after eatLng.

i'Í1th a ineal of normal or I( supplcmcnted lucerne chaff

there vras a rapld rLse in rumen [f] arra OP ln the flrst hr after

feedlng began (Flg. 13,14), The magnltude of thls rlse dcpended
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largely on the lnitlal rumen [t<] ana the quanttty of K ingested,

though the largest chenges usually occurred wlth no I{ supplement.

Rumen I na1 usually rose slightly ln the flrst hr of feedlng

before lt began'io faIl, rvhich lt contlnued to do untll 10

to 11 hr after eatlng began.

As po'^nted, out ln Sectlon l-d the maxfnum K supple-

mentatlon produ;eci a prefeedlng rumen [Ua] of as low as 28 rn-eguiv

n. Hence the post feedlng decllne 1n rumen [lta] wfren sheep ate

K supplemented chaff was not as great as when eatlng norrnal

chaff. On norrnal ,:h¿tff rumen [na] rareìy decllned below 50

m-equlv,/l. durlng and after feeding but the actuaL fall represen-

ted a decreaee of between 40 and 70 m-equlv/I.

/ifter the inlttal rlse ln rumen [f] ana OP these

values tended to fluctuate before beginni.ng to fall quite

sharply. The maxlmum rumen [K] recorded was 175 m-equlv/L,

(Sheep N - Flg. Lg), 2* hr after eatlng began. This concentratlon

also corresponded to the hlghest OP measured of 610 m-osmot/l.

Ifornally the maxtmum rumen I f], regardless of K lntake was

betwee¡r 1OO and 12O m-equLv/L. a¡rd the equivalent OP was

between 375 and 47t¡ rn-osm¡1,/1. These values lllustrate the

large osrnotic gradient susteineci between the blood and rumen

flutd 1. to 3 hr at'ter feedlng commenced. Rumen OP was still

greater then that of the plasma up to 15 hr aftsr food lntake



Flg. 13. Âlterali.ons ln plasirra, runen and abomasal

electrolyte concentratlcns during and after

eatlng of nonmal lucerne chaff and drlnkÍng.

Sheep R - the first arrovr on the p!.reno1 red graph.

represents 'bhe addltlon of 30 mI of phenol red to

the rumen- Subsequent arrorvs represent the addltlon

of 6 nl of, phenol red. Ðurlng the p:si _cl of

feedlng 3OO m-equlv of Il and 90 ra-equlv of hla were

ingested.

Sherep N - 20 mI of phenol red added to the rumen at

tLme O. Durlng the perfod of feedtng 354 n-equiv

of K and 1OB in-equlv of itla wene Lngested.
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ln non-supplemented sheep and wlth eating restrlcted to 3 hr,

thls difference was often present at, ? to I hr. lTlth dalty I(

supplements of 6O0 anrl 12OO n-equlv the rumen fluld was ln npst

instances always hypertor-r.ic to the plasma.

Part of the rise of rumen OP must have arfsen from

electrolytes,oiher than K and l{a, and fnora sucb'substances Bs urea

and volatlle fat'uy acLds (Wfi). In one experLment, the VFA

concentrations In rumen fluid of 2 sheep vúere measured using

gas chromatography (Packard Gas Chromatograph) ' This was done

Ln an attempt to expLaln the suddu:r¡ change ln rr-rmen flutd pH

shown by the colour change of phenol red used for rumen volume

rnt¡Bsufements. It was found that the concentratlon of acetlc,

proptåullê and butyric aclcls lncreased by as much as 2L to 3

tlmes the restlng levels ln the flrst hr after feedfng began.

The naJor change was in acetlc acld concentratlons. Such an

lncreased production of VFÂ could contribute up to 40 m-osmoI,/

1. to -the rise ln rumen fluíd OP,

Abemasal concentratlons of electrol.ytes and OP showed

a remarkable constancy during feedlng untll drlnklng occurrgd.

Prlor to drlnklng the abomasal OP was almost constant and close

to pÌeema leve1s - 27O to 28O m-o;mol,/l. (F19, 13-a). Both the

abomasal I I(l a¡rd I Wa] were less than thelr rumen equl'valents
LJ
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though llke the rumen I f1 anA I na1, both changed ln the same

dlrectlon as eating begnn. The abomasaf I I(] rose stecply to

as htgh as 7O m-equiv,/I. whlle I n"¡ trfr. to as low os 45 n-equlv,/I.

In contrest wlth the rumen, however, the abo¡nasal fluid OP did

not rtse grea.tly durlng feedlng and in 4 expertments lt dld not

exceed 3@ ¡r,-osmçll,/l.

Somc r:f the changes induced ln abomasal fluld by

drinklng are lllustrated in Flg. 13-a. Part of the vrater from

an Ínltlal drink apparently by-passed the rumen and passed

directly through -í..r¡'i;o the abomasum. Th,ís caused a sharp

transltory fall ln the abomasel OP (to 2LO ¡n-osmoL/!-,) and

phenol red concentratlon. Subsequent intakes of water did not

cause such a large fall though there were reductlons ln rumon

flutd [tc] ana [ua¡ wftn smatler falls in oP.

/LbomasaL phenol red concentratLons showed that the

rate of rnovement of rumen fluld to the abornasurn lncreased

durfng eating. Furthermore, the rate of gastrlc secretion \,vas

greater then the rate of flutd entry from the rumen sínce the

phenol red concentratl-on ln the abomasum was always less than

Satf the rumen concenbratlon (observed ln 3 experlments though

phenol red was not a.dded c-rntLnually as in the experlment

of Flg. 13-a),
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(c) Url-nary elcretlon

The urinary [K] and o'.rtput rose durlng the first I to

2 hr af.ter eatlng began i.Fle. L4,1ã,16). This change oceurred

regardless of the lí Lntahe. Excretory rates of K reached a peaft

Ln from 2 to lt hr after the start of feedrng' thls also was

i.ndependent of the levels of K lntake and varled wlth the

feedlng patterir.

There r,vas al-so sri increase ln urLne [Ua1 u"tA output

as well as of I( after eatlng but the rlse was normally secondary

to the rise of K. Nevertheless the peak of Ne output was

attalned at varloue tlmcs relatlve to the maxlmal I( output

(Ffg. 14,15,16). As expeeted the peak ln urLnary [Na] ana

excretlon r,las ahvays exceeded by that of I{. The ma¡rlmum K output

ettalned 1n any experlment tended to depcnd on the indtvldual

anlmals and on the K lntake. Sheep lvhose datly r,vater lntake, T0

and urlne Volu¡ne were Low usually produced a concentrated urine,

though they dld not necessariJ.y have as hlgh an electrolyte

excretory rate as sheep wlth hlgher daily water lntakes and

urLno volumes. t s the I( lnteke lncreased so the maxlmum rate

of urine K loss increased. Several sheep rcached !( excnetory

rates as high as 12OrJ p-equlv/mln when on the ¡na:rlmum I(

supplemerrt. l/iaxlmum urinary concentratlons of K wene ln the



Fte. i{. Post-feedlng changes ln plasma and rumen oleotro-

lyte concentre,tlons end tn urlnary excretlon of

Sheep J eftcr beina feed 9OO g luaenne chaff to

which 6O0 ur-equlv of K had been addod. The perlod

of eating wes rsstrlcted to 4 br, durÍng whLch tfune

somo õ60 E of lucerrre chaff sontalnLng 868 n-equlv

of I( anc{ 95 m-equlv of }IB was co:lsumod.
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Ff.g. 15. Pre-. and post-feedlng chang':s ln plasna and

rul¡¡ên electrolytes and 1n l¡rlnary oxcretlon;.

Sheep P wae fed 1OOO g of lucerno ehaff to whLch

12OO m-oqulv of I( hed been added, and f.n.e i¡Orlod

reet¡:ùctod to 4 hr coneumed õ2O g contalnlng 1320

m-equlv o:f í( and 11O m-equlv of, lla. ïratèr $ras

rerpved at 4 hr, returned at 6 hr and renoved agaLn

at t hr.

?ho fLrst arroï¡ of the phenol red graph represents

the acldltLon of 20 nl of phenol red to the runen

and the ss.cond arrol lO ml of phenol red.
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F1g" 16,. Ccrrrirarison of the changes iü pJ.asna electrolyto

eoncentrations and in Lrrinr,r]¡ excretlon ln sheep

F follo¡,ving tlle ln6estion of 275 and 995 m-¡equlv

of i( in no¡r I( suppJ-emented and I( supplemented

lucerne chaff.
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range of 4OO to 85O m-equfv,/l, vrhlle rp.xlmum [Na] depended

on the l( lntaJce, falllng as tire ií intake rose. Rates of Na

Ioss ranely exceeded 4OO ¡r-equlv/rnln but frorn the ngmber of

results obtained, lt Ls ciiffLcuLt to assess the effect K

tntake had on Ìla output"

Charrges ln urlnary I( excretlon tended to parallel

alteratlons in nlosrna [K]. These chanSes werê rarely coincldentol

but were sll6h'i;1y delayed, Sodlum gave a dlfferent result

since tire plersma [na1 rose during the hr after feedtng began

but the urlno:ry Ne output dld not change. Once the :ì'ncrease

in the rate of unlnary Na excretlon began, the changes which

followed were often paralleL wlth those fn plasma [n"]. In a

few instances (FlB. 15) the rate of þIa excretlon remalned ele-

vated in the face of a fall l-n plasma [tl"].

urlnary osmolallty also varled between lndivldual sheep

and depended on water lntalce. Just as the urlnary [tla] and [K]

wero not necessarlly at a maxlmum when the ratos of i( ancl Na

excretlon were at a maxlmun so '¿lte maxlmum urlne OP dld not

necessarlly colnclde wlth the naxlmum rate of solute loss.

Il[owever, the highest ur:lne QPts found were ln the flrst 3 to

8 hr followlng eeitlng, and ranged from 1õOO to 22ãO m-ostttoL/!.

The maximur¡ rate cf solute loss lncreased wLth lncrcaslng K

l-nt,1ke as vnuld be expected from the rates of K excretlon,

[,laxlnum nates of excretLon of osmotlcally actlve solutes
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ranged between 18OO and 33OO,,¡n-osnp1,/m1n.

( lv) cha¡r lnn Iasna r umen electrolvte

c,oncentratlons and url-narv etrectrolvte and wstor

avcrcrt ion f ol o' th e addl-tlon of I( salts to

the rumen

Most of the results reported fn this sectlon were

assoclated with measurenents of the rate of water shlft fron

the rumen followlng the addltlon of I( salts to the rumen and

hence only the most pertlnent flndlngs wltl be glven.

The addltton of 4oo m-equlv of K as elthea CI or

Ico, to the rumen wa!¡ remarkable for the small and erratlc

effects tt had on plasma electrolytes (FlE. t7, 18). A rlse ln

pÌagma [f] was antlclpated tn vlew of the flndlngs 1n sectlon

tll(c) but thls dld not always occur. Fgrthermore, no regular

Lncrease ln plasna [na] suctr as occurred after eatlng was Eeen

after the addttlon of 4OO m-equlv of K to the rlrnên.

The pattern of change ln rumen electrolytes followlng

the addftlon of 4æ m-egulv of KI{CO' or KCI was slmllar to that

for¡¡rd follolvfng normal eatLng. The [K] of the rr¡men rose to

between 90 anrl 145 m-equ!v/L. while after some delay the LNa]

61.theÉ' 3e.,1.1 sU.ght:y or ¡onalneil: condtsnt. Thls:oonstánõy or

deo¿t¡e fa I Na1 sonttirucd .:{¡:r be'lreen 5 a¡rd 12 b¡ af ter the

addltlon of the K cuppiement before it began # çlsé.
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The rumen oP rose to 3õO to 45O m-osmol,/l., levels

slmÍtar to those found after eatlng. Nelther the I K] or OP

of the rumen fluld was malntalned, but began to fall lmmediately,

attainlng presupplement levels between 6 and 14 hr after the

addltlon of the I( supplement to the rumen.

fn sheep recel-vlng no rumen I( supplement, the rumen

I f1 usuafly ter*iecl to faII wlth tl¡ne rzhlle the rumen [Ua] slowfy

rose. If the lnttlal concentratlon of K was low ( 20 to 30 r'r-equlv

/L., *td I Na] was hteh ( 1OO 12O m-equlv/L.) chenges ln the I tt]

or I na¡ of rumen f luid were s¡naIl.

The urlnary excretlon of water and electrolytes

foilowing the addltlon of 4@ rn-equlv of K to the rumen was nost

Lrregular. LlrinEry losses vrere measr:red 4 ti.mes followlng the

additlon of KIICO, but onl.y once with the addltLon of KCl. lt¿tth

elther KICO, or KCl (Flg. 17,18) there was no slgniflcant or

regular alteratLon of urlne flow rate. Thus there ìras no

Partlcular dlfference ln the total 24 hr water loss botween

sheep wlth and wlthout K added to the rumen (ntg. 19).

Compari.son of the excretlon rates of K in the sane

sheep with and rvlthori'b I( supplements shcvred that there tvas an

increased loss follcr.rlng the supplement but there was no deflnlte

pattern to thls loss, For example, sheep N (Ftg. L7) lncreased



Fig. L7. Comparlson of alterations ln pLasma o.nd rumen

electroJ-yte concentrs.tions and ln urlnary excre-

tion rvith and w:lthough the ad,;åi.tion of 4oo

m-mole KÌíCO^ to the rumcn.
.J
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Fig" 18. Compar'Lson of alteratlons ln pLa.sma and rumen

eloatrolytc concentrations and" In urLnary excfo-

tlon rvith er:cl without the additlon of 4OO sFmo1e

KCl to thc rurneno
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the rate of I( excretlon lnmedlately the KHCO' was added to the

rumen and the rate inereased up tlLI 6 hr, after whlch lt began

to decllne. î{owever, sheep O dld not exceed the tnttlal ra'be of

K excretion for r:rver 4 hr and the naxl-mum rate of K loss of

73O ¡-r-equlv/mln was not achieved until the 17th hr after the

addltlon of the K to the rumen. The ltra excretLon was not altered

þ the addftlon of K to the rumen.

From the 24 ht cumul.atlve losses of water, K and lla

1n 6 shcep v¡i'r;h and without elther IffiCOB or I(Cl added to the

rumen, lt appeans i;hal tho total loss of K tn the sheep which

receLved KHCO^ was greater than ln those with no K supplement or
.t

the sheep '"vith KCI added to the runen. Between 11 a¡rd 1,7 hr

were requlred for the excretlon of 4OO m-equiv of K, the anor¡nt

equivalent to that added to the rumen. Even at %l lw the total

loss of K dtd not equal tlre sum of the mean loss wlth no K

supplement plus the 4OO m-equlv added to the rumen.

The addltlon of K to the rumen hed no effect on

the total 24 ht Loss of ltla in the urine. f t ls lnterestlng to

observe '¿hat the water loss tended to follorv the Na oxcretlon

with no apparent effect of I( output on water loss. This was

reflected fn the [ri of the urlne wtrlch reached levels as

irJ.gh as 82O m-equlv/L" compared rvlth the moximr¡m ln a non

rumen supplemented sheep c¡f 48O rn-equlv./I"



Flg. 19. Cunmu1atlVe Lossog of K, Ìla ar,d v¡ator ln the urlne

wlthout the oddf-tlon of any K to flre runen or

followlng tlre additlon of 40O ¡n-mote IG{COa or IGI

to the rumo¡¡. (Corresponds to Flg. 1? and 18).
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It ls dlfflcult to explaln the urlnary loss of I( ln

the sheep whlch receLved 4OO m-mole of KCI as the I( apparently

noved out of the rumen (rumen [f1 feff) yet there was no

slgntflcant alteratlon ln the [K] of the plasma or rlse in K

excretlon ln the urLne" Cne polnt should be noted and that

r,vas the hlgh [K] of the plasma tnitially and the malntenance of

the concentration a'L greater than nofmal levels for nuch of the

24 }:r,

(v) The untake of water. potassLum and sodlum from

the r r.¡men ond Lorver t

Th!.s section of the experlmental work was supplemøttary

to sectLon (ft) and (1v), to determlnc what effect, lf any,

addltlons of i( to the rumen had on water and electrolyte movernent

from the rumen and whethcr otiror scgments of the gut provlded a

restraLnt on vrater and electrolyte movement similar to that of

the rumen. In severâI Lnstances an lnsufflclent number of

experlments ves carrled out to allorv a statlstl-cal analysls of

rates of movement. The curves of uptake to the blood end for

the rumen, rumen dtseppearance curves allow certaan conclusions

to be draurn, hou¡ever.

Ftg. 2O lllustrates typical water (TOII) and 42K, rumen

drsappearance ani plasma uptake curves aftor ttre adminlstretlon



Flg" 20. Plasrna uptcrl:e anÌd rrrmen dlsappearance curves

cf ToH o"d 42I( oftcn the sdditlon of, TcH arrd 42x,

wlth and without 4O0 m-eqr:i.v of ì( to the rumen.
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tr'19. 21 o illnod uptake and rrrmen da sai:peo.rance eurves of T,OII

24
Nsand after the arlditíon of TÐï{ and

24
Itlo, wlth

an';rvithout 3OO m-eqr¡i.rz of K to the rumen.
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of 3OO ¡.rC of lOH a¡rd 5O ¡-rC 
42K,1nto the"runcs, wlth and wlthout

the additlon of 4@ m-equiv of Kn Because there were dl.fflcultles

assoclated wlth the separation of. 42K and zaNa during counting

only one of thes': isotopes v¡as addod to the rumen at any tlme.

therefore, the rumen di.sappearance and bloccl uptake curves of

zaNa aúd TOll are showl¡ separately (Ftg. 2L) .

Equlli.hration of TOH between blood and rumen ln the

øamples tllustrated, took place Ln approxlmately 7 hr white

42K and 24Na vrere stj.L1 not equlllbrated at '12 hr or even 24 hr

(not shown ln Flgs) - 1.€, the piasna or whole blood S.A. was

stlll lncreeslng, 6t t2 and 24 hr. 24Na was much closer to belng

equllibrated than asK.

l,Vhen TOH and 42K or zaNa were placed ln the duodenum

(vfa a duodenal flstula), ileum (pavlov poueh) upper colon (vl.a

a colonlc ftstula) or lower colon or rectum (by a catheter) the

peaks of rad:i-oactivlty ln the blood or plasma were reached wlthin

õ to 75 mLn (Flg. 22). These times lll-ustrate a very rapid

uptake of water, I( a,nd Na from'che varlous gu'i segments, lnto

the blood, compared vrlth their uptake from the rumenr It may

be assumed that there was movcment from blood to lumen as well

ns ft'om lunen to blood, slnce bott' 42K and zaNe were plaoed ln

the gut se¿'nontø wlth electrolyte concentratlons slmllar to plasma.

Thus the solutloi:s addeC tc tlre gut were lsotonic with plasma

a¡rd no concentratloü gradlent exfsted.



Flg. 22" Plasrn¡. uptnJ<c er.lrues of ToH, ''t'r, *,o -No ,ortor"''

lng their ar.Ïditlon, J.n soluttons Lsotonic ulth plasma,

to the duodenum, tleal ¡rouch, uppc:r colon and lorver

coion.
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Although consLderable dtfferonces between the rumen

and other gut segments ln allowing the passage of water, I( and

Na to plasrna were dernonstrated (Flg. 20, 2tr22, no lnformation on

uptake from the omasum anrl abomasum wa.s obtalned. In one

experLment the npvement of TOH from blood lnto the abomasum

was measured anci it rvas found that thene uras L very rapld rise

ln abomasal S.4.. Th.j.s hfgh 5.A'. was not mcintained es the

abomasal. S.A. cic¿reased to rrelL below plasma levels due to

dl-lutlon u¡lth water of lower S.A. fronr the rumen.

Excludfng the omasum and abomasum only the rt.men wall

appeared to provide an effectlve barrler to the npvement of

woter, I( and lla frorn the gut to the blood.

(a) TOH upt?-ke frcm__tLhe tgmeg

On the basis of the slope of the rumen disappeannnce

curves and tire above results, lt appeared that a sfnple two

compartment system could be postulated for the body fn regard

to water movement. A slnllar system was employed by l,{erreLl,

Gellhorn and Flexner ( 1944) ln siudles of the exchange of Na

between the blood and extravascular fluld of the guinea plg.

By considerlng 'lhe rumen as one compartment and the rest of the

body os the secoirtl , the rote of, s/ci'ccr shlft beùween the rumen

anc!. plasma. could be described by a. slngle exponential frrrction.

This funct,ion ls doscrlbed by the equatlon I = c * ".'-kt where
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y = rumen S.A. r a = the lntercept of the dleappearance ctFve

wlth thc y axis, c e the S.A. at equlllbratlon, t = tLne and

k the sLope of the I1ne. The sloy-*, k, Ls a functlon of TETI ,

ruinen volune and the fractLon trl , of the numen volune which

is transferred l:r t¡rlt t l-mo.

¡BTr - Rumen Vol.ume (V)1.e. ¡ = vrhere q ='

D

q = T-V
TtsVI

In nea.r'ly all tnstances the graph of log (y-c) and

time was a straLght llne v¿hich supports thls proposal (Fig" 23).

If thls sltuation lras correct the plasna uptake curves should

aleo be described by the functlon proposed but such ls not alvrays

the case. Therefare, the ¡nodel is loo sirnple €ìnd a further

compart¡nent(s) extsts. Beçause the rurren disappearance curves

are deserlbed satlsfactorll.y by the equatfon given lt appears

that ar¡ extra compartment( s) Ls assocj.ated wlth the plasna.

Although shlfts of water l¡etween the plasma o¡¡d thls compart-

ment( s) shor¡ld aLtør the ro.te of disappearsnce of TOH fron

the rumen these npvements must be so rapld as to have a¡ in-

signlfleant effect on the rumen dlsappearance curves. llaklng

this assunptlon alL the ourves of TOH dlsappearance from the

rumezr were ano.iysed by the slmple fli¡nction þroposed. It lvas

also assuned that the rune.n volume remoined consta¡rt or rvas

changl¡g .Lg a regul'r lcanner.

T
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Inttlal1y rumèn volumes were estlmated by the phenol

red dltutlon technique. Later the volume waa dedueed fron the

analysls of the rumen T$FI disappear'ence curve. Thls was

performed as folirws. Ey extrapolating the llne of slope I to

the y axls, the vaLue "a" ,Àras obtained. Adcll-ng thls value to

the6¡ullibratlon S.A. \c) gave the S.,¡i, of the rumen at zero

time. ilence knowlng ulie quantlty of TOII (total actlvlty) aclded

to the rumen the rumen volume could be calculated -V =

Total Agttvitï (Flg. 23>. In 5 out of the 7 experlmen'ls good
a+c

agreement between thg. rumen volume estinated by thls technlque

and the phenol red dllution method was found (TabLe 7).

Rather than flt the llne of the rumen dtsappearance curve

descrlbed by the exponentlal fwrctLon vlsually a cornputer

analysis was performed usJ.ng a non-llnear least squares technlque.

EstLmates of the slope, a and c al.ong with measured values of

rumen S.A. and tlme were given and holding c constant, the flt

of y = r * ."-nt uras determlned for a maximum of 10 lteratlons.

Then all<¡wlng all paremeters to vary the flt of y = " * ""-nt
was redetermlned. The values of k, a and c derlved by this

process rvere then used to calculate îtsltl, rumen volume, q and R.

L4ulttp-1-ytng V by R gave an estLmate of the total water shlft

to and from the ru[ìÈ:l ln ur¡:it tine (Tab1e 8, 9).



Fiei. 'à3. Gr'.:phic lLlustratlon of the ¡ueûhod of ar:a.lysfe of

rrl,ne¡1 îÐi:l dlsa_c:lelrÍrnce curves r'¡hlch are descrlbed

l:yr 1¡¿u erl".iati-on V = c * u.-l't. Log (y-c) ts plottod

ag:lns'í: tine to derfve (f) tne initial ru¡non s..û..

(a + c) fr¡r the celculetj.or: of rurßen volur,re end

(2) tire slope of 'che llne (11) for calcul¡.t1on of

the fr¿ctfonel tr¡nsfer rnte (R).

î]ne ecsur.rlrtÍon o'î, a t;to-coinp:ri.ti',ront eystem Ls

verlfie,'i lf t.t:.e ple,sme unt¡.Lle curve, plottecl as

loe (c - y) a.gelnst tlme, ylelcJs e, strr.Lght llne

ud:ich e::tre?olltes to tl¡e vaLue V = c ryiren t = o

e;rd hes tl:e sarne sl-ope (k) as th.!t silo,;¡lr by the

ril¡nen':'!1-o r.¡pesr::ilc ê crlrVê e

Tlrree s::cir p::irB o:1 curves r:::e illLrstretect rrlræ log

*r - e) hss l:een pi.otted 1r- 'ber:ls of cprn/ml ',i:i.te:' enc'i

ti:e E'r::,l. sTznl-.Ol re¡:resents lnl'c1a1 S.1,.. ae clerl_v,sd

fror¡: tL..e graphlcal s"nalys1s.

v = ru¡ae¡: (or plasrna) .Í.1,..
c = body u¡atet 3.L.. et e..lzrliil:ri"1-,r*
a = t.l.re if i-ntercept c:'î, 'cl:e LLne loû (y-s¡ a¡;elnst

tli"re.
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Flgo 24t Illustratlon of the methoó c¡f determlnlng the

tnlttal rumen [X1 atter the, eddltlon of K to the

rrrmeúr. The plot of, log r'uinen [K1 agafnst tlmo lE

extrapoloted to zero to obtaLn fog [X] at t a O.
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Uslng thf.s mothod comparisons bettreen lc, R, p"V a¡rd

rumen volume or rumen [f] at zero tLme Ðère made (Flg. 26126).

Regresston i¡etrr.'een theee par-ameter,s tvefe ealculated.

'ro determj.ne v¡hether the fni or the rumen artered the

total water transfer in ';ìre trumen 4oo m-mole of ts.Cr or KHCO,

was added t<¡ the lumen slnulte.neouêI:y wfth the l1O.:{. This was

carnlEd out ln L3 of the 23 expenlments and the ru¡nen I x] arter

the sddltlon of the .'( sal-t was used as the ref,erenco pol.nt of I n].
this value vras estlna'led by extr-apolatlng the curve of eLther

the[:r] or log [X] and tlme to zerc time" The tÐg [K'l plot

often approached a stralght Llne rnaklng e:rtraporatlon qulte

elnpl.: (Flg. 24).

fr posJ.tlve rolatl.onshlp rvas determl.ned between rumen

volume and total rvaler move¡ne¡:.t as ts fndtcated by the regressl.on

Ilne of Flg. 2õ. sevsn experiments were dlscarded fron these

results onlng to Lnaccurate estLmates of rr¡men volume. The

crtterlon for roJectlon was based on ll.iït., miT, sE of estlmatee

of a. c, and l:, and phenol::ed estlmates of ru¡nen volume.

I,.Io other sfgnlflcant reletlonsh!.ps cc¡rld be found

betrzeen ru¡Ììen volu¡Ie ancl other parameters nor between the lnltial
ruaen [I(¡ airA tho dlffenenl: panameber (FLg. Zg). It is of

lr¡terost to obser'¿e that the elope, k of the rurncln TroII dls-
apÞearance curvè- does have quite a ronge of values especfally



Fig. 26. Comparlson of TBÌ{, the slope, k, of the rumen TOH,

dtsappearan\:e curvo, the fraction, Rr of the rumen

water volume shtfttng ln uni'c tlme, the total

volume of water, RV tr¡j¡rsreerr:ed to and fro¡n the

rumen per hr a¡rd the estlmated rumen volumerV.
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Flg. 26. comparfson of, the slrlpe" k. of the rumen ToH dlsappea,rBrce

curvo, the frectiono R, of 'hho runen volume novlng

ln rurtt tlmo, the estfmated numsr volumer V, trhe

total volume of waten, RV, tra¡ref,erred to and f,ron

the rr¡men per hr and tho measured or eetlmoted fnlt-

lal rurnen [I(]"
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lf:Ì'ihe values of k for those experlments dlsregarded duo to

unacceptable rumen volumee are lncluded. Thero ls no reason f,or

doubtln6 the valldlty cf several of those velueg of k as the ftt

of many of these estl¡nated slopes ts excellent. It ls posslble

that k may depond upon rumen volume, although lt was not shoriur

f.n these results, yet tt ls lndependent of the estlnate of

runen volurne. Hen¿o p.li. the values of k cannot bo dlsrcgarded

Ilke thoee of iì and RV whlch depend upon the eetlmated d rumen

vo}ume for thelr cal-culatlon.

Follovlng the osttnatl.on. that o rumên :f mean voI,

5.56 l. hed a total vrater transfer of ZæO nl/hr attempts were

made to assess irhat contrlbutlons sallva flow ond transeplthù!.laL

water flow nado r,o the equLltbratlon of TOH between rumen fl.uld

and blood. The amount of 1t-f returned to the rumen 1n the Ealiva

was meesured by nea.eurin6 sallva fl,ow and salivary S.A. (Ftg, ZT>,

only a relatlvely srnarr quantlty of roËi was returned to the runen

by the sallva. airol although rurnen S.A. shcr¡ld bo lawer as^thE

result cf the sâIlvãry dtlutlon (tnttlal sellvary S.,lì.. 'Iow) tirls

wae quite lnsufficlent to account for the rates of FOH equlli-

bratlon observe<,1. It was thorefore proposod that mucir of the

equliibratlon of TOB took plaee aîrosa the runen wall. Thfs

proposal w¿rs suÞrrorted by the foct that r¡here artlflclal sallva

(McDougaIL, L948) wes used to replace the natural saltva



Flg. 27 PLagma uptake and rt¡ltgn d"{,;¡a:Jpoarcnce qilrvee of

IIOII folLowlng the addltlcn çf TOH to the rumeu

SativE f,low, eal!.va lgII S,4", 8d amor¡nt retr.nned

to the rumeû ln the sallva ar€ thoutn.
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!'LB. 28 Plaeme Î¡ptaks e¡¡d ru¡ncn c.tloo-ppearâ¡oo çur$se of,

TQ$ fol.lowlng the addXtf-on of TOE to the rumdt and

replecennent of ,natura!, sa?.ive wÍth artlf lcl,el oallva.

Sallva f,1ow, sal.lvary,TOll El,A. and amount of TOII

oontafned Ln tho sallva ar€ shon¡n.
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Dlg. Zg. Plasmg uptake and rumen dXsappearanoe ourvea of,

4?K .f,tr* tÌ¡e eddttlon of n'K *lnn and rYlthout 4oo

n-equfv of K, to the rutnen' Sallvery flow ratea,

sr.lfvary nT s.4., and quantfty of K, 4f an¿ tla

re't'u¡nned to ttre trutnon ln tho salf.ve are conpared.
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Flg. 3O. Illustratton of olteratlons fn salLva fLow,

and quanttttes of, Na, 241,,n tod K returned to the

runon tn the salLve after ¿¿ttclltfon of 24N* to

tha r¡¡men. Plagma ùnd sallva upta,lre and rt¡nen

dlsappeanancê eurvu" f.t 24N* c:;o lllu¿:-iÍîr:':-c-"
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returned to the rumen tþei'e vtÊg no alteratlon ln the equll-1-

bnatlon tlne (trlg.28),

These l'esul'ls were Í'nconcluslve sfnce the TOH may

no'! havo been moving lnto the blood vla the rqmen wall but from

more htghLy perneable sftes ln the lolye;'Bu'ü to whlclr trunen fluld

had been dleplacecl" Ilor';'evef , dttring the f lrst hour of measure-

ment of Seliv¿, florry r,¡lren no flufd was enterlng the rrltnen through

the oesophagus and thus ;,'u3h less runen fluld tha¡r nornal should

be leavin¡; the 1'üírlêp, the rlse ln bLood TOÌ1, q¿,. was unaf fected.

(b) &2,t 34No uotakes from the rtmren

These studles were undertaken to dotermlne rvhat effects,

lf, nny, the ad."l1'llon of 4oo rn-equlv of I( to the rumen had on tho

ratee of uptako of +2K or¡d e4Iìa fnon the rurnen.

Flg. 20, 21, 29, 30 and 31 lllugtre-te typical plosrûa

uptake a,nd rumon dlsappearance curves. wtth and wtthout eupple-

ments of K and !.n l( depteted sheep. Theee figuree show the

difflcul-ty of, vlsual comparlson of uptak€s of K sl-nce when K

was E-dded to the rumen the rurnsn 42K S.A. rves reducecl, There

wer,e too few experlmente to me.lce a statlstlcal analysLs of 'úhe

curves. A slmple and re1sô:reb}y ellfectlve method of conparlson

s¡els tirercfore emplgyed, The ratl.os of r¡sren and plfrsna S.â..



Flg.31. Plasma and numen dfsappearance curvês lor

TOII and. 
n2l forlovrlng the adclj-tton of TOII a¡rd

42and --K to tlre rumen of K depleted sheep.



180

r60

l¿0

r20

'i Nân ahd Olive 
- 

K depteted

---Þa-a-

Rm a Ptlsm

Rná K

o o-o-o

Ptam¡ K

q

mE

1'
2.
3o

SA
tm

É!-r lo'
ñE

80

60

tû

20

0

5

sA5
Èç-rro* ¿m3

2

I
0

80

m

d)

50

sA 40
dC+
m[ 30

20

t0

Rumñ Na

R¡ffi

Plaffi

r60

É0

t¿0

130

EO

110

tú

1¡

25

n

t5

t0

90

Its

tû

"\.:r--

-.-'

DE

EE
t

:þ

0t23156?8910'11120123¿56789101112
HOURS



Ffg. 32. Comparlson of the changeo ln rumen : plasma ratlos

of S.4." ot 42N oo'n*u rvllh and wf bhout ttre additlon

of 4@ m-equi.v to the ruri!.rn of normal sheep or Ln

tr( depl-eted sheep.



1!¡
0'6 o r XCI or KHC0r

. noN

04

SAplsma

SA.rumen

04

5A. Pt¡om8

SA rumtn

0

0'4

%
F¡h¡d

noK
r KHCO¡

noK
I KCt

E''{

.{
{ K

K

d.ptrtt

d.pt.t.

0.3

o,2

ol

t:

0t

0

HOURS



10c

uere plotted agalnst tlme to glve an i.ndlcatlon of the

equlllbratlon rete,

Potagslt¡m u¡>taho wag lncreased by the addttlon of I( to

the rumen though l.f tire p:rLrecì onl¡nals are lgnored the rete was

slgnlflcantlSr f5.s1.r ln only 1 of the 4 experlments (Flg. 32),

In K depleted anl¡¡a1s (Ftg. 31) tho "equtltbratlon ra.tês" ,ter.e

usuaily reduced bei.uç i:ormal lndlcgtlng a slorver rate of shlft
of, 42I( be'tween rumen and plasma (Flg. 32). IrIo partlcular

dlfference fn the equ!.libratton rate of 24Ha could be observe¡d

regardless of the trlr.r,ien I K] (nfg. 32) .

Ttre ai.'leratlons Ln the "equlhbratlon rate" of, 42K

proclueed lcy tÌre ¿<¡ditlon of 3l to tj¡e nrmcn wei-e not due to

alteratJ.ong in elthen the 42K ß,.r^. of the sallva or the salJ.vary

florv ra.te (Ftg. 29). Foll.or,vlng the addltlon of K to the rumen

the contrlbutlon rnade by the sallva to the total amor¡nt of I(

ln the rumen wae very emaII. ilorvever, the quantlty of llo

neturned to tire rumen ln tho sarlva rvas quite slgnlftcant though

agaln k terms of the a¡nount of zaNa qulte snal_I lnltle1ly, but

rLs3-rlg to qui.te substantlal quantltles loter (Flg. 30).

Becquse the re'.r,tlonshLp between log rumen I f1 ana

tine ofton tended to be l-lnear, i.i seemed that some idea of

the rate ot T( novenent from blood to rumen thi,öug.h.The tumen r,vall would be

useful. ts with the TOII e:c¡:erlrnents, the natural saliva was



Flg" 33. Entry ot 42K lnto the rumen fro¡n the blood dr¡rlng

ne,')uraJ. sallvary lnput or replacement of salLva with

a:. tlf lcLaL sall.va.
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replrieed vrlth artiflclal saIlva. The t'equLllbratlon rste" of

42K ln these ex¡rerlments was aplrroxLmately half as fost as

durlng normal salfvary flow so tirero was a smelL but slgnll:ica¡¡t

quantlty oil it enierlng tho rurûen across the rumen wall or by

splashback from the omasun (Ftg. 33). Appa::ently both ss,liva

and traneeplthellaL transport account for snlftE of K lnto the

trurnen fro¡¡r the blooo though tho "r¿tes of equillbrntlon" ln,Jlcote

that uptalre fr:rm the rumen ls rnuch frstcr.

(vt) B?îect of hormoneE and ÞhsrmacoJ.oglcal aEents on

rerra,l handllne of elecFofvtes
(o) Hornones

(t) l4er"-@)
Flg. 34 a¡rd 35 lllustrate the effects of an lnfusLon

and inJoctlcnE of verylng doses of vaeopressln on the renel

fr¡nctton of normal. sheep fed 9CO g of a mlxture of oaten end

lucerne chaff/day (K lntake of approx. 3OO rn-equlv/day).

In alt Lnstanceg there were lncreeseE ln the rate of water losE

v¡hen the u.rli¡e f low vas below L to 1. õ ¡nl/rrln the lncrease

ranglng from 5O to SWo of the lnltlal nate whlle at rates

greoter tlran L.5 ml./min ü'asopressln caused a reductlon ln

florv rate.



Ftg.34. Range or" effects of Pitressln on renal excretion

of lvater anctr electrolytes :ln sheep fed a mixture

of o!.'cen and lucerrre chaff,"
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Fxg. 3õ. Effecte of PitresaLn on ¡renal e:rcretlon of,

water an.j electrolytos e!i.r::lng normo.l florv anC

a s¿llne dl.uresls. (Sheep fecì a mixtsre of,

oaten -:rrd lucerne chaff). When urine flory

exceerfed 1.6 nl/mLn Pltressin rec,Ìuced the flow

rate l¡ut irith a urlne flow less thE¡¡ 1.O ml/nln

lt lncz'ee.sed the r¿te. Fitreesin lncre¿sed the

e:rcretion of lí enC lia regewdlese of 1ts ef fect

on flor:¡ r¡.te, Ðr¡rln-d a ssllne diufeois the

rate of N¿ excretl-on vas lnc:ree.sed rnore then

ths¡t of ll. In one instanee slrow tire Lnci.ease

ln Ne'; exc::etion l'.'as such that :îor sor¡e tLme it
prove::terJ tiro norm¿l :reluction of e, !ri;::: i:a.te

of u::ir:e 'ii]".o.¡.
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Regardless of the effect, of Fitressin on flow rate,

there were obvious Lncreases ln the rate of I( excretton, ranging

from 10 to L7O ¡-r-equlv,/mln. Ttre small-est dose of Pftressln used

wlth normal sheep *as ZS ¡nU or l2O mtJ/ltr a¡rd at thi.s leve1 the

flndings described above occurred (Table 10).

Potasslun supplemerÀtation Sheep F responded to

PLtressin in the normal manr¡er when eatLng chaff contal-nl-ng no

additlonal K (Fig. 36). llhen recelving a I( supplemont of 6O0 or

12OO ¡n-equlv/day random fluctuatlons ln water, I( and Na output

made it dtfficult to determfne the effects of Pltressin. Ono

regular response to Pltressin by sheep F with the K supplement

of l.2OO m-equlv,/do.y, rilas a small rlse ln H+ excretlon. Thts

lncrease in H+ excretlon (decrease t¡r pII) was more pronounced ln

sheep S and Tü (Flg. 37138) wtth both the daily K supplements of

6O0 and tr2OO m-equlv.

Sheep S lnhcnently drank tpre than sheep F and ltil

and hence her urine output and flow rate was always higher.

Thus Pltresisln r'¡Lth a dose as low as 2 mU caused a reductlon Ln

flow, though it still at times Lncreased the rates of excretlon

of tr( and Na. The urlne flor,v rate of slreep 'tT on a I( supplement of

600 m-equLv/day vras conmonly below 1,O rnl/mln and as in the

example lllustrated (FfS. 38) even lvhen the flow rate was in



Fls. 36. E:lfects of Pftrossln on the ¿'eslal fu¡ncf:fon of

Sheep F, receivlng e CnLLy ratlon of 9OO g of

lucerne chaff, sup¡:l.emented wttlr O, 600 or 12OO

m-equlv of I{. ì,Ihlle shoep F r,vas not recelvlng

ony I( su;olrloment Pltressfn i:rcclirced notLceeble

lncreaso ln ;f, lia ar¡cl CI o:icretfon. îIor,vever,

rvLtlr 1l s:lpii le:rlents of S@ ¡,nu'r :1 2,Oû m-eLìltrlv/iiay

renclo¡ir fluctuattona ln y!¿íev, K, Na ar:d CI

excref;Lon made lt cllfficul-t to :ietormlne lf

Fltreoein hacl any effect. Wlth a Íí su"oplement

of L2'Cr; n-eq'rLv,/îlery Pftressi.n .lfd prod.uce a

short, 9¡:1,11 but detectal¡Ie secluctLon of urine

pH.
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Fig. 37. Ef:iocto of .lit::essÍn on 'lhe ronal fr:nctlon of

Sheep 3, r.eceLving a clei3.y rstfon of 9OO g of

lucei'ne chaff su:¡'rlementecl v,'itir 6CO or 12OO

r¡-equtv of .1,(.

Pltress3n rna-iri-"edly depresaec'l t;.e r¿te of ur'1ne

flow at t¡oth levels of l( suoi:S.ementrtÍons. T'¡rê

rate of .,'l e::cretion Tre.s o:îten inc:ronsed

clesplte the reductlon fn '¡rLne f 1or:r. This

lncrease :,rag ¡Tþ!'e nottceel:}e 'çvhen tl:,o re.to of

tr( loss pnåor to an inJectlon of .Pftressin feIl

toï¡aÍds tho end of the e:llterlireät. Ilrlne pll

rves sf3ni'1'Lea-n'cly reduced lry Pltreosin at

both levoLs of I( supnleuzentc.tlon.
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Ftg. 3t. Effects o'i 'ï'Lt-ter;ein on tl:.e renel fu¡tctLon of sheep

îT, ::ecei'rir:g a dl,r,tly rî.tìo'¿t o! 9.co g of lucerne cho.ff

suplrleieen'ced r,'it?r 6@ or 12@ in-eclulv of, IC.

rTlth ì:oth l( oupplements Pftressln produced snall

but dotectaþIo fnct:r,)â,ses !.n the ratE of l(, Cl and

at t!.mes ire excretlon. TSre effect on urtno flovl

woe Í;:regr:lar an,n otog 1n::1epen¡;iont of the tnttial

flow tls.te. /:- sñal 1 reductj-on fn urlne pif

occu:'red i'rfth a i( sup¡rle;nent of 12OO m-equIv/ãey.

(Thls fig. also il.lustrates tire c.li.fftculty of

sùanda::,;l1 sl$g e:t¡:erfmente. .-.r-uring the study of the

effecte of Fltrassin or otirer l:orrnoneg sheop tvsss

ahvnys fecì 1.4-16 hr' ¡rrlor to the colturtencenent of

uri.ne collection. It ws.s iropocl that ley thts tlme

ttre vetes of vrater end eLec'c::o1yte loss r¿ould be

stal:le .-::r.'i ref lect tire 1( i.r:.'co.ire. Iir this

instr.:cc Ì¡otl: t.-ne urine f lo'i¡ ancl ::ate of I(

excretion r¡ere less v!.th e 12OO m-eqr:lv l(

stl'¡i¡1e;:ren'c then rrlth e 6O,3 :n-oqulv suppletnent

cf . K e::cretlon of sheop F and W (l:¡ti. 36, 37).
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TABLE 10

PFSI'ONSEI¡ VASC}ÞRESSIN

8-õ3
Urinc flow ratc > r.5 nVntn 

'l^t.t
Urtne flow rate ( lrl.C n\lnln tt -)

(2-2Oo nU)

Int¿l¡c ncqulv Kld'ay

2õG700
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K exoretory rate

Na excretorY ratc
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It{lnlmum dose tests¿ (mU)

Decreeiil

Increasd

-)l¡o cha¡rge

l->
/\l-+
J+

5

1'1*
f-'
,|, -t

111

111

11
_, t.,

2õ25

..9

1



103

e:xcess of 1.O nVnln Pltressln ueually caused arr lncrease ln

flow. ivlth e I{ supplement of 12OO m-oguLv/day tlre flow rate

normally e¡¡ceeded 1.o mI./mln though at 1.O nllmtn or leEs

P1tressln ceused e varlable alteratlon ln flow as weLl as sllghtty

lncreaslng the rates of enrcretlon of I( and Na (F1ø' 38' Tabre 10) '
(Ftg. 39 ts a plrotogra'ph of the actual cha¡t

recordtng of chonges of urlne pgr condr.ptivfty[rf]a¡afna]of sheep

S followlng !.nJecttons of Pltressln dr:rlng K supplementatlon of

600 rrequLv/day).

PotasslumdepletlonTheeffectsofPltresglnon

aheep dspleted of 1( by feedlng a dfet Iow ln K were âIso studled

and typlcal responses are lllustrated ln FlB. 40. Pltressln had

a small br.rt varlable effect on water output, whlch was lndependent

of the lnttlal flow rate. All lnJeetlons of PltresÉln caused a

rlge tn urtne [.*J *ru{**and st ttrmes lncreased the rates of

output of those electrolytes. T|rere was a Elmultaneous fal} ln

url-ne pII tn sone iîrstances. Doses as lolv as 5 mU were effectf.ve

in fncreasLng K excretlon thorrgh these rates stere very low (Table 10).

In one eheep whlch showed no decreaso ln plasma ff] Uut

whoee muscle K content was lower than normel (5.1 m-equlv/t@ g vet

tlssue cf. 6.9 m-equbv/L@ g wet tlssue) and whlch had a very low I(

excretlon (betow



Í'ig. 3gn Photograph of chart recordfng o# urlne pn,

oonduotlvlty, [tti ana I Ua1 aurfng the ¿d-

m{nlEtratlon of FLtresstn to Eheop S. (+ 600

m¡oqutv K srrpplenønt),
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!'19. 40. Ef,foets of I.V. ¿dmlnlstratlon or lnf,uslons of

Pltreeeln on tho renal exoretlon of, weter and

electrolytog of sheep reoetvlng a low

K dfot. tho effocte of, a¡r lnfuslon of acêteaol-

aml.de 1E aleo ll"lustrated.
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5O ¡r-equJ.v./nin) lnfuelons of Pltreesln at 2 and 8 ¡nU/mln

eaused lncreases ln urtrne flow of O.35 and O.5O ml'/rnln res-

pectlvely. ^ât the same tlrne I{ excretLon lncreesed by 40 and 63

¡¡-sq,-1tvlEin whfle l:ia oxcratlon lncreosed by 65 a¡rd 115 ¡¡-equlv/

mLn respectlvely. The RI¡F and GFR of thls Eheep were also

exceedlngly Low ranging fron 85 to L15 rrrllmln for RPF and 13.õ

to 26 ml/nln for tìFR o\.¡or a 3 Ìir perlod.

Lftei' a long perlod of ä deplotion u:rlnary I X1 feff

to belov¡ O,?5 m-equlv./l. and rates of excretlon were less than

1.O ¡.r-equlv¿/mtn, Pjtressln, as statecl . dld at times prodtrce

lncreages ln these excretory rates but when comparod ln

magnitude with tire fncreases Ln nornal sheep lt fs seen lrow

lnslgnlftcant they really "t. 1¡'19" 40).

(2\ gort}gg¡

Contisol was lnfused lntravenously lnto 4 sheep

recelvi-ng va.rytng supplenents of l(,/day, lnfue!-on retes ranged

from 6O to 1OOO pS/hr.

ÌTo deflnlte rosponge of the kldncy to a'ny dose or at

any partt.cular K lntake lvas observed. There was some lndicatton

thet cortlscl may have f-ncreased the rate of urine flcw ln some

Lnsts.¡?.ceg hut tnereaees were normally towards the end of a 2 to

3 hr lnfusion perlod and extonded for 1 to 2 hr beyond the

cornpletl.on of lnfusíons. ThLs st'.ggegted a pure ECF expanslon
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dluresis as the êÕrtfsol was lnfused wlth norrnal sallne at a

fate of 1ml/rnin. l';d the responses to contLsol urere so SjsCê3i.::rtte

no figure of coi'ei.sol :i.nfuEtôhs has beoa lncluderj.

( 3) ÁI iostel'onc

Doses of d-l a!.dosterone (/*ldocort..n) ranglng fronr 5O

'bo LOOO pg/hl were lnfused lntravenously Lnto sheep recelvlng

no I( supple¡nent or l2irO m-equlv o1, K/day. Âpart from a clear

decrease in urlnary INa] and lla excretl-on, &nd a s¡nall decrease

ln fl.ow, aldo,qterone had no effect (n jother urlnary parâneters.

There rvas defj.niteÌ¡' :ro alteration 1n 'l^re rs.te of K e:rcretton.

4,s lt was thought that tlre endogeno!-ts secretlon of

aldosterone may have bEen htgh ln aII sheep an attenpt was made

to suppness aldosterone secreti,on uslng Ðexamethasone. Unfor-

tunately a 2 hr lnfusfon cf De:ramethasone (2 ne/tv followlng a

prlmlng dose of O.5 rng) had very slmtlar effects ôo aldostorone

lteelf ceusing o n:a:rlsed reductlon in thc rate of Na excretlon

and somc reduct-¡.o¡r ln thc rate of urlne flow. Therefore 'ä!¡e

plan of f ollor.ving a strstalned Lnfuslon of )examethasone rvlth

aldosterone ìpag ebandoned.

( b) Plrar:maco lce1

In the seerch f,or the meehanisms and control of the

ex<;¡:etlon of I( by tne kLdney, varLous pharmacologlcal substancss



Fig.41. Effects of the carbonic anhydrase lnhtbltor, acet-

azolamfde, on the renal exCnetlon of rvater and

electrolytes ln the normal sheep.
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wore lnjected Or lnfrlsed lntravenously. These substances

l-r¡clucted 6-anrlno-n-hexoLc aclcl (l]ps1lou-arnfno-n-caprolc aold

or E/iCI"), õ-acê'tamlde-l, 3 r4-thladlazole-2-sulphonamlde (aceta-

ro Lamlde - Dlarno:r), 6-chloro-3, 4-dlhydro-3-( 5-;orbomen-2-yll'

2:I.- tr, 2, A-F,emzcth ladl az t¡re-?- sulphonanide- 1, 1 -dl ox lde ( c yc 1o-

thiazlde), 2,9-drchlor'-4-(cl-ethytacryLoyr)phenoxy ecetlc

actd, (ethacryni.c acld; ând 4-chloro-N-(2-frrrylnethyl)-5-

sulptranoyl anthranlllc acid (frusemlde - Lasix). Lysine the

natural amino acld of whlch E/.C^ ls a structuraÌ analogue tte,s

also lnJec'ced and ln:eused.

(r).@)

f,.cetazo1e,m1de, a carbonl-c a,nhydrase tnhlbltor,

adrrlnlstered ln varylng doses by I,V. lnJectlon produeed the

antlclpelted rLse ln urlne pll to velues of 8.O to 8.4 and

:i-ncreaseg fn the urlnary excrotlon of, rirater, K and IIa.

Urinary Icfi ana excretlon vae meclcdly redr.lced (Ftg. 41).

The ef:iects of acetazolanlde on water and electrolyto

outpUt wene to some extÐt lndependent of dose. L8I¡$o doges

often extended tho duratlon of lncneased output mors than the

magnltude and greatly iqr.,::eased the perlod of hfgh Fi+ excretlon

(Flg. ar).



Frg,, 42, Alteratlons ln the ronal. output of wêter and

electrolytes produoed by I.V" lnJectlons a¡rd

t-nfusione of cyclothlazlde Lnto the normal

sheep. T'he offects of a sfngle lnJectlon of

vaeoprossln durlng an lnf,usÍon of cyclothlazlde

ls eleo Ehor',rn.
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In a "lovr Kt' sheep (Ftg. 4O) the rtse ln l¡s e:rcretlon

produced by e¡r l-nfuslon of, aceta.zolamlde ai 2 mg,/min exceeded

that r¡f l( tlrourdh the rate of ji et(cretlon stllL rose' Ì'Torma1ly

rlseS in tjre I( e;lcneticn rate ilê.-r'ê $fêåter tþan those ùf l'Ia

thotrgh thls clepended tc some extent on tire :'-nltiatr pattez'a of

l(, ìIa and :{ excretloi¡.

(2) r-lçclothlazlde

Cyclothfazíde has been neported to be an ef:Îectiv';

dlureti-c ln inan, d...' ar¡d rat causíng substentlaL increases Ln

the rate of ';';eter, I( and lia excretfon with the Ïre logs exceedlng

thet of lí" Tn sheep this cornpourcl produced only nfnor changes

ln the unlnnry l':sses of v¡ater, K, ira e¡rd CI which were partly

lndependen'à of the slzo of doseg used, ttre larger doees oDly

extendlng the perlod. of lncreassd loss, Urlnary pH vras usuaLly

unaffected b3r çy¿fothLazide,

(3) Ethacr_tmlc actd

Itrtlaocryntc acid r,vhethor glven by lnfuslon or lnJectlon

produced an exeeodlngi.-.r lar6te urtnary dl-uresls lr¡ elL sheep.

Thfs ,:-Ìluresl-s v'¡as predomLna.ntly due to a, large Lncreass tn i'ia

excretion tirou6Ì: there t?ere stgniftcant lncreases ln t3'¡e

rato of I( excretion, Url-ne f Io¡,v ra'Les reached levels as high as



Fig. 43. Effect of, I.V" ln.iections or an lnfusion of

etlr.acr'¡¡nic ¡¡cj-d. oir tÌ¡e neilal- fu-netion of normal

sheep r
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Fle. 44 Effect of I.V. lnjections or an i¡:'ftrsion of

frtrsemlde or¡ the s"eiral e:<croti-on 95 ';¡¿f,sp t'lnd

electrolyte o:f, normol sheeP.
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F'ig. 45. Dose-responße curves relating renal water loss to

slze of dcne of frusemide.
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10 nl./nln v.rith rotes of excretlon of Ìtra ln the order of loOO

to 14@ Fr-equlv/nln (Flg. 43). These rates of excrettcn ¡,vere

attalned wlthln 2c) to 4o min of arr inJection and 20 to 6O mi'ir

frorn the begtni.:in¿' of tul inf uston. iÍor';ever, durlng lnfusions

the trL6h r¡rtes attalneir initially !?er@ not r"alntained ar¡ci f,e}tr

slowly throuÊ:hout (F16. 43) , îirls decreerse tn the netrh¡resls

lïas presl¡Inabtry associatecl wlth a decllne tn IIBF ond GFR fol'lovrlng

an lnltlaL rlso" There was a ma.rlced foIl ln unlnary pI-I to vaLues

as 1o\ï as 4"9 r"¡nits :follorving i;he admlntstrat.!-o¡r of ethacrynlc

acJ.d.

Tho. close response to ethacrynlc actd $r&s not determlned

though es \,vith aeetazoLaml-de a¡¡.c] cyclothlazfde, incroasLng the

doee beycnd Lo mg clld not lnc::ease the rnagnltude of the natrlu-

resls but ontry extended its duratlon'

G> Frusemlde

Fr.usernxde produced tn streep a large natrluregls very

Etmllar to tirat for¡nd with ethacrynic acld. Other ef,fects v"ere

also very slmilar to those of ethecrynlc clcld tÌrough the maxfmum

clluresls attalned was sllghtLy larger ç¡fth measured t¡ater output

feachLng retes of, 12 m},/¡nln a.nd Ëressu¡:ect' ri¡axlmqn rateS of DTa arrcl

I( ex.:l:etlor¡ tn the order af 2250 and 14@ ¡'r-equlv'/mln

nespeotiíeIy (Flg" 44) '
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Doses of fruseml-de aþove 5 ng I.V. dld, not incneage

the magnltude of the dluresle but oxtendcd the perlod of

natrluresls. Ftg. 45 llLustrotes ã ftfugh dose-responste pattern

and lt can he seen that tlre kldney 1s responslve to smaller

doses of frusemlde tlran ethacrynlc ¿rcld.

Lllie otl:ecrynlc acld, frusemlde produced a large increaee

ln [!+ see¡retlon. urfn'r:y actdity falllng to levels as low as

pil 5.5. Thts feiL :t¡r pH lras saEocletcrd with a rlso ln Cl

excretlon, the rat,,s of excretlon of CI betng the same or

sllglrt1y grea'cer than those of ila.

þF m¡d Gf:'R botT¡ sl:olveef s¡rî,ll tncreeses ln the firEt

¿1O to 6O min of an lnfuslon but tiren feII to prelnfuslon levelS

(Fig. 46).

By lts alteratlons of renal function, frusemlde

produced sevei:al changos fn rvlrole blood and plasma electrolyte

concentratLons anri volumes. It caused a rise ln PCV, Hb, end

plasma p::otel.n, with a decllne 1n plasma a¡rcl whole blood [If]
and l- Nal (F!.g. 46) . InfusLons of O.1 m6./mln lot 2 hr reduced

plasmafr] ana[il{ by as much es L.5 rn-egu!v/L. snd 20 m-equlv/l.

respeetlvoì-y. Á.t the enC of an lnfuston lt took from 2 to 6

hr fo: ptrasura co¡.rcen'i;ra'cfoi:;,; to return to norr¿oi,



Flg. 46. Ai'¿e¡:atlons ln RPF, GFP,, ÞIasma ancl whole blood

electrolyto soncentratlons, PCV, Hb and plasma

protei-r concentratl-ons produeed by an LirfusÍon of

frusemlde.
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(5) EpsJ.lon Amlno.Caprolc Acld and I,-lyslne

Eoth tbese substances heve been reported (sec d1s-

cusslon) to pror-luee a large kalluresls and decrease |n plasmO

[Ni fo nen and'rl*g. They were lnfused into sheep Ín an attempt

to produce simllar rcsu.Lts. It was elso posstblo that they

would 1ower .ihe cellufar I t<] (of the kf.dney in part{cu}ar)

and thus a1lo'v the s1;r-ldy of the effects of the hormones,

vasol¡:essln, a-,-d,.¡s'i;o-rone and cor'¿igo-!- l-n such e situatlon.

Flg, 4? !.1,.;.ustrates a typlcal response pattorn to

Lnfuslon of EACA or. 'ûhe bloocl and plasma electrolytes and the

renal functlon of sheep D" Contrary to the findlngs ln dog

a¡rd mÉ,n there ìv&8 no large urinary kalfuresls. The lla

excretlon rats rnse eha.rply cln"rrlng the first hr of fnfusion

before rapldly decllrrlng to prefnfuslon levels. There vas,

honever, ¿{ very large ç¡ater dturesls which reached a pealr of

10 nlrlmln at between 1 a¡rd 2 hr bef,ore decllnlng slowly untll

1$ frr after gre lnfusl-on ceased. The peak of the dluresls

dld not cor¡:espond w'lth the peal< of ì'Ia excnetlon whfch furthcr-

moEe dÍ-d not corl'eepond v¡lth a lango tnitte!- rtse ln RFF and

GFR. nFF êttalnêcl p ratc' of 12@ nl/min and GFtt reached

175 ¡nl/mtn before thev both fe}I sharply to bolow prelnfusfon

rates" The RF.F aontlnued to decllne up to 3 hr after the end

of the lnf,uslon to a mlnLmu¡¡ of L2O rnI,/mln. Urlne pll and
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conductlvtty fetl durlng the fnfuslon ae dtd the [ { anO [¡ltl.

Attheendofthelnfuslonthereç,asèslrarprlseln

Na excretlon fol-.l.crved by a rise Ln ß excretlon rate a short

tl¡ne laten.

6ome remarkable changes iD the plasno and whole blood

rvere produced by ln.iusi-ons of Eâ'CA. PCV rose from 25 30%

to a maxlmvm of 44!o, plasma proteln roee from 5 - 6% to 6 - 7g'

and lrLood llb rose fron I -,' Il7" to 13 -¡ 18 g%" Âssociated wLth

these changes ti'¡erc; îas B decllne ln plasms [N] trom 4 '- 5

m-eqr.¡f.v/I. to as J-o!t as 2.8 m-equlv/I, The plasna [tla] rose

from 13õ 145 m-equLv/t. to 145 ,* 15õ n-equlv/l. and was *111

at these levels up to 3å hr after the end of an lnfuslon. îfhole

blood [!(] rose b3l as much as t.O to i.õ m-equLv/L' ond these

leve1s v¡ere malntelned untll 30 ¡¡In after an lnfuSl0n ended.

I*t thls tlme lt began to dee.ltrne, Llke the Pcv, Hb and plasma

proteln velues to prelnfuslon levels. iïhtle the rvhole bLood

[X1 rose the whole blood [na1 teff fro¡n l4O 15O nr-equlv,lL.

to 13O - 136.5 m-equlv/l.

ÐurlnganlnfuslonofElCÂ.tlrerewagarieolnpulse

rate, from 60 ?o beats/mln to 115 12O beata/mtn at the

end of the Ínfuelon, Thlg contlnued to rise to 15O '-¡ 16O,/n1a

foruptol'6hraftertheendofanl'nfuston.Pulseratethon
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1e11 rapldly to neattatn the prolnfuslon valuoa 3 to 4 Ì|Il

from the conpletlon of Lnfuston, sLmulte.neously r.vlth the rlso

ln putse rote there ïJae a rlso 1n resplration rrto from 16 -'

55l¡n1n to a maxl.rnum of 12O " -t26/nün.

It seened possible thst fncreesed heart end respiratLorr

rateg Could hove 'oeen due to fever caused by pyrogens ln the

lnfualon ml>lture, but rectal tenperatures showed }lttle change.

Solutlons for inftrglons srere prepared uslng sterllo water and

flaeks and fflterlng'ihe flnal solutlon through a sterlllsed

T.eLtz fllter. Pyrogen tests on these solutlons usln6 robbLts

shorved no pyrogeufc contamlna¡¡tg.

/.ls vf ih EACA, admlnfstratlon of the naturnl amlno acld

!,-lysine, dld nct produce e!.mù]ar effecte ln sheep to tirose found

ln do6 and rc'.t, nor dLd !t produce elnllar effccts to llICA.

Lyslne admlnlstered lntrovenor-lsly by a constrnt

lnfusion or 4 g/ht or by successlve hourly tnJectlons or. 49

dlct not causc any dluresl-s but sllghtly redr¡ced urlr.Àe flovr ond

K and IrIe excio-tlon. Unllke E/.,CÂ 1'c hod no effect on urlno pil.

The effects of elther a¡r lnfuslon or successlvo

lnJectlons of L-lys3-ae on plcsma electrolyte concentratlon wos

varlal¡Ie vlth 1n one lngt.'.r¡ce thr: I X1 fncreosln6 and ln cnother

ciecreasjrng. lilo ¿¿.bercrtlons of FCl¡ or plasma p::cteln congen-

tfatlon t'rere Obserrted. There were, horvOVer, SmOll rlseg ln



Ft.g. 47. Resl:onse of, the normal- sheep to lnfuslons of epsllon-

aml-no caproJ-+ actd - altenatlons 1¡r renal fr¡nctlon

anrl p--t-asrna aaqì vrhoLe blood parameters"
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pulse and resplratlon rate but they were not of the order of

those produced by E/iCA lnfuslons.

(v) Conl¡ined effect of Þhar¡nac oloelcal agents and

vssEg-gglæal functlon

Attenpts $rere fflode to dlsco.rer whether the effects of

pltressl.n on electrolyte excretLon were lndependent of lts effects

on flotfl snd ";.rhero the possible sltes of actlon on electrolyte

nrovenent Ln the .nephron rnight be. To do thls, vasopressLn

wcs admlnistered ei-ther þ tnJectlon or lnfuslon to sheep already

recelvlng lnfusior:s of the verlous pherzraeologlcal ogents

deecrtbed,

No experlments weae potrfùrmed on a background cf aceta-

zo1amlde. 1ruro experlnents wero rrade wlth cyclothlazide, the

results of o¡c being ehown ln Ftg; 42 whcre Pitressln produced

a further lncrease ln the rates of r'¿ater K, l{a and CI. excretióù;..

The increaseg $ter.e greater than those prodtrced wlth the cyclo-
.'¡

thlazide alo¡¡e. These effects lte;:e not due to alteratl,ons iD BtF

or GÍR wtrich stere neasu¡red but are aot shosn Ln Êtg- 42-

Flg. 48 lllustrates the effect of lnJectlcts of

Pltressln dr¡¡lng frusemfde and ethacrynlc aeld Lnfuslons into

Clfferent sheep. Cornparing tiris flgr^rre wLth Flg" 35 ot 3?

(sectÍon 6 (1)) the first obvlous festure ls the absence of a
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sharp reC'.¡ct¿on 1u *,åe relatl-vely hlgh rate of urfne flow

caused bD¡ ¿nù injectlon of Pl.'fressla. Flg. 48-b shows tlrat

tlrere vras a sllght inerease ln urine flow rate du-ing the first

40 ¡nin after cn :i-nJection of 2OO nU of PLtressin, "vhlle in Flg.

48-a, c urlne flow conttnued to ciecllne tn a slstilrr ma¡rncr to

that forurd during any prolonged lnfusLon of frusenlCe or'

ethacrlmfc acid. The second pertlnent featr:se of Flg' 48 ls

the smel1 but si.gnificant lncrease ln the rate of ií output and

in two inste¡ces (Fig, 48-b,c) ln lÏa, C1 aad tot'eL solute

excretton eftet an ir.Jee'tion of Fåtressln.

The urine conduetivity shows a t3rplceL rLse ln 5'ig'

48-a, followlng the inJeetion of Pltressin (cf. Ftg. 35137)"

Thls ls not obvlous ln Fig. 13-brc.

Pltressln r¿as elther lnfused or lnJected 6 tl¡nes

durLng frusemlde and 4 tlmes durlng etha'cr¡mlc acid lnfuslons

ancl in no instance $as there any shorp decrêase tn urlne flow,

and on nccasions the f"l.ow lnereased. Followlng elI 1O tnJec-

tions on fnfusions thcre stss an lncreased rate of K and at

tines iîa excretion. In onLy 1 of 4 experlments drrtng s¡irlch

HPF and GFR r,vere messurenl dld Fltressln eÐtrse an incnease la

Rh a¡'¡d GEl,

Ðuring an EACA J.¡f,usÍon ar; inJectlon of õO nU of

Pitressin {fig. 49} ca"used a she.rp t-r'a.nsftor-y rlse fn u¡lne
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flow a¡rd the rete of K loss. äowever, thls lnfusl'on of ÛiCÅ

nas sonewhat abno¡rnal as regards the effects on renol, furctlon

for the r:rine florv íncreased above prelufuslon levelE for orrl-y

t hr though there was thc usual reduction fn K exeretlon.

FF ar¡d GFB were as ln other experÙnents, redrred by the Ei.Ci"

lnfusf.on end the ra.te of lia excretfon wes also lncneased.

Plasma and ç¡hole bl:,ld 'vere altered ln the expec'¡ed fashfþn

as descrlbed plcvlously.

There were sherp transltory rlses fn the R¡lF and GFR

following the inJe;'üi.on of Pltressf-n. RPF rose þ 3OO ml./mtn

and GFR by 35 mVrnin. lbose rlses eorreEponded sitJt the

changes ln flor¡ rate and K excretton thougb tla excretlon wss

scorcely altered.

/in taJectlon of 2ö mg of e,ceta.zoÌanlde en br of ter the

fnþctlon of Pitressln produced e larger rtse ln urlne f low a¡rd

K excretion then dtd the Pltressin alone a¡rd there was al-so a

small but slgniflcant rlse ir¡ l{a excretl.on. The acetaz,olanlde

was laJected to examiae changesln urlne pII, Î'Lrere wcts a rapld

rlse In pli towards normal from the lovs value lndrrced by the

ELCA. Like Pltresstn, aeetazole.mlde prodtrced a rlse ln RFF

and Gi.'R.



Ftg. 48. Effects of, inJections of vasopressln drxl¡g

lnfusj.or¡s of frusemlde or ethacn¡mic acLd, on

the renal excretlor¡ cf water a¡rd electrolytes of

normal sheep.
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Flg. 49. Effeets of inJectj-ons of Pitressfn or Laslx

duning infusions of epsilon-amlno caprolc aeld ln-

to the nornìai- sheep - al.teratl.ons in renal

function.
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/ln lnJectlon of 2 mg ol fruaalde durlng an E/'CA

lnfuelon caueod no lncroase lD urtne flow boyond the hlgh

flos rete alrea,ly pr:'oeent, ttor weê there any Xncreaee ln Ìla and

K oxcretton (Flg" 49), Bu',i ,t¡ere w6ùg s, euþgtOr¡tlal rlse ¡1 g+

qcretlon or a fall ln r:¡rtne pll ddn to p[ 5.7. Tblrty mln

after the end of .the EACI. lnfusÍon a¡r lnþctton of 3 ng o3

fruaemlde prodlþ€d a normal respgnse though not of the ugual

nagnltude.
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3. Eggmry_gÉ_nesu$g

I'fechar¡isms vrhich allovr sheep to tolerate the

lngestlon of large qua.ntlttes of I( lrere ex¿rnLned over a range

of K inteJces. Eody fluld voLunes e.nd electnolyte metabolisrn,

as well as tire control of tr( raxcretlon by the kldney wene

investlgated.

(1) Effects of aLteratLons 1n I( lntake

(a) K supnÌernentotlc¡n

(r) Bodv fluids and electrolytes

A number of slgniflcatrt flndtngs ca,me fro¡n ralslng the

K intake of Merlno sheep from 45O to ZCICÊ m-equiv/day by add-

fng vanyi.ng quanti-ties of a mixture of K salts to a basic

lucerne chaff diet. There was a llnear relationshlp betrreen

the water tnteke, wster turnover es measued uslng TOH, and

the qunntlty of I{ lngested each day. The fncrease in water

turnover varLed between anlmals. Those wlth the highest

rvater turnover on a basic Ìucerne ration lncreased water

turnover pnoporthnately more as the Il intake was increased

('che lovrest \,vater turnover incneased 5O7o whlle the hlghert

lncreased by 977ù.
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An Lncnease Ín TBIT and ECV resuLted from the

increased r,¡atetr turnover which occu¡rred as the K intake

was ralsed. Total body water reached values as high as

a4% of the body welgh.u" The body weigh't also rose as the I(

intake Íncreasecl but :nuch of ti:ls rise ln weight was due to the

water netenf,{.on an¡l rise i-n TßÌ'tr" As a percentage of total

body water, the extnacellular volume was unchanged, shorvlng

that a large pnoportlon of the r'¡ater retalned rvas ln the

extracellular flui.C" Plasma volume did not alter as a result

of ir¡creasing the K lntake though the plasma proteln eoncern-

tratlon rose by 1glo,

ìirhen the results from alt sheep were grouped there

ïras no stgnificant change in the plasma I I(]. The plasmal tSu]

and oP decressed slgniflcantly r'vhen tirc lovel of K tn the dlet

rvas raised. !{ovrever, the total amount of }!o ln the extra-

cellular fluicl was uncha¡rged sínce the extracellular volt'¡¡re

rose.

(¿1) Rumen and saliv arv electrolvte concentratlons

I:ieasuroments of the concentratlons of electrol'ytes

1n tlle rumcn a't tr'rree intervals dr:ring'u!re day (before feeding,

4-6 and 8-1.O hr after feedíng) shorred that tirere wos a

substantiel rise in the [f1 ana O]? and a fall ln the I He]
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after eatLng. theso changes stl11 exlsted 8-LO hr later.

Stmllar chongos occurred after feedLng durlng I( supplenentat-

lon thor¡E;h the concontratlons were slgnlflcantly dlfferent

from those in normal sheep. Ralsing thc I( intake produced a

signiflcant rLse ln the rumen I fi et all three perlods of the

day wÌrlle the I tla.] was depresserl. The rostlng rumen I f¡ rose

as hlgh es 118 rn-equlv/I. whlIe I nu] fell to as low as 24 m-equiv./

1. Thls interchange ot [f] and[Na] resulted ln only a smaI1

rLse Ln rumen osmotlc pressure et any of the three sampllng

perlortrs,

Sallvary compositLon did rot change for any of the

three colloction pcrl.ods ln the sheep on a baslc lucerne chaff

ratlon. i\s the I( lntake v¡as raised, the [f1 of the sslfva rose

whlle the [hTa] feIl, The compositLon of the sallva ln the

supplementocì sheep, varled durlng the day. The ìIa:I( ratlo

of the sa.liva ln K supplemented sheep su¡¡gosted that aldosterone

secretlon rvas lncreased by the addftlon of, extra K to the

dlet.

( lro Urine and faecal concentratlons and outputs

As e:rpected the additionol water Lntake whlch nesult-

ed from lncreaslng the K tntake produced a proportLonal Lnorease

1n urine vol.ume, Ðesplte the rise 1n urine volumo, thene were

ulses !n the concontratl,o'r of urlnary K at the lower
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levels of K supplementation and the urlnary output of K rose. At

maximum levels of K supplementatlon the urlnary [ttl"C"f" feII but

remained above presupplementatlon levels. Excretlon of K ln the

urlne was never less the.ri 97% of the urinary plus faecal K loss wlth

the result that thererrers tnslgnlftcant changes in the quanttty of K

excreted ln the f,aeces, As the K tntakc v/as ralsed and urine volume

rose, the urinary ff,f"] tended to decreaso though the totaL urinary

exeretion was unaltered. Soilium balances v¿ere often negattve on the

maximr¡m I( supplemcmts or durl-ng water restrlctlon. If Na lntake ln

the water was lncluded, lla bala¡rce as expressed ln Table 3 weis

ralsed, but then lrla loss 1n sulnt was r¡ot measured and hence thLs

would have reduced the Na bala¡lce.

The increase in lvater tr¡,rnover and urlnary volume

varled wlth individual anLmals. These differenccs could be

relatecl to the lndlvldual sheepr s ablltty to concentrate the

urlne, particularty in respect tO K, However, water rostrlction

of one sheep showed that the ablIlty of the kldney to lnorease

the urinary [x] v¡as not llmlted. The f l¡ra1 volume of water

drunk and urine voidcd was obvlously resolved by the anlma1 as

a balance between drinklng and concentratÍng thc urine.

Faecal excretLon was altered lcy increasing the K

intake so that the wet faeces weight lncrcased as the level of,

K supplenentatlon rose, Â large propontlon of the riso ln

rveight wcs due to an increase ln free water though ln some
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lnstcr¡rces the dry matter content also fell. the dry matter

dfgestfbill'cy of the food v¡as ve,riebte throughotlt, though in

some Lnstances dlgestlblttty fell slightly as the I( lnteJ<e rose.

(b) K dep-ùrtlon

F'eeding a diet of lorv I( content resulted ln e slow

loss ln body vreight. T'his rvos associoted wtth slor'¿ decreases

ln total body water and extracelLular flu.id.

Only scanty lnformation on the leve1s of runeu

elcctrolytes rvr¿s ob'b¿rl-ned though the I I'la] was never found to be

below 1OO rn-eqi:!v/L, wbile the [K] fell to as low as !.5 rn-eqr¡lv./

1. lTo measure$ents of salj.vary flor.r and composltlon were made,

P1asna electrolyte concentrations were altered b3r

the low I{ diet but not as much as a:¡tícipated. The plasm. I K]

decreased to ag low as 3.6 m-equLv/!, whlle theIWa1 tended to

rlse, reaclring values of 189 rn-equtv,/l. these vcrlues were not

maLntoined vrith the plasma I t<] varylng from 3.5 to 5,3 m-equlv/l. and

[ [ta] froin L47 to 189 rn-equiv,/1-,

'Iire neason for the abillty of the sheep to exist

for rnuch loniler than e:rpected rvhlle on the low K diet became

opparent lvhen urinary and f¡,ecal eJ-ectrolyte excretlon rvas

measured. Desptte malntenance of an average daiÌy urine

excretion of 45O to 75O rnl , tho urlnary excrctLon of I( rvas ln
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the order of O.5O to 1.75 m-equXv/day. ThLs was achleved by

reduction ln the urine [X] to levels as low as 1.15 rr-equLv/l.

The urlna¡y Na loss of approxLmately l5 nr-egu1v,/day was also

Iow, desplte the ready eccess of a¡rlmals to a salt llcts.

The faecal loss of K exoeeded the urlnary loss.

Faecal K content ra,rrged from 80 to 13Q n-equlv/kg DM wlth a

resultant faecal K loss ln the range I to 13 m-equiv/day.

These values are simllar to those of sheep on a ma:rimurn K

supplement. By aehleving such low total K losses, both sheep

were ¿ble to sustal.n small dafly negatlve K balanpes of 4 to 6

nrequlv.

( 1) Effectq of eatlng or lntrarumlnal_I_qgq:lng_o:l_I(.

(a) Eumen

After eatlng normaL or K supplemented lucerne chaff

there lflore several dlstlnct patterns of change In the rumen

electrolyte concentratLons. The rumen I f] rose as hlgh as

160 n-equIv/L. wh1le the I Na] despite the additlon of Na ln the

dlet, fell. The fall 1n the I U"] was dependent on the pre-

feedlng concentratlo¡r whlch in turn, as already descrlbed, depended

on the Ievel of K lntake. A rlse Ln rumen OP also occurred

wlth feedlng and on the maxlmum supplement the runen OP was

often ln excesg of the plasma OP at any tlne of day,
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Once eatlng ceased, tlre rumon [t<1 leøan to faIl

raptdly (lt elso fell durln8 drinklng) though the total tirne

requlred to re¿ch prefeertlng levels ranged from i'2 to 18 hr"

Increa.ses ln 'cire rumen I Na] did not occur for some time af ter

eating ceased though the prefeedlng concentrotj.on vras achieved

at a'aout the sane tfu,¡e as thet of Ií.

/ilterc'flc¡ns ln the rumen concen'r:ra.tlons of electro-

lytes 1n sheep v¡lth 4OO m-equiv of Kts"CO, or I(Ci. added dirc'ctly

to the runen r,inere $omer'¡hat slmll¡¡ to those followlng feeding.

ÏIaturally the::e 1vãs s sharp rise in the rumen I X] rvhicn begen

to decltne Lmrediatel-y. The r¡¡men i Ìla] was sltghtly depnessed

by ttre addition of Ií though the ma$nitude of this depresslon

depended on the i¡rltlal I t{"] - the hlgher the lnitial concen-

tratlon the targer thc depresslort. Rumen osmotlc pressure rose

after the eddltlon of I( and decll.ned ln a slmllar manner to

trre I l<1.

(b) Pleerng

Thers were increases Ln the plasma I K], I Na] a^nd

os¡'notlc pressure f ollowlnq e¿:tl.ng. Plasma I If ] rose by up to

24% wfnL]c the[Na] rose by up to 7%" ],loxi-mum concentratlons

',vere acJ:ieveci vrithtn 4-1O hr of the commencement of eating

aftel' which they slowly deellned ;o pnefeeding levels. ¿'11
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the changes i.n plasma concerrtrations v¡ore lndependent of

the levol of I( ln ttre dlet and ln fact the largest changes

occurred wlth no I( suPPlement.

Surprisingly,theaLteratlonslntheconcentnetion

of plesma eiectrolyte followln8 the addltfon of 4oo m-equlv

of I( satts tt¡ tl"re rutnen rvene not es pronounced as those wl¡1ch

followed eating" Alterations lvere Írregut.ar despite the fact

that changes in rumen concentrations 'yere slmj..l.ar to tlrose

which occurred dui:i-ng and followi.ng eatln6. The plasm" I K]

in several Ínstasrces rose imnrediately follov.ring the ¡u!-ditlon of

I( in to the rumen yet at other times the rise was sca:ccely

detectable or occurred many hours later. In all sltuations,

the decrease in the runen [1{] was sLmilan. There was no

signíflcant r-l-se 1n the ptasrna[ ]Ia] efter the additlon of I(

to tire rurnen l¡ut the rumet!. [nr1 Ala not faII to the same

extent as after eatlng. PresumaþIy therefore, the absorptlon

of ITa from the rumen was less after an intrantrminal- load of K

than after normal feedlng. chan6es ln the ptrasma osmotlc

pr.eltí,rure nor.melly followectr a slmilar pattern to the I Na]

with a smal-I ei-tect f:ccm ehaitges fn the I K].

saJ_ívaUy concentratLons durlng and after eatlng were

not measured Î¡ut rvhen tr( v¡as adCed dlrectly to the rumen there
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wÈs a tendencar for the I f] to ¡l-se for severêl hours.

ThLs occr¡rred ff there urÊs a rise in the plasm"[ K].

(c) Urlno

Oil-^r:8,11.1..., tTie pattern of urtnaryI K], apart from a

stight detay, 'Jas¡ simllar to the pattern of changes Ln plasma

[K]. Hovrever, ti:e magnltude of the rate of K excretlon \¡tas

not related to the plasm" I K] and depended entirety on the

quantity of I( lngested.

The rate of K excretton rose wlthln L-2 hr of the

co¡nmencement of feeding and reached a peak at times ranglng

from 4 to 14 hr. Rates with an wrs-.rpplemented dlet reaahecl a

rnaximum of between 5OO and 8OO !r-eqti.v,/rnln, whe::eas rvlth the

hlghest I( supplement ( 12OO m-equlv,/day) the maxirnum rate

attained wes L4OO p-equlv/mln. Flow rate followed a slmilal'

pattern to I( excretlon.

SodLun excnetlon was êpparently inde¡rendent of

çIterations ln the plasma I ttal anrd a natrluresis oceurru=d, af ter

the lncrease in I( excretlon and at tlmes after the peak of the

kalluresl-s. The magnltude of the ¡ratrÍuresis rvas independent

of the que-ntlty of I( ingested ln the food.
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The pattern of electrolyte excretlon followlng the

additlon of salts to the rumen rvas, like the patter"n of plesma

electrolytes, i.r:regular. Changes 1n the rate of I( excretlon

agaln follorvod the pattern of plasma I f] wlth the result that

the peal: of tire kalitr1'esis ran¿¡ee! from 4 to fZ hr af ter adding

I( to the I'umer]. Sodium excretion vâs r¡náffected by the additton

of i( to the rumen.

I.IsfngKI.IccaasthesâItfoI:lntraru¡ni¡ralloadlng

epproxirnateLy 7õlo uf the addltlonal I( r,vas lost in the urlne Ln

24 ht (quonti'i;y ¿ibove unsuppler,rented excretlon). Th.e 24 \tt

Iosses of lla and water lìrere unaltered so the addltional I( loss

vas the result of an Lncreased concentra'lion of K 1n the urine'

(Ð Uptelce of ToH.
42x *ra 2nNu ,ro,,, '¿he Hut

Dunin6 measu!.ement of changes ln plasmar sâliva, rrtrnen

a¡rd at ttmes, urinary excretion of electrolytes in normaL or

rumen supplemented sheep, tlre rates of uptat<e of rcH,42lt'

orrd 24Nu. ivere estlmated.

Tire dLsappearâ^nce of TOi{ from the rumen could be

descrlbed by a single exponential fgnction thus suggestlng tho

slnple proposal. ti¡at in regard to water the sheep may be

divided into two conpartments, the ¡men and the rest of the

body. Tlslng titis equatlon, measutrements of total rvatcr
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movement to and from the rumen, wlth and wtthout the additfon

of I( to the rumen were made.

Itr.rasfoundthatthetota]-rvatermovanenttoand

from the rrmen was dependent on the rurnen volume slnce the

greater the volume tlre larger the total water flþvement. The

[f1 of the rumen had no signifLcant effect on vrater movement,

though thone vras a trend for a decrease in tOtal water Íþve-

nent at o very hlSh rume" [K].

The mean total water move¡nent regardless of [t<1

determlned ln 14 measurements for a mêan rumen Volume of

5.58 + 0.86 I.-was 2.æ ! GlBt, /hr or 63.5 1. /day.

Follovrlng neasurements of sollvary flow and the TOH

S./¡.. of the rumen fluld, plasma arrd sallva durlng the return of

natlrrel or artfflclal sallva to the rumer¡, l-t vras concluded

that sallva played some part ln the equlllbration of ÍOH

between the ngmen fluid and the blood, but that a large psrrt

was played b;r transeplthethial water movements.

The uptali, ot 421ç *tol 24Ì'tro from the rumen rvore

companatlvely slow processes and the tÍme for equllibrattron

between blood and rumen fltlld lvas ln excess of %l h,t. /¡'Il

increased rate of n'0, .oaotptlon occurred when K salts were

added to the rumen though the uotalçe rate fot 24N" was not
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alterecl. \Ihen the seliva was replaced with artiflclal saliva

there was E very slow baclcflot'¡ of n'rr rro* the blood into tiro

rumen across the runren wall.

Absorp';fon of ToI{, 
n'r, *ta "** ,tot the duodenum,

lleum and uooer and lovrer colon rros a very rapld process.

Following the acldj-tion of ench Lsotope ln isotonlc fluld, to

the various seg¡nents of 6ut Lumenr Feâl.s 1n the S.2,.. of the

plasma for all- 3 tsotopes vrere achi.eved in between 5 and 60

m1¡1. The S.A" of 'n*" r' the blood and rurnen almost attalned

equlllbrìfrjï c,t, 1ø4, hr r:¡hcn '4tr^ .tr*n placed in the lowel' gut.

(4) Eff te of oharmacol-oryIcal ag¡ents and hormones on renalec

excretfon of electrolytes

Âcetaøo1amlde, a carbonic anhydrase lnhlbitor, raised

low urlnory pI{ to vslues of 8.2 to 8.5 though in many lnstances

the pH rrvas âlx'eady at these levels. /\cetazolamide ( 1O-3OO mg)

produced increases in urLne f lcr.'¡ of 10 to 72Ú7, deirending on tho

lnitial florv rete" Tttere lvere simultaneous rlses ln I( and Na

excretion end decreases fn Cl excretion. Increases in K

excretlon ranged from SO to 3OO ¡¡-equlv/mln and ln Ne from 5O to

25O ¡-r.-equLv/mLn.
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The bc:jsotirlcdlrrzlne dlurotic, chlorothlazlde was not

very ef,fectlve in aLterlng the renal excretlon of electrolytes.

Ðoses of 1-1O mg/96 kg sheep prgduced only small lncreases ln

urine flow a¡rd the e:<cretÍon of I(, l{a ond CI.

1¡¡ eontras'i; to chlorothlazide both ethacryníc acid

and frusemide produced a lorge natriuresLs ' a¡rd chlorureslg

and a rnode¡rate ìrut varlal¡le kaltr¡resis. IliaxLmum effective doses

of botlt these compounds Lncreased urine flow to rates of 10

to 1.2 nl/mln r.rlth maxlmum rotes of, lda, CI and i{ oxcnetion of

2250, 14OO and 24@ p-equlv,/mLn. Both compounds redueed urlne

pf.I to values of 5.5 to 6.0.

Infusions of e:csf lon aml:ro caproLc acid , a structurel

analogue of thc natt¡ral amlno eclcl , -'--lysine, usually lncreased

urÍne flow. f.fter sharp lnltial nLses i-n electrotyte excretl-on

assoclated ivitÌr rises 1n renal plasma fLow end glomefular

flltration rate, electrolyte excretLon waS reduced to belov¡

pre-lnfuslon leve1s. By lts clteratlon of ca.pillary perrneab-

tltty, EAcÂ lncnee,sed p;aeL,.cd n,-:l"l_ volume from 26-307o to as

high os 4!;% and lncrccsed the concentratíon of plasma pnoteln

by 1. 2 to 7.5 úo. This ¡:esulted ln sharp l-ncreases tn pulse

and resplra.tlon rate.
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EfiCA, also caused a slgnlficant reductLon Ín pLasme

I rci to levels as lorv a.s 2.8 m*e<]..riv,/I, while thell;ra] rose to as

hlglr as 166 m-equlv/I" i'lhen E/Gh lnf,usions wene stopped,

several trours ïJei:e requJ.red befOre urinery excretlon and plasma

pel'anteterg returned to normal.

Blj-ryq.-s"{3 u'hethr;r givør by singl'e I.V. inJections

of 25-2lJO mU or by I.V, lnfuslons at the rate of 2-l2NJ/mLn

procìuced slgnlflcant lncreases ln Il excretion of sheep fed

lucerne ctraff. T,',rhen urlne flo1:I wes less than 1.O to 1.5 ml,/mln

these doses of Pitrcssln lncreased urine flow by up to 3OO7o

wheneas at lnltiar flow rates greater than 1'5 ml/min Pitresstn

neduced the fiorv. Tne effect on lla excnetlon was Ípre varlable

depending on the lnltlal pattern ol electrolyte excrotlon. In

sheep fed Ií supplemented dlets, the effects of Pl-tressln on I(

e:ccretion vrere less pronounced thorrgh in several instances .I{

excr<>tion rves lncreased by closee of 5 mU despite reductions lrl

high rates of urÍne f lolv, On the irighest K supplements (L2tlO

m-equiv,/day) Pttressln alv¡ays prodUced an lncrease in urlna.ry

IIt excretlon. The magnltucle of t¡Ís effect depended on

inoividual anlmaLs.

Tn sLreep recelvÍng a lolv I( di-et, Pltressin was able

ln sevenal instances to evoke Sma.ll increases ln I( excretlon.

S lnce tìre inLti.al retes of tr( excretlon urere as low as O. 1 to O.5
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F-equlv,/ntn, these alteratlons ìvere functlonally lnsignifLcant

rvhen comparod wlth changes ln the normel thegp. Florv rates of

less thon 1.O ml/mln î7e!€ further :,'edused or unaltered by

lnJectlons of Pitreseln 1n tl¡e lov¡ I( a¡rimals. [Ia excretlon

wos r:naltered or lncressed ln these animals though as Ín the

i( suppLementecì sireep tl¡ere were 'cransltory falls ln urine pH.

Yfhen Pltressin rvas lnftrsed or lnJected lnto sheep

lnfused tr¡r any qns€Éthe pharmacologlcal agents altering elect-

rolyte excretlon, tÌ:,ere were further lncneases ln the rate of

I{ excretlon ancl at time in lvater Na and Cl excretion. Pltressln

did not reduce the high rotes of flov¡ produced by ethacrlmlc

acld, frusemlde and EACA o.s it dld dr:ring a nornal diuresis

thorrgh as stated stlll increased Ii excretlon. thus the effects

of vasopressin on y/ater ancì electrolyte excretlon v¡ere

dlssoclated.

d1-â.Idosterone f.nfusions lnto normal or K supplemented

sheep ai';,rays led to a reduotton ln lTa excre'bLor: and unine flow

but vere wlthout signtficant effect on I( excnetlon. C"l':!19¡

lnfusions had no effect on the urtrnary excretion of

electrol-yte or urine f lorv of nonroal or K supplemented sheep.
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4 Dlscusslon

Sheep tolerate the lngestfon of quantltlea of K

greatly ln excess of thelr optfunal requirements. In man, the

rapld lngestlon of. 2@ m-equlv of K as Kcltrate produces numerous

toxlc s¡rmptoms referable to the nel¡gous system and heart (Bed-

ford, 1954) , let grazing sheep may ingest up to 1Z5O ¡r-equlv/

day (an lntake of L kg Ðtvl contalni.ng 5?6 K).

ExcegsKfrornthedletlsellnlnatedmalnlylnthe

faeceE s¡td urlne. Svleating pCovldee é route for K excretlon a¡ld

{t haE been shown that !n men êxtre¡neLy hlgh rates of sweatlng

mêy result ln a sltght I( deftclency (Toor, Agmon, Zahavl,

ylurzel, Rosenfeld, 1968). Nevêrtheless, at rrornal rates of

sweatlng the loss of tr( is small. Estlmates of K loss ln the sulnt

of, sheep are ln the order of l7o of the dally K lntake (Beal and

Budtz-olsen, 1968, Farnworth, 1956). Therefore, lf the plasme

I f] fs to be malntained ¿t a constant level, K absorbed fron

the upper digestfve tract must be rapld1y excreted ln the urÍne

or secreted l¡eck lnto the lower gut and ellnrlnated ln tìre faeces

wlth unabsorbed I(.

An alternatlve posslblllty ls that K absorbed follor¡¡i¡rg

eating mey temporartly pass lnto the cells and be resecreted into

the plasrna and excreted Ln the unfne when absorptlon from tlre gut
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decll.nes. It hae beerr demonstrated that rats fed htgh K dlets,

develop thls mechanlsm to deal rvlth acute K loads and prevent

toxl-c rlses ln the plasma 
¡ 

r] (ftlexander and Levlnsky, 1968),

The proposal that epeclallsed renal and gut mechanlsms

whereby the excess tr( could be excreted nlght exlst ln the sheep

was lngestigated¡ Itleasr¡rernents of urLnerry and faecal electrolyte

excretlon Ìrere made following lncreaees ln K tntalce. Concurrent

measurenents of body flutd volumes, electrolyte coneentratlons e¡rd

water TO were aarried out.

Slnce lt was antlcipated that the lngestlon of I( ney

alter the rates of uptake of I(, Na and water from the rune¡r and

thelr return ln the salLva, movemenb of K, Na and watef were

followed using radlolsotopes.

FLnally, the mechanism of K e:<cretton tlrrough the kldney

and lts possiblo stlmulatlon after eatlng were lnvestlgated uuing

varlous natWaL hornpneS, ln partlcular, vasopressin' Pharna-

colo6lcal agents, alone a¡¡d ln comblnatlon Wlth vasopressln

were also tested.

(D Ef f acts of a htrsh It lntelçe on bodv f lulds a¡rd

electrolytes

(¡) Plto-t exegrtment

Although there havo been no reports of the effect of

K tntatce on $rater lntake e¡rd îO ln sheep, St. Omer and RobertS
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(196?) notlced a hlgher water consumptton and urfure voluÍre fì

helfers fed a "hlgh" K ration conpared wlth a "Iod'K ratlon.

However, the highest I( lntahe they consÍdered was approxlnately

4.3 n-equLv/kg/day or 1.7% of the dl.etary dry matter tntslce vrhere*

as the lor,yest used tn the preSent experimentg was approxinately

19.5 n-equlv/ka,/day (2,57o of the Ðln{ lntake). The ¡na:cLmum K

inta.ke was âpproxl-mately 6ã m-equlv/Xg/¿ay (A,7% of Dtf lnteke).

Potasaiurn comprlses L-5% of the dry matter of normal herbage

(spector, L9567 von der ;Iorst, 1960) sO the hlghest K content

was welÌ 1n excess of that normally atallable to grazlng sheep.

The total l( lntalie,/day of sheep grazlng you¡g pasture contalnlng

4% K as dry matter has been calculâted as 15OO m-equív on 3O

n-equtv,/kg (I{oward, personêI co¡nruttcatlon) . As mentloned,

l-n Chapter I, the dry matter of the saltbushr'@,

whlch 1s grazed by sheep, nay contaln as much as 8-!5% Na and

3-4% K as dry matter (l,facf arla¡re, Eoward and Slebert, 7967i

i{lIson, 1966). Therefore lt was declded to lnvestigate the

tolerance of sheep for K at equivalent levels to those of Na.

In the ptlot experlment K lntake dld not exceed 5%

of the total dry matter lntake yet there waa a stg¡lflcant

rlse (p <O.O5) ln water TtO as the I( lntake was lncreased.

The regresslon of water To on I( intake showed that o.9 I. of

waten r¡ras turned over for every 1OO m-equlv of K ingested ln

a temporate envlronment (15-35oc).
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(rx) Ma er<perinent

(a) Body-flrllds,,and elsctrolvtes

TthetendencyforTtslvtolncreagewlthlncreaslngl(

l¡take uÊe confounded ln the pllot trlaÌ by envlronne¡rtal

varlation slnce the sheep were housed ln partlally exposed pens.

ThlspreeumablyalsoaffectedwaterintakeandTobutnot

enough to pnevent slgntftcant cha¡rges Ín rvater ltO wlth alteratlons

1n K lntake, To rerpve thls envfronmental effeot the main

trlal vras carrled out Ln a controlled lndoor envlronmqrt

(T * 20 + soc),

There$asnoapparenteffectoftheanlonassoclated

wtth the I( in the supplenents of the pilot trLal. Ît was,

therefore, declded that a¡r equlrrclar rnlxture of all 3 anlons

would be rpst satlsfa.ctory. Addtng f¡c elone in the maxlmum

supplenentE of 12OO m-equlv/day ,would have provLded too great a

source of enengy, cI alone could have produced acldosls rvhlle

I{CO, alone could have led to alkalosls.

If too sudden a cha¡rge of I( lntake takes place,

a¡rl¡nals tend to scour (personal observatlon) a¡rd ln order to

prevent thfs occurtrence, stepwise I'ncreasea ln K supplements

were used rether than a randomlsed trlal. Furthernore, too

longopre-experlnentaladJustmerrrtperlodwasrequfredl.f
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sudden large changes ln K lntake wero used' There was also a

Il.nltatlonontheanoruttofchaffw}tlchcouldbenlxedwiththe

Ksaltstoprovldearrnlformdletthroughoutarryexperlnental

perlod frr any sheep. Althougtr an atternpt rvas made to use

unlforn bags of chaff, througlrout, considerable varLatlon ln the

basal K content wo.s f,or¡nd (5?O-?OO m-equiv'/ke DM) resultlng ln

varlatlons in the lntake of lndlvi-dual sheep at the dlfferent

supplenent levels. Added to tlrls variation was the dLfflculty

of getting shesp to ¡nalntatn a constant lntake of the baslc

9OO g of cheff.

lls ln the pl1ot experlment, thero was a slgnlftcant

relatfonshlp between water TO a¡rd K i¡ttoke. Three of the 4

sheep showed conslstent rlses Ln r'¡ater To as the quantity of !(

ingestedrogewhllethe4thsheepshowedarlsefnToonlyatthe

hlgher levels of K lntake.

ThelncreaselnBr\Tt.ofall4sheepastheI(lntake

rose vras elgnlf lco,nt. There sçtle süûoIl lncreaàeg.ln body flulds

(B.iTt. was cortrected for wool growth) whlch were posslbly due to

thehlgÞenergy lntalre resulting from the Ac lncluded ln the

supplements. I{ouever, sheep F durlng a perlod of no supple-

me¡¡tatlon and a sl¡rlIar ratl,on of 9oo g of lucerne chaff also

geined welght. Its TRi$ F.s a percentage of E'itrt' remalned

relatlvely constasrt throughout thls perlod'
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SlncetheTBl'tasapercentageofB'\lt.lncreased

slgnlffcantly ae a result of lncseo.sing the K lntake there was

water retentlon. Part of the water retalned during the pre-

øcperl.nentel perlod of adjustment to e rÍse ln I( lntake v¡ag In

several lnsteu1ces lost dr¡ríng the experlmental perlod. The f lna}

estlmate of TF'r\I dld not decrease lf suppLementa.tlon was contlnued

so the lncreased K lntalse dld produce a rise ln TBl{.

ivluch of the íncrement of ffit{ came from a rlse 1n the

EcV though the ECV as a percentage of TBl'ü dld not alter. Because

the rlse ln Ef,V accounted for most of the rlse tn TBlf, there must

have been very ltttle alteratlon ln the amor:nt of water ln the

ollmentary traat.

The PV was r¡naltered, despite varlations ln Tts\T and

ECV - lnstead 1t felt slgnfflcar¡tty as a percentage of B.ì'ft. and

TBIrtr. Slnce plasma proteln contrlbutss tosards the regulatlon of

PV one would antlcipate ltttle or no alteratfon ln this parameter

yet plasrna proteln eoncentratlon rose signlflca¡rtly as tho

qusritlty of K lngested lncreased. Tt¡ere ls no apparent

expla.natlon for thls increasea

The fall ln plasma I Na] and the rlse ln ECV produced

by lncreaslng the K lntalce allowed the total quantlty of Na

tn the ECF to remaln relatlvely constant. Slnce the nlasma¡ K]
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dldnotchan¿e,thetotalquantltyofl(lntheFFrose'Itts

dlfftcult to ascortaln whether the lncreased retet¡tl0n of Il or

the lncreased water T0 produced the rlse t'n EV and TBi'í.

Macfarlane, S.!-3!., (te6?a) for¡rd thot among sheep grazlng salt-

bush those rvlth the hlghest water To/day had the hlghest ECV.

These worlcers and i;iacf arlane ( 1965) also found an lncreased

retentLon of e:ltracellular waten .*rhen total TO was lncreased

even though the [Na] of the plasma was reduced.

It is not clear how the increased water retentlon wlth

a lovrered pla,sma I Na] 1s procluced. The control of plasma volume

and INa] by receptors ln the heart, hypothalamlc receptors,

anglotenstn a¡rd aldosterone (Bartt* 9!j]., 1959) would appear

to apply ln sheep (B1aif ilest, S!=g1. , 1963, 1963a, 1967), but ln

the present sltuatlon the I Nal of the plosma decreased a¡¡d the

EdV rose though the total quarrttty of Na remalned constant.

Blalr-\'fest gjgI., (1963) deflionstrated that a fa'1I 1n the plasma

IN8] of 5.O rnequlv/L. could produce an lncreeged secretion of

aldosterone by the adrenal of the sheep, which should lead to Na

retentLon by the kldney. Observa.tlons oU the urlnary oxcretfon

of ltra followtng a rfse fn K Lntako lndlcate that ln torms of

concentratlon, ¡fau8s betng retalned by the kldney, though the

totaL lrla output vlas not redtlced.
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A furttrer t'ndlcrtton of an lncreaeed level ot

clrculatfng aldosterone and prcaumably iûcretse'd ¡ecrotlOO

was the change ln the Na:K retlo of the såIlvê as ttre K

lntake rose. Denton, Godlng and wrlght (1959) proposed that

the Na:K ratlo of the gellva ls a good long term lndlcator

of the clrculatlng level of eldosterone ln sheep. The Na:

K retlo of sallva Ln one sheep not glven 4cce3Ê to salt fell

îrom ùl to 6-10 when the tl lntalce was ralsed. thls sheep

had access to salt prlor to the week of sallva collectlon

though t:ne 4 sheep, 1¡ the maln trlal dld not. Tfhen the I(

lntake of the second shêep whlch had oontLnuous access to

ealt, was raLsed the falI in the l{a:K ratlo was less

pnonoutrced. DurLng Na depletlon, the sallvary lde:K ratlo

of the same sheep decllned to a level of less thanr 2. Sodlum

and Ii barances were not measured tn etthei arilmar though

plasma I na] srrowed no lndlcatlon of a Na depletlon. There-

fore, there ìtas an tndlcÉtlön thet ralslng the K lntake

Lncreased the þlasrna concentratLon of aldosterone or sþme

releted horÍDne*

A htgh clrculatl¡g coræntratlon of aldosterone mey

explain the lack of rlse ln plasma[ X] as the I( intake lncreased

slnce contLnuous infuslons of aldosterone lnto sheep eatlng

grass cubes supplyl.ng 45 n-equlV Na and ?2O rn-equtv K/day prodtrced

a merlred reductlon ln plasma[ f] ana only a very slLght rlee ln

plasma I N"] (Scott, 1962). SÍm1l-ar observatl-ons have been
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rnade ln the rabblt though tbe i( balance was poeittve a¡¡d lt nas

suggested that duflng the lnlttal stages of admlnlstratlon K

moved lnto the ce1ls (Davrborn and Ross, 196?)' IR rats' fecding

ahighl(dletmakestheanlrnalsfarmoretol.erantofacuteK

loads. ThiS tolerance Ls nelated to an l-ncreased adrenal actlvlty

a¡rdtheabllltyofthecellstoincreasethelrl(uptakeand

thus prevent large rLses in extracellular concentratlon (f*lexander

and LevinskY, X968).

Insheepthenofmallllntakels3-6tlmesgreaterthan

that of the carnl-vores and onnlvores ond hence the adrenal actlvfty

may well be regulated to thls I( load. The cells nay be eble

lntrinslcally to lnirease their I( content foltowlng feedlng t¡tder

the actlon of aldosterone or a relàted mLneralocortlcoid'

(2) Rumen electrolytes

Scott (196?) altered the¡K] *td [Na] of the rumen

by constant lnfuslons of solutlons of K salts' Ile found that

tne ¡ rc] rose *¡hile the I ual terr. somewhat sfmilar cha¡¡ges

were observed Ìry Goodall and Kay ( 1965) , followlng ohanges tn dlets

of dlffer.ent l{a and K composltlon. In the present experlnents

lncreases of K lntake also resulted ln a rise of ¡ K] and a

decrease ln the [Na] of tho rumen. Prefeedlng leveIs of

rumen If1 rose from 44-49 m-equlv,/l. to ].15-13O m-equlv/I, rvhile

¡ 
Na] feII fron 90-98 ur-equlv./I. to 24-35 n-equlv/l' Further
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lncreasee tn the ¡ K] and decreoses ln the I Ns] of the rumen

occunred followlng oatlng. Post feedlng alteratlong became

progresslvely smaller as the i( supplement rose. The rumen

fluld was always hypertonte to the plasma 4-6 and 8-1o hr

after eatlng commenced though on the maxlmum K supplenent oven

the prefeedlng rumen oP was often greater tlran that of the

plasrna,

The etteratlons ln the Na:I( ratlo of the rumen dwlng

K supplementation could not have been due to the alteratlons ln

sallvary compositlon. Scott ( 1967) dld not flnd any change ln

composltfon of parotid saliva durlng K supplementatlon and his

measureÍients of rumen oUtflow suggested that the lncreased

rumen r K'ì produced rur Lncreased rate of bottt K and Na

absorptlon. Slnce the Na lntake wag constant thls resulted ln

decreased I Na1 rn the rr^ttnen f luld. /-i slmllar conclusion was

reaehed by ìTorner and stncy (196Ð and Staey and lilarner (1966)

regardtng the fall tn rumen ¡Na] followlng feeding or the

additfon of tr(, or nannitol-urea to the rumen. They proposed

that thc Lnoreased absorptlon was the conseq¡,lence of an osmottc

stImu1us.

The additlon of 4OO m-oqulv of K by rumen flstula dld

not produce as slgnlflcant a fall ln rumqr I Na] as those found

by iïarnor and stacy yet the decrease after eatlnB ln normal
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unsupplemented sheep uÍts sfmllar. changos fn the rulnen I K]

after the dlrect adclltlon of I( salts to the rumen or af,ter satt¡g

of lucerne chaff were sinllar. The rumen 
¡ 
K] remalned at

hlgh Lovels for 3 to 12 hr ofter eatlf¡E(depondlng on whether

eatlng ceased or not) beforo lt began to decllne. Runen 
¡Na]

was depressed for a slmllar perlod before tt bega$ to rfse'

After the clfrect addltton of K to the rumen the [K] began to

decllne aLrpst lrm¡edlately whlle the I Na] remalned unaltered

or decreaeed for 3 to 6 hr before commenclng to rlse.

These changes fn ¡Na] and [I(] could be due to dllutlon

of the rumen fluld by sallva or by water movlng lnto the 1'umon

frôm the plasma through the rumen warl, or elee to absorptlon

of K and Na from the rumen.

If salfilary flów rate was incfeased, one would antlclpate

a rlse ln rumen r Nâ] rather than a decllne, rurlees the rate of
t

abdorptlon exceeded the rate of entryi Furthernore, durlng

eatlng addltlonal Na enters the rumen, yet the I Uu] fell.

lfeasurements of sallvary flow rate followlng the addltlon of

either KCI or KIICþs to trre rumen showed no alteratlon fn

flow rate. Therefore, the rapld decllne ln tho hfen [K] and

the lack of altenatlon or slov¡ fall ln the I N"] of the rumen

after the ad,rlttl0n of K wene not due to alteratl0ns ln the

flow of eallva.
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Ter.nor¡th(1967)clalmedthctaftereatlngorthe

oddltion of a solute load to the rumen, thero 1vas a¡ increased

lnfh¡x of vrater to the rumen. Íernsr 8nd stacy (1968) rrero

hlghlysceptlcaloftheseresultsandthetechniquesemployed

lndeternlnlngthen.Incontfnulnglnvestlga,tlonsoft,ttis

problern, Ternouth (1968) showed a reductlon of the ECV

followlng feeding and he assumed this decrease was due to trans'

epithetlal v¡ater. nover¡ent into the ru[nen. Investigatlons by

ÌTerner and Stecy (1968) shovred slmllar che.nges in ECV follovring

feedLng but they concluded this rvas due to a stlmulatton of

salivary f,lovr trY eating-

In nelatlon to thls problem, three points have emerêed

frorn the present investigatlons¿ l'"s postulated, the lngestlon

of K doee alter the rate of, electrolyte end water rilovement.

Potasslum atrsorptlon ls accelerated follovrlng the additlon of I(

salts to the rur'Âen as ls lndlcated by the mrre rapld

equlribratlon or 42¡t. This could result from a faster out-

flow of I( fronr the rumen follorvlng the addition of K, a¡rd a

rapLd absorptlon of K from the los, gut. The rete of uptake

of. 
42x from the duodenum, iler¡n and uppen and lowen col-on

was shown to be raplcl, though unfortunatety I( uptake from

the omasu¡n and aboma.gum rvas not measured. If fluld out-
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flow from the runen rvas lncreased by the addltlon of K selts

a sharper rlse 1n plasma n'n u.¿. rvould be expectod.

From the measurement of salùvary flow there ls no

lndlcation thst outflow from the rumen should be fncrea.sed by

the addttlon of K (as the work of sta.cy and ìiar.ner (1966) also

shovred). Furthermore, preventfng saÌiva:ry lnf low for an hor¡r

followlng the adciltlon of 42K und 4OO nrequlv of K to the

rumen dtd not alter the rise ln the S.A. of the plasma. In

tlris sttuatlon outflow from the rumen should be Snel1 ond

hence the I( must have been absorbed dlrectly fron the rumen.

ThLs l_s ln agreement wlth the nesults of scott ( 1967) who by

measurlng outflow rates from the rumen and the total loss of K

from the 4¡men determlned that a Lg;}^ge fractlon of the K lost

from the rumen was by dlrect absorptlon Acrioss the rumen Y¡aIl.

Potasslum also enters the rumen fron the b100d scross

the rumen waII. Thfs can be seen by consi.derlng the äurùè of

rumen 
42y ,.[*, *h.r, 42K 

r,vas adcled to the blood and natr¡rar

saliva rve.s neplaced rvith artlficial saIlva. The rate of entry of

n'n ,n o the rr:men ln the sêltva and across the rumen aplthertum

ls nany tLrnes slower than the rete of absorptlon. flpproximate'Iy

L-10 nr-equiv of I( were for¡nd to enten the rqmen ln the salivâ

each hr vùich coUpled wlth some lnflow across the rumen wall v'pu}d
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have mea¡rt an hourly addltlon of no noro than 16 m-equiv of I( tO

the rr¡nen. Follovln8 the addltlon of I( salts to the rumen the

hlgh rumen ¡ I{l produced, then fell by 1O-2O m-equlv/I"ft¡¡'
L-

frssumlng a constant runen volu¡ne of 5.O 1. some 5Þi.OO m-eqtrlV of

K were lost fnorn tlre rumsn each hr. Part of thfs loss would

have been by outflow of rumen fluld to the o¡nasun yet as already

dLscussed, much of the t( Ioss from the rumen was by direct

absorptlon. TÌ¡us the rate of loss of i( from the rumen af,ter

the addltlon of K salts was appro:llmately 3 to 6 tl¡nes faster

than tlre rate of l-nf low.

The second potnt to emerge fron these lnvostlgations

was that the:.e was no apparent dlf,fenence ln the rates of Itra

uptake from the rqnon |n a normal sheep end one wtth I( added +þ

the ru¡¡en. Thts Ls dlfflcultr to reconctle wtth the observed

decll.ne l-n rumen [Na] or the reports of stacy and ilarner (1'966)

and Scott (196?) that thts dectlne ls due td an accelerated Na

absorptlon. liowever, the decllne in 
¡ 
Na] of the rurnen whlch

occurred after the addltion of IC to the rumen was reLatlvely

small or non-exlsta¡rt and the method of measuring Na uptake

may not have bee¡r sensltlve enough to detect alteratloris 1n

upt,ake rate.
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AltDægh there wes sotre tndlcotton thåt lalslng

the K content of the rrûnqt reduced the estlnates of the total

weter movement to and from the rum€n, no elg¡¡lflcant relatfør-

shlp between the lnltial I f] a^nA total wêter nrove¡¡ent could

be found. trlowever, thê relatlonshlp of runen ¡lC] ana total

waten flow was confor¡nded by the flndfng that the total water

flux depended on the runen volume; the larger the rumen volune

the greater the total flux of water. Ttre nean total f lt¡x

determlned |n 14 measurernents on 6 sheep was 2640 + 18O ml,¿l¡

(63.õ t.r/day) from a rumen of mean volume of 5.58 + 0.36 1.

These estl,mates were based on the method descrlbed

ln the results (sectlon (v) (b)) where Ìt was polnted out that

Va^rÍous essunptlons are rnade. Estimates of rumen volunìe probÊbly

provlde the blggest sou!îce of errör though there was good egree-

ment betvreen estimates uslng the phenol red dllution technlques

a¡rd the extrapolatlon of the TOH dleappearBnce curve. If runen

volu¡ne cha¡rged dr'rrlng the lnftial perlod of t hr when mixlng

was taklng pIa,ce, both methods would glve fncorrect estlnates

of ru¡nen volume. In partiCU¡.ar, lf the rumen Volu¡ne lncreased,

whLch would occur lf there was a net Úranseplthellal lnflow of

water, lnlttat rumen volume r'¡ould be overeetlmated. The

technlque for measurtng the lnltlal rumen I K] annea¡sd to be

quLte eatlsfactory. It ls possLbte that the relationshfp

between the total water flux a¡¡d rumen volume may be gnplalned
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ln terms of surfacê area - tho greater tire rumerr volume, tÌ:.e

greater the area of rumerr wall comfng ln conte'ct wlth sater

andhenceairt¿'herwaterflrx.Theratosofsallvaflow

(25O nlZhr) show tlrat tO ¿clrleve the values of total weter

fltrx Biven¡the trønseplthellal. ln3low and outtloç of water

¡nust be lêrge. Assumlng that outflOw fron tl!€ rune¡¡ ts ¡ro

greater tho¡r sallyery lnflow the totel transeplthollal weter

lnflow and or¡tflov¿ vrould ln the preeent experlment ernoult to

at Ie¿st 20@ nl/'trr.

The fa.ct that a large transeplthelial v¡oter transfer

does occLg was denonstreted by neasuring the equlllbratlon tlmo

for TC,Ì{ betrveen rutuen fluLdi ahd 6lood or vLce versè, plasna,

rlunen and saLlva.ny ÍQII S.Ài and daLlvary f low ta'te1¿ Thle

ls Íþst cleeicly seen usind the follovring exapple:-

€.g. Assume no transepltnttal flow and TOH aþsorbed

only frorn tl:e lot¡oD'dlgeotifô taactI

Salf.vary f low rate = 26c- mL/\tr.

constent Rutnen volume = 5. O 1. '¡¡hlch wj.th 3oo lß of Tot'l added

runren f luid hag an lnÍti.al 8.4. of 6O ¡t3/l.

In fi.rst hr 2õo ml of sail-va (assume ft contains no TOIJ)

reduces s.4,. tu 9q- = lT.L vc/L,Ò.2ö
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Assumo 2õO n1 trf fluld fl0v,re onto the omasu[r afid TolI

equLllbrates repldly wtth the blood. (Ðurtne the next hr the

sallva contalns some TOII bt¡t allovring for thls ltOH Lncreasêe

flnaL rrünen S.A.rather than roduces lt)¿

In the second ht' TOH contont of rumen = 5 x 6?,1 = 285.7p1.

Further d!.lutlon wtth 25O ml seliva -

I{ew rumen S.A. = ?82=7 = 64.4 uc/L.Ð.zc

Contlnulng until the 6th hr.

Runen S.A. = 44.7 pC/L.

Total A,ctivLty = 224 ¡tC.

Contfnulng untl1 the 8th hr.

Rumen S,A. = aO.6 ¡:C/L-

Ilol,rever, equlllbration 1s nornally achleved by thls

tlne and rumør S.A. is less than trõ P/L. Therefore, consfderable

dllutlon of tlre rumen s.A, must teke place b¡r watet' lnflow

through the ru¡non wall.

ThLs exarnple de¡nonstratee that r'¡hen TOII 1s added to

the rumen the fal1 tn s.A. cannot be due to sallva a10ne,

However, lt is posslble that there ls a tra.nseplthellal lnflov¡

of water from the blood wlth litt}e transepltheltal absorptlon

and a large outflor,v to the onasum.
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An lndlcatlon tlrat thfs dld not occur was the

normal rlse ln plasma flOH S.A. durlng the first hr after the

additLon of TOH to the run¡en rvhlle sall,va inflovy was stopped.

Dì-lalng thls tlme, outflovr from the rumen ehould have been

ãoa11 and hence lOH uptake must have been acf,oss the rumerr

wal1.

The concluslvo demonstrs,tlon that tra^nseplthellal

water transfer was the máJþr determlnant of the equiltbratlon

tlme of 10II between plasma and lrumen flufd cgltÞfrqm the addltlon

of TOFI to ttre blood and replacement of natural sallva wfth

artlflclal salLva, Equillbrotion stl]l took place ln 6 hr or legs

lndicating that back dlffusl.on of watef fron the ptrasmà thfougþ

the rt¡men wall took place at rates cctripafable to the rateg of

loee.

SLebert (1968) suggested that the longer equfllbratlon

tlme of TtH placed ln the rumen of cattle and cameLs rutder-

golng clehydretlon, was the result of a redr.¡ction ln sallvary

flow. From tlrose results i.t appeàrs rþre llkely th¿t it v¡as a

resul'b of changes f.n pormoablllty of the rumen trall.

Equtllbratlon of TOH between rumen and blood, rvhon natural

sallva was wlthheld for hourly intervals before lts return

to the rumEn was at times red'.¡ced to as low as 2b4 lrtt.
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This lndlcated either an altenation ln rumen epf-thellal

permeabllity or changes in reflex movenients qf the rumen.

Insertlon of an endotracheal cannula into the oesophagus mey

have stimutated rumen rrrovements, provlding greater ruixlng

action and perhaps an J.nereosed outflow from the rumen. By

lncreasln$ rr¡men movements a larger srlrface of rumen wall rvould

come Lnto contact with TCII{ and transepLthellal water ¡novements mtght

be lncreased. Slnce the rato of passage of TOIÍ from blood to

rumen r¡/as âIso lncreased d¡¡¡lng the replacement of natural

sallva wlth artlflcial salf-va, this expla¡ratlon does not seern

fee.slble. Therefore, alteratlon of the rumen wall permeablllty

either by Lach of regular saliva florv or by stLnuletlon of sone

process by the experl-mental technlque seerns llkely,

Ðngelhardt (1963a) using goats, ostlmatod that the

total f low of v¡ater scross the wall of, a ru:nen of volume 4;O ! 1. L 1.

averaged 40 (7-?O) L./24 hlr, Tïrls value dld not lnclude

sallvary Lnflor,v end outflow from the rumen and hence the total

flow to and from the rumen \f,as even hlgher. Thus for the volume

of runren fluid calculated in tirese experlments the estlmato of

total water upveraent seem6 qulte satisfactory. Engelhardt

( 1963, b) also found that the runen rvall was subjoct to rapld

changes ln pertneaÞfltty and that Lncneaslng the osmolallty of
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rumen fLuld retarded the "NettoflusstgkeltzuflUsstt of water

lnto the rumen, Ilence the decreaso ln total water movement

mea,sured after the additlon of I( to the rumen, although not

statlstically slgnlfÍcant, may have been res'I.

It may be concluded from the presant results that

atthough saliva plays some part ln the equlllbratlon of ToH

betr,veen blood and rumen f}uld and vice versa, there ls a lerge

transeplthellal ì¡fa,ter Ìnovement v¡hich may be alterod by changes

ln rumen fluld OP and 1s controlled by changes ln rumen

eplthellal permeablllty.

(3) UrLno and faeces

Thero was a slgnlficnnt rlse Ln urLne volunre follol'llng

the lncrease l-n water Lntake and TO of sheep lngosting increastng

quantitles of I(. /r rênge of urlnary I K] resulted from the

vãrlations ln the increase !n water TO of lndfvldual anlmals.

Over thls reJrge of r Kl the amount of K excreted 1n the urine/
L'

day wcs proportlonal to the 1( Lntalce, Even when sheep B had lts

water- intahe nestricted there was a marked rise ln urlnary I 
K]

such that the total K output was unaltered. LJnfortr¡¡ately, the

water rest¡:ictlon rras not severe enough a¡rd the 
¡ 
K] achleved was

stllI below that of sheep F rvlth ì.vater offered 9È.!þ'
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Inltlally the rise ln urlne volume followlng an

lncrease tn I( lntalce was not sufflcient to prevent an lncrease

ln urÍnarv I l(] but beyond an intalce of looo-11oo n-equlv K,/day

the urlnary I I(] decllned, Thls was the result of an lncrease

ln url-ne volume and the total loss of K ln the urlne was Ú11I proportloDal

to the quantlty of K lngested.

Although some ?G96% of. the I( flltered at the glomerulus

of dogs and rats ls reabsorbed proxfmally (iïlndhager and Glebischt

1965) there has been no der¡pnstratlon of a slnllar mechanlsm ln

sheep. lTet seoretlon of I{ does occur 1n the kldney of sheep and

cattle (Ðenton, h4cDonal,d, Mun¡o and $llIlamsr t9õ2'; McDonald and

Þlacfarlene, 1958; Anderson and Pfakerlngr 1962)¿ Potasslun

secretlon has been assumed to occur fn the distal tubule ln a

slnilar manner to that in dogs (Berllner, Kennedy and Hllton,

1951) and ratg (Matnlc, et al., 1966 arb). Slnce no lnulin

measurementg v¿ere made of flltration rate lt ls not posslble to

say whether alterations in GFR were responslble for the changes

|n l( excretlon whlch toolt pl,aco as the K lntake wag ralsed.

Two estlmetes of the average dally GFR using creatlnlne

clearance dld not show any substantlal alteratlon ln GFR wlth

increasing 1( lntake, so that lt ls llkoIy there sas a lârge

increase ln the net secretton of I( by the ktdney. Scott (1969arb)

however, found am lncrease Ln flltered I( when ttre dally K lntalçe
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exQeeded, g89 ¡n-oquLv/aày and suggested tlrert when the dletary

lntake of T( ls hlgh a fractlon of the flltered I( load augmento

tlre secretlon of the dletal tubule.

Although tlre present experl'ments do not allow any

coneluelons to be drawîr rege.rdlng the mechanlsm of K exCretlon

by the kldney they subste¡rtlate the orlglnal proposal that

lncreasing the I( lntake should reEult 1n a lorger water Ío

and augmentecl urine volune to prevont excesslve concentratlon

of 3t ln the urlne, It appesrs that the I x] ot the urlne ls

resolved [¡ lndlvldual onlmals as a bslarrce between water lntake

and the concentratlon of K by the kldney. Somo anl'mals prefer

to ma|ntain a higher water lntake a¡rd produce a less concen-

trated uri.ne ln respect to K than others. Indlvidual anlmals

stlll retaln the ab1llty to increase the urlnary I K] lf the

necessi.ty arises'

several recent repofts have shor[r a remarkable consls-

tancy ln the ratfo of urlnary to faecal K Ioss regardlesE of

K lntake (Engltsh, 1966¡ Ðewhu'rst, Harrison and Kelmes, 1968;

Beal aird Budtz-olsen, 1968). The urinary fractlon has been

found to be of the order of 89-90?6 of url¡e plus faecal K lose

thouöh tn tho present experlmênts lt was never lesE than 97%.

on ttre other hand, faecal Naoutputranged from 1,5 to 13.6% o1

the urlnary PIus faecal i\fa loss.
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These values are somewhat slmlla.r to the 12% foruld by Beal and

Budtz-Otsen ( tr968) yet Dewhurst, gL31. , ( 1968) found valueg

ranglng from 89.3 to 98.37o.

lhorelsnoapparente:<planatlonfortheunusually

hlgh loss of I( ln the urlne ln the present exporlmørts and 1e4k

of rise ln faocal I( excretlon aftor lncreaelng the I{ lntake.

St. Orner and Roberts (196?) uslng calves and Scott (1967) and

Goodall and Kay (rsos¡ uslng sheep, found an fncreased faecal

excrottron of K as the qua¡itlty of lngested Í( rose. IleverthelesS

Scott ( 1969a) found a n¡arlced dlffonence betweon sheep 1n thelr

ablllty to increase the fractlon of K lost ln the f,aeces ln relatlon

to their total urlnary plus faecal loss. Dewhurst, g!-91',

( 196g) reported tha.t there lvas no chango in the f aecal escretlon

of K up to 48 hr after the áddltlon ot 1 I, of O.25 N KCl

(25O ¡¡r-equiv i() to the rwnen prlor to feedlng. In the present

experLments aI1 4 sheep seem to have been eblê tÔ absorb K

from ttre lorrer dlgestlve tract a¡rd thus prevent lts losE |n the

faecoso

The absence of an lncreased faecal I( loss followfng

rises ln I( Lntake confllets wlth the proposal tlrat lncreaslng

the K inta.ke produces on lncreased secretlOn of aldoeterone or

releted mlneralocortlcolds. Thene ís an lncreased faecal
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loss of K and decreasod loss of Na ln nan (/iugust, 99--31',

1958, Duncale, Ltddlo, and Bartter, 1956) and ln rabblts,

rats and do6s (Ðaw¡s¡n ond Ross, LÑ?', Ðavls, 3!31" 1959)

foll.owing admlnlstratlon of aldosterone or ln hyperaldosteronlsm,

However, aldosterone may not function in sheep as it does ln

these specie6. This ls lndfcated by the 'obsorvatl'on that

aldosterone does not promprte I( loes |n tire urlne of Sheep ee

lt does ln other species (see Ðlscusslon (tv¡¡.

(ti) Eftects of {.9ePletl,!¡n

Although the prfune obJect of feedlng a low K dlet

was to observe how the klclney functloned ln ttrts sltuatlon,

sóme neasurements of body fluld volumes and electrolyte

concentratlons viere hade.

Body weight feIl durlng the perlod of low K lntake,

possluly as â result of a redrrctlon ln dry matter Intake and

henco energy lntake. St. Oner and Roberts ( 1967) and

Cenpbell snd Roberts (1965) reportd a decreaee I'n appetlte

and dry matter lntatco of calves and lambs on a lorr K lntatce

ar¡d slntlar observatlonS wore made 1n the present experlnents,

It was not posslble to determlne v¿hether the loss of appetlte

was due to I( depletlon slnce there lvere no apparent sfgÐs of

K doftclenty ln terms of nlasmlIl]. Telle, Preston, I(lntar
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and Pfànder ( 1964) suggested that plesrro [E] bolow 3. O

r¡r-equlv,/I¡ wêr.€ necesstry to lndfaato I( deflclency. There

were slgnlflcant reduetÍone ln plasnê [K] but only to levels

as low as 3.5 m-equlv/!, and such concentrottÓns u'ere not

maintained conslsten tIY.

Total body water fell slowly throughout the perlod

of low I( lntake though Ttsi'f as a percontage of B¿I'tt. roee ln

one sheep but was relatively constant Ln the SeCond. Plasma

volume a¡rd iJQV also fe}l but rose aa percentages of B.ift. and

TBI,I dunlng the course of the experlment. These alteratlons

ln body fluid volumes could have been the roeult of the low

food intako rather tha¡r the effects of Ë depletlon as sgch.

In vlew of the flndlngs of Telle, 98I., (1964)

Lt was antlclpated that a dlet of the K content ueed (3o to

35 m-equlv/kg DM) should have prodr-¡ced a pronounced K

deflclency leading to muscular paralysis, repld welght

loss end lf continued death. some muscular weakness did

develop but once agaln thls rnay have been the result of

the lorv energy Lntalce.

Desplte reports that dogs, ra.ts and man (Relman

and Schvrartz, 1962) do not have tlre ablllty to conserve K

dr¡rlng perlods of abnormally lovr K f.ntake, due to the



157

lnablIlty of ttre ktdney to consefve I( beyond certaln

llmlts, the shoep were able to reduce thelr dally loss of

K 1n the urine to os low as O.õ to 1.7õ m-equlv. Thls was

achleved by roduclng the 
¡ 
f] to values of 1.1õ to 2.5O

m-equÍv. The urinary loss became far less than the faecal

loss vrhich exceeded 10 n-equlv/day and was ln fact slnllar to

thet of normal and I( supplemented sheep. Overall, there wae

only a very small negatlve K balance of 4 to 6 n-equ1v,/day,

whlch exptains the absence of any obvl.ous sLgns of K deficlencyr

Measufements of, GFR for a 3 hr penlod using lnulln

cLearance, ln a sheep fed a paper, nalze a¡rd nolasses dlet of

Iow K content, Save values as low as 13 m}r/mln and a maxlmr¡m

of 26 ml,/min. Thls sheep had a plasma ¡ t<] tn the order of

4.O m-equlv/L.]wLlh a sllght reductlon ln muscle K content.

Urlnary K losses Ln thls animal were higher than those

observed ln the main K depletlon e>rperlment but the K lntake

was aIso consfdorably greater. i',rhether slmil'ar reductlons

tn GFF, oÇcurred ln the sheep on the very low I( dlet ls rurknown.

However, assuming 95% reabsorptlon of flltered I( tn tJre

proxlrnal tubule, no dlstal secretlon and a plasme 
¡ 
If] of

3.g m-equIv/L, GFR would have to be reduced to rates of

2È26 mL/\v to account for the lowest leve1s of I( excretfon

found. Such redr¡ctlons in Gffi a,ppear unllkely and thus the
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the ehe€p kldney elther poêsesses' the ablllty to reabærb

K proxlnally in excess of 96% or there Is a further slte of

K reabsorptlon tn the colloctlng duct ag tor¡nd l¡ tlre rat

(lr/la1nlcr g3,-g1., 1966 a). 'i'Jhatevor the mechanfsm, the adult

sheep kfdney has an ablltty to retaln K tn excess of that

of other specLes.

(lit) Chonges ln plasrna and urlnêry electrolytes

fn l1ou¡lnø f eed lno ¿rr. t-ha addttf on of I( salts

to the rr¡men.

Regardless of the K tntake of the sheep there was a

conslstent rlse ln ttre plasma [K], [Na] and the plasma oP

followlng feedfng. lirarner and Stacy (196õ1, Stacy and ì'larner,

(1966) and Ternouth ( tg6?, 1968) reported rlses ln Þlasna 
¡Na]

and oP after eatlng though thelr perlods of feedlng varled.

Small changes In plasma 
¡ 

f] fn the flrst hr after the

lnltlatlon of eatlng were recorded by Tertrouth (1968) but

he did not state the magnitude of these changesr These 2

gfoups of vrorkers tvere at a varlance as to the origln of the

rlses ln plasma [tto1 ana op but both concluded there was a

loss of ÐF to the rumen. Stacy and tTarner (1966) and

ilarner a¡d Stacy (1968) determlned that the decrease Ín ECV

followlng eatlng was due to an lncreased sallvary flow and

that the r131ng OP of the rumen fluld stlmulated Na absorptlon
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from ttre runen. Thls ln tr¡a rafsed the plasna [Na] a'nd oP.

Ternouth (196?) eetlnated that there was anr lncreased trans-

eplthelial flow of water lnto the rumen after eetlng whlch

resulted 1n a decrease ln the EEV and an lncrease ln the

plasma [Na] and oP. In the preeent lnvestlgatlone uae of

plasma pnoteln concentraülon as a gulde to chenges ln DCV

showed there was no substantlal decrease in EV fol'lowlng

feedlng.

Nelther Warner and Stacyrs ttor Terrroutlrrs proposals

accourt for the rlse ln p1âEna l_tC] of 1-3 rÞequIv/L. measured

ln the present experfnente. In particular, ar¡ increased

s¿liv'ol.y flo¡v should reducè the plasur" [nl fa'6he-r tr¡arù i't¡oIlgâqe

it. Measurements of 42K upt"re a,fter tlre addltlon of 4@

m-equlv of K, to the rumen showed that there was a¡r l¡rcreased

absorptlon of K from the runen when the rumen [r1 was ralsed.

Thls agrees wlth the results of soott ( 1967) and lt was

presumaÞly thls lncreased K absorptlon v¡hlch resulted ln the

observod elevatlon of plesma 
¡ 
K] followlng feeding'

Desplte consistent rlses Ln plasrna [n]' INa] 
and

oP after eatlng there was no consÍstent pattern of ehanges

followlnE the addltton of 4OO rr-equfv of K to the rumen.

plesma [K] becan to rlse t¡ the flrst hr after the lnttlatlon

of eating and reached a maxlmum at between 4 and 10 hr.
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Á.f ter the adrtltlon of K to the rumen, the plasmu 
I 
n]

reached a maxlmt¡n from 1 lo l? hr later' Slmllarly the

plasnaI N"] began to rlse ln tÏre flrst hdr¡r after eetlng

began, but thero was often no consfstent change after rr¡men

supplementation. The elteratlons of plasna 
¡ 

Na] anneared to

be rel.ated to changes ln the rumen INt]' 
/\fter eatfng there

was always a substantlal depressLon of rumen I Na] whereas

therre was often oaly a snal 1 decrease or no alteration

followlng the addltlon of K to the rumen. iïhen there was a

pronounced decrease Ln rumen INo], 
plasna INa] was obeervod

to rlse. Thls suggests that the decroase ln rumen ¡NaJr

ses 6s propsed by Stacy à¡id"l;arrrer

(1966) and scott (1967) the result of an tncreaeed Na

absorptlon, and tn turn resulted ln a rlse ln plasma I N*]'

Tho absence of any ¡neasurable rise In plasma I Wa]

after rumen supplenentatlon nay therefore be antlclpated

slnce the rumen 
¡Na] 

wes not markedly reduced srnd hence ttere

nay not have been a slgnlftca¡rt rlse Ln Na absorptlon. Thls

polntwassubstantlatedbythelnalrllltytodetocta^ny

alteratlor, Ir, 24No uptake from the rumen after the addltlon

of I(. .:Íov¡ever, Stocy and itrarner (1966) reported thet the

addltlon of solutlons of K salte, or mantltol-urea to t'he rumen

resutted in a decrease ln rumen 
¡ 
ila] and an lncrease ln plasna
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INa] and an lncroase ln plasma [n*]' Therefore the lack

of any change ln these pargmeters ln the present ex¡rerlment,

though they were for¡nd after feedlng seems unusual" There ls

the posslbtllty that the lnittal runen I Na] was lmportant and

slnce Stacy and ìfarne$ fed a Na supplemented dlet, thelr lnltlal

rumen IWa1 were oonsiderably hlgher than ln the present

exponlments. Because Ne ls acttvely absorbed from the rrr¡nen

agalnst an olectrochemfcal gradl@nt (IÞbsur, 1959; Scott, 1966¡

Ferrelra, Harrlsôn a.nd Keynes, 1966t Ferrelra, Harrlson,

Kelmes and Nauss, 1966) a hlgh rumen [Na] should redrrce thls

gradlont wlth the result that any subseguent reductlon of tlre

I Na] Uy absorptlon nould occur more readlIy.

Although the rumen 
¡ 
Ir] followlng feedlng rvas dependent

on the K lntake, the hlgher the K lntake the greatef the

rumen [K], the rlse ln piasna [f1 wae Lndependent of the K

load lngiested. Ilovever, the rates of excretlon of, K fn the

urine, for lndlvldr¡aI anlnals, r,as depend.ent on tlre K I'ntake.

/is the K lntake was raleed so the mæclmurn rate of ( e:<cretlon

rose attalnlng levels of, 12OO F-equfv,/mtn wlth tl¡e maxtmum

Klntake.TherateofurlnaryKexcretÍonlncreasedwlthln

1, to 3 hr of an enlmal eatlng and gubsequently atta.lned a

maxlmum at between 5 and L2 }rî.
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Urinaryrespons€stotheaddltlonof4oo¡n-¡nole

of KHcOg or KCI to the rume¡ì were not unlform' On 2

ocea6tlons ustng IiCO, the maxlmun kalluresls wâs acfrieved dtl

the ttrtrd hr after the addltion of K to the ruf¡en yet 1n 4

other experlments the peak of the kallureslg ranged fron 6 to

1? hr. The maxlmum rote of excretlon of I( followlng i( loadlng

was 6?0 ¡r-equ1v,/nln, a flgr¡re slmllar to tï¡at found 'uJhen thlE

quantlty of I( was lnBested ln tl¡e food. Blcarbonate excretlon,

as tndl.cated by a rlse ln r¡rlnary pH, rose wlthtn 2o mln of

adding ICO, to the runqr.

Dewlrurst et al. , ( 1968) alEo found a large increase tn

the urlnary excretlon of K 2 to 3 hr after feedlng. The

perlod before the lncrease occÌ¡rred was shortened by tkre addltlon

of K salte ln solutlon lnto the runen. Thelr explanatlon of,

the reduced delay ln excretlon followlng the addltfon of

extra I( may well explaln the varleble tlme of lncreased

excretlon ln tlre pnesent experlmentg' By addlng the K salts

ln 1.O 1. of water they thought that flow from the rumen may

h¡rve beon lncreased, carrylng dtgesta of Lnereased Il content

to sttes of rnore rapld absorptlon. slnce t¡ the present

lnvestlgatlons, the K salts sere added ln only 15O ml of water,

the ov,tflov from the rumen would be less pronounced, absorptlon,

apart from that across the rumen waIl wouLd be reduced and
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the rate of excretlon retarded. Dr-alng feedlng an

tncreased aalivary flow and drlr¡lrlng l,ould ptioduce a gFeater

outflour of I( from the rumen.

iltrone than lWo oî' the qua¡rtlty of I( added to the

anLon, but less tha¡r ?5% wlth CI though thfs was ln only 1

experlment. \îhen the ?A lt urlnary excretlon of K rvlthout. ,

any I( supplement was substra,cted from the total urlnary

excretton 0vith the lffi@, supplernent)only 76% of ttre extro

K was excreted ln tlre urlne ln 24 hr. /i, value of 65% and

8,2% ræovery tn the urlne In 24 hr was gt ven by Dewhurst,

.g!3I. , ( 1968) usl'ng Ac and CI as the anlon respectlvely.

Comparlng the changes f'n plasma I K] and urlnafy

excretlon, both follor,ved a slml.lap pattern thouglt the changos

in url¡rary output were sllghtly dolayed, Thle delay was ln

excess of the tl¡ne for urine to paes from tlre kldney pelvls

through the uneter, bladder, catheter and assoclated tublng

dead space to thecollectlngtube. Uialnlc, .9.!-3]., (1SOO a¡

and Gulnnebault
and de Roufflgnac^(1966) proposed that lntracellular K Ls

the source of K secreted by the kldney of rats. Assunlng a

elmller process 1n sheep the delay between rises ln plasma

I K] and urlnary excrotl.on may be due to the perfod necessary

for K to accumulate 1n the colls before betng seoroted Lnto
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the tubule lumen and otcreted.

Inspl-teoflncreasesl.ntt'"[Ne]ofplasmavtrlch

began ln the first hr of feedlng the urlnary excretlon of No

did not rise for several hours b',' whlch time K excretion

had lncreased and sas attalnlng lts man¡l'rnum. The peak of

the natrluresls was normally attalned after the peak of the

kalluresis. The magnltude of tÌre lcalluresls depended on the

K eontent of tlre dlet but the rurgnitude of the natrluresls

was quLte venlabler Dewhurst, .9.!..31. , ( 1968) made slrnllar

obserr¡etlons þut were unable to explaln hor,v I( loadlng eaused

a natrlureslsr

urlne flow after feedlng tended to follow the same

pattern as the rate of K excretlon wlth a sllght eff æt from

the natnluresis when Lt occr¡rred.

contrary to what mlglrt be expected and to the flndlngs

of Dewhurst, $Qf,, (1968) therê were no marked alteratlons Ln

Na excretlon foltowing an lntraru¡ntnal load of K salts. The

total excretlon of Na durlng ltþ,e 24 hr follonflng rumen supple-

¡nentatLon was not slgntf lcantly dffferent from ttrat wlthout

any I{ supplement. Thfs may ln part be dlre to the absence of

or reduced chan8e ln the plasne and rumen I Nal urrrch follov¡ed

addLtlon of I( to the rumen, oompared ìrtth the changes which
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followed nor¡nal eatlng. Presumably the l,ncreased eallvary

flow, drlnklng and lncrÐased lntaiee of lons, lncludtng Na,

whlch occur d¡¡ring eoting rnay also alter the absorptlon end

subseguent excretion of K and Na. From these results I't

does not apperlr that elevatton of the rumen[ Il] alone

(lncreased oP) produces the lncreased Na abærptlon f,rom

the n¡men, the rlse ln plasma Na and increased urlnary Na

excretlon whlch follows feodlng,

Part of tlre lncreased K excretton follovlng feedlng

was for¡rd, h 2 experLments, to tre due to a r1 se ln GFR whlch

coupled u¡lth rLses ln plasna I f] ralsed the ftltered load of K.

Assumlng that a constant fra¿tlon of tt¡o ftltered load was

reabosl,b€d for all levels of trt f,lltered then the lncrease ln

flltered load would have provlded a rlse ln tlre quantlty of

K excreted. Thus an lncreased rate of K excretlÓ¡l a'ccotrnts ln

prt for the ebsence of ony ef,fect of I( lntake on the post-

foedlng I f1 of plasma' Another explanati'on of the abeence

of an effect ol K lntake on changes Ln the plasno [n] follow-

lng feedlng ls to be for¡nd ln the rosults of Alexander and

Løvtnsky (1968) uslng rats. Acute K loadtng of normal rate

resulted in targe rlseg 1n tho plasma [f1 anA death dr'¡a to

K lntoxicatlon. If, however, rots were accustoned to a high

K dlet prlor to an acute K load, the lnlttal chan6es Obeorved
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ln the plasma I I(] vrere far less r even tf the rats v¡ere

nephrectomlsed. Alexa¡rder and Levlnsky lnterpreted these

results Ds &n Indlcatton that rats fed a hlgh I( dlet were

capable of absorblng an acute i{ load lntracollularly, thus

preventlng large changes tn the plasma concentretlon. They

attrlbuted thls hlgh cellular permeablllty and absorptlon of

K to an lncroased secretlon of aldoste¡:one or a related

mlneralocorticold,

Evldence for an lncreesed otdosterone sccretton vlth

lncreased i( lntako has alroady been Prosented ln relatlon to

changes ln salLvary composltlon¿ If ttre sangsltuatlon exlsts

tn the sheêp as 1n the re.t, then the leck of a larger rlse ln

the plasn" I K] followlng an lncreose ln the K lntslce may, as

orlglnally postuloted, be due to on lncreased abærptlon of

i( by the cells of the tlssues Ln responso to a hlgTter

endogenous level of eldosterone',

Thesheepqouldnormallyhavefarmoretoleranceto

an acute load of K (rapld feedtng) than a rat owlng to the

naturally hlgh K êontent of the dlet. thls moy explaln the

absence of any substantlal changes or f¡r more lrregular

ones in tlro plasrn" [¡(] fotlowlng lntraruninal dosing wlth

4OO m-equiv of K, thls quantlty of It 1g well lnslde the

normal re.nge lngeEted dally by a grazing anlmal a¡rd ls not
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an ôcut€ load for a sheoP.

AltenatlonslnabsorptlonofKbytlssuecellsmoy

also explaln tlre alteratlons ln the maxlnrum rates of l(

excretton, whÍch occurred at dlfferent levels of K lntake.

sLnce lntracellular K is the source of K secfeted ln the 61gtê1

tubule (lialnlc , 3,3_ú., 1966b) an lncreased lntrecellular ¡ 
If ]

would result ln lncreased E secretion. I{ence lf the Lntra-

cellular I( content ln the dlstal tubule cells of the sheep

kldney increased as the I( lntake trose so may the secretlon and

total rate of, tri excretlon rlse" It ts unlikely, however, that

the lncreased cellular uptake of K vlag pnoduced by aldostelone

because thLs hormone had no effect on I( excretlon fn the urlne

of ttre sheep desptte varj'atLons ln K lntake.

(lv) Effeqt of hormones an--utaler-and electrolyle

ax¡rr¡:t ion diffcha<¡n t:n orent I( reelmes

(al Vasopressin

Snlth ( 1951) ln revlevlng the caEes ln utrtch urlne

flow Was reported to lncrease during the perlod of ¡reurohyp6-

phystal hormone actlon conslde¡:ed that such effocts r¡rere duc to

anoesthetlsatlon of the test anÍrnals, lnpurlty of extracts and

varl-at|ons in rvater and electrolyte loadlng ln these anf.mals.

slnce that time, the dluretlc effects of vaaopressÍn (as o
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p|rgtê rtntbetlo coüpouD4 or pure extrâct) ln the dog Ûtd rat

hovo been well dæumented (Jacobson and Kellogg, 1956; Brook¡

and Ptckford, 1967¡ Ðrrf f , Grln¡rell and Krarner, 196õ¡ Kranotr,

Grtnnell and Ðuff, 1966; Grlnnell, Kranar, Duff and Lydon,

1968) r In the slreep arglnlne vssopresstn or the commercfal

preparatlon, Pltressln, have becn s.rtorm to lncreaso olectrolyte

excretlon and elther lncrease or decroase water excretlon

occordlng to the lnltlal flow rate (ßlnne, Uracfarlane and Br¡dtz-

olsen, 1961; Cross, Thornton ând frroddell, 1963¡ Gerrs, 1964;

Peeters and Ðebeckere, 1963; h{acfa¡'lê¡re, Klnne, llolmsely,

slebert and Petor , tæ? ¡ Kghn and Peeters, 196?). Stacy and

Brook ( 1965) falled to flnd ony e alrrúetlo ef tect of vasoprerlh.

Dtrlngtbegrerentoxperlælt''doscsolPltrelsln

rìantt¡g ño. O,? to C rüÆ¿ bll t.?. lrJorltla ot !.t tÞ 20

úJ/Rg/ht by I¿V. lnfuslon prodrned the expected ko]fu¡rerls a¡rd

at tímes, notrlr¡fesl¡ 1n sheep fod lucerne chaff. These dogss

often produced a gnall dluresls when tnltisl urlne flou rates

weté below 1.õ to 1.O nllnrin but were norm¿Illy ontldluretlc

at rates exccedlng 1.5 ml,/mln.

r,Âlhen sheep F wos recelvlng K eupplernonte of 6o0 and

l2OO m-oqulv,/day Pltressln dld not produce obvlous alteratlons

fn eloctrolyte'output or urtne flow. Any changep whlch dld

occur we:re ol¡scured by normal ve¡latlons ln the excretory



169

pettern. However, sheep S end 1\r when recelvlng theee K

suppl-ements, at times, regponded to doses of Pltressfn as 1os

as2tolenU'wlthlncreageglnKandNaexcretlon,Âsthe

I( lnta.ke wag ralsed the lncrease ln K output became less

pronounced thougTr the abEolute rato of K excretlon was

lntttally hlgþer. The tncreases ln K excretlon whLch Pitressln

produced ln eherep s occurred desplte la¡ge reductlon tn urlne

flow.

Altlrough at hlgb K lntakos, the effect of Pitresstn

on Na and It loss was vartable, 611 sheep teEted showed an

Lnereased excretfon of H+ when recelvlng the 12oo n-equiv I(

supplernent, Sheep S also lncr.:a"$ed lts lt+ excretlon wherr the

K supplement was 600 m-equtv/dsy, The Þerlod and magnttude

of the lncreased H+ excretion depended on ttre lndLVtdual anlnal.

SLmllar lncroases in H+ er<cretlon followlng LnJectlons

of Pitressln were observed ln sheep on a lorv K dlet. Hgwevef,

contrafy to the flndlngs ln normal anlmals, Pltressln tended

to reduce the r¡rine flow even whqr the lnltlal flou¡ was tegs

than 1 nlr/¡nfn. Potassitm and Ne excretion ln the lovr K anirnals

cras on occas$lons lncreased by Pttressln by as much as 7We,

In terms of absolute rates of I( excrotton these Lncreasos w6re

lnclgnlflcant when conpared wlth the Lncreases produced ln

normal sheep.
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/\ltlroughgt|¡1q}¿tl.onof¡|-enolG¿rrboDl'cÐnlrydraEe

nêy lncr€ase H+ excrotlon, rt ls not llkely that thls ls gro

actlon of vasoprossln ln K supplernented and deploted sheep

slnce ft had no effect on urlnary pH 1n sheep on ¡Qrnal K

lntakee, rega',rdless of tho lnttial urinary pI{. Berllner,

Kennedy and ïlllton (1951) extended Plttsi (fS4S) theory of

urlnory acldlflcation ond proposed tlrat the dlstel secretlon

of K+ or H* was tlre result of competltlon betureen these 2

lons for secretlon ln exchango for Na+ befng reabsorbed.

From present refrults lt ls dlff lcr¡l t to envlsage vasopreseln

actlng at thls exchê,nge elte.

(b) Aldosterone

iilnnes!3¡.,(1961)andl,4acfasl¿ure(1963)repofted

that aldosterone infusions had no effects on I( excretlon of

noDnol sheep though it reduced Na e:<crotlon. slnilar

observatlons u,ere ¡rade du¡:lng the present lnvestlgatlons

desplte LncroaseÊ ln the I( lntake and lncreased rates of

urlnary excrctlon. T'lrese flndl¡rg are contrary b tlrose fourd

for the effects of aldosterone fn rat, dog a,nd man (Barger,

Ðerlln anrd Tulenko, 1958; \',Illliamson, 1963; Ðawborn and Rosst

1g6?; Âugust, ÌIelson and Thorn, 1958) when a lolluresLs often

accompanies the reduction ln Na exeretlon. Al'though

aldosterone stlmulates dlstol lla reabosrptlon thls reobsorp-
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ttondoesnottalceplaceattheslteofNa-I(exchange

(ga¡Ber, -g!:3I., 1958¡ ïÍllllamson, 1963; Flnognarl , Fanestll

andEdelmarr,L%7).Thlspolntlsclearlydernonstratedby

the preoent results oe aldosterone haó no effect on K

excretlon, I{owever, thls lack of effect tndfcates efther a

dlfferent mechanlsm of action of aldosterone or a dtfferent

mechanlsm of K secretlon ln streep conpared wlth other spocles.

i{hatever the mechonism, aldosterone does not appear to regulete

renal I( excretlon ln the sheep.

(c) Cortlsol

Just as the effocts of aldosterone in sheep were

dlfferent frorn those ln other epecles, so were the effects of

cortlsol¡ Infusions of cortlsol ât rates between 60 and 1OOO

pg/ht bad no conslstent effeats on urine flow or electrolyte

oxcfetlon of norrnal or I( supplemented gheep. cortlsol produces

varlable altefatlons ln the renal excretlon of water and

electrolytes of rats, dogs and nan, depenô1ng on the lnltial

petterns of eLectrolyte excretlon and floy rate (Llpgett

9æ1. , 1961). There ls no obvlous explanatlon of tlre

ab6ence of any effects of cortisol on renal functlon ln tl¡e

sheep, but thls lack of effect dernonstrates that cortlsolt

l1ke aldosterone, doee not fr¡nction ln the regulatlon of

urlnary I( loes.
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(1v) gffects of phaguracolggig=al ggenls 9n r.e-n-aI

functlon

I al /:.cetazolamlde

Acetazolamlde appeers to have on action on renal

function of the sheep slnllar to that fn man, rat and dog

(Maron , lÑ?) slnce 1t prodtrces a rl'se ln urlnery pH, an

lncreased excretl0n of K and Na a¡rd a small increase ln urlne

flow"BecausetheurlnepHofsheepisoftenolkallne,the

rLse ln !E ts not as marked as ln other specles wtrere the urlne

ls usually acLdlc.

Ttre altcrations ln re¡raI functlon prodtrced by

acetazolamÍ<le are effected through lts lnhtbltton of the enzymet

carbonlc anhSr"Jfose. Inhtbltlon of thlÉ enzyme rosuLts ln a

reduced tntracellular pnoduction of H+ whLch ln turn cÊuses

a reductlon in !tCo, reaFaorptlon and an fncreaced HCO,

excretion. sodlum reaË,sorptlon ls also reduced followlng the

fall ln proxtnal tubule IEO, reabsorptlon' The lncreased K

excretlonlsprobablytheresultofareducedlntracellular

competÍtlon betrceen E+ and K+ for secretl.on ln exchange for

Na+ (Maren, 196?).

InaI(depletedsheepa¡rlnfuslonofocetazolamlde

produced a sfgnlflcantly greater loss of Na tha¡r K' Thls

suggeststhatlnthonornaloheop'partoftheNadellvered
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to the dlstal tubuls ls reabÉorbed tt ottÊh€sge for K but ln

the low K anlmal there I's a reduced Na-K exchange and o

larger rÍse ln Na and snaller rlee ln K excretlon than nornsl"

Partlallnhlbltlonofcarbor¡lcanhydragenugtaccount

for the hlgh urlne pH ot normal sheep. thts lnhlbltlon npuld

olso allow a groater s€cretlon of K ln the dlstal tubule

and could provlde part of tl¡e mechanlEm of regulatlon of K

excretlon by the kldneyr Âlthough there le some for¡n of

relatlonship between urLne pH end I K]r the K excretlon ney

lncrease to very hlgh levels wttùout the plt rtslng. Further-

Íþre, increoslng the dose of acetazolamlde beyond 1OO u¡g

does not !.ncfease eLther the pH or lrlre rate sÍ K eorcretton

beyond certaln llmlte, but tlre perlod of actlon 19 pro-

longed.Ttrenaxl¡nunreteofKexcretion¡roducedþyeceta-

zolemlde nay be exceeded by botb nor¡ral a¡rd K supplenented

gheep.Therefore,ltlsrrnllkelyt}rattlrenecharrl$n

controlllng carbonlc a^nlrydrase actlvlty le ttre naþr

regulatory factor ln trtre control of K excretlon by the

lldney thouglr lt must play some paat.

(b) Cvclothlazlde

Ithasbeenpropogedthattlrethlazldedluretlcc

llke the orgênomercr¡rta1 conpormda aat
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ln both the proxlnal and dlstal tubule. This resutts ln

depression of distal and possfbry proxlmal Na reabsorptLon

and an increase Ín dlgts1 K socretlon (Foulkee" 1965).

Cyclothiazlde dld not cause as slgnifLcant a rlse
ln Na, K and water excretion ln the sheep as it does in the

ral, dog and ma¡r. Slnllar findings were rnade by Cross and

Thornton ( 1966a) uslng related thlazlde compotrnds and tulo of

the compounds they tested were almost conpLetely ineffectlve.
Thus lt may be concruded that the thlazlde dluretlcs elther

do not affect electrolyte movemer¡t ln the tubules of the

sheep kldney as they do in other specLes, or the mechanlsn whlch

they do affect ls not very lmportant tn the process of Na

reabsorptLon and K seoretLon. Thls may lndlcate that the

mecha¡rf-sms of ìIa and K transport Ln the tubules of the

sheep kldney vary ln some way from those ln other speeles.

(c) Ethacrvnlc acl-d

In corunon wlth the kldney of dog arrd man, the

sheep kldney proved to be quite responslve to small doses of
ethacrynl-c acl.d. This cornpo'nd produced a masslve natrluresls,
chloru¡esf.s and dLuresis, a smalr karluresLs and a sharp reductLon

fn r¡¡tnary pH. rt was orþlnally postulated that ethacrlmlc

æid produced its effects by tnhlbitfon of dlstal
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and proxlmal Na reabsofptlon (Beyef, B8er, Mlchaelson and

Russo, 1965). Koaorh an<l Cafrrrny (1965) proposed that thls

lr¡hlbttlo¡r occurred through the btndlng of actlvo'-8H groups'

Although ethacr¡mlC acld uay partlally i.nhlblt tubular No

reabeorptlon the rnaþr part of the large natrtt¡resls and

dluresls observed fh ög and man !.g due to lnhlbttlon of Na

reabsorptlor¡ tn ttre loop of Henle (Goldberg' 196?) ' Thls

lnhlbltlon removes the hlgh OP of the rnedullary I'nterstltltm

necessary for concentratlon of the uri.ne. The current hypo-

thesls of ttre mechanlsm of lnhlbltlon of No reabsorptlon is

that ett¡acrynlc acfd (and frusemlde) lnhlbltsthe Na-S-ÀlPase

of ttre tutn¡les (Ih¡egan and NolI, 1965).

ThE nragnLtude of tbe natrluresls and dluresls wttlch

followed the ad¡¡rtntstratlon of ethacrynl.c acld to sheep suggests

thêt lt also lnhiblts Na reabsorptlon ln the loop of Henle

ln the sheep. l¡othlng ca¡r be lnferred from the effecte of

ethacr¡mlc acld, about the mechanlsm ard regulatlon of

K secretLon ln the sheeP kldneY.

(d) Frusemlde

The dluretlc, frusemlde, llke ethacr¡mlc acld, le

reported to Lnhlblt Na reabsorptlon ln the loop of Hq¡Ie of

the kfdney of dog, rat and ma¡r (Buchborrr ard Anastasakf.s, 1964;

DeetJen, 1965; Berllner, Dlrks and ctrksena, 1967). Frusemlde
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when adntntstered to sheep Éroduced a¡r extremely large

dlr¡resle, natrlUresls and chloruresls, a noderate kallUregtg

end ên lncreased E+ exsretlon. Thls euggeets that 1È ooå|¡tt

ln the sheep kldney ls slnller to ttra! ln the dog or rat

kldney,

The lncreased H+ loss folrowlng ethacr¡mlc acld or

frusemlde adnlnlstration ls probably the result of the

increasod CL excrctlon produced by these com¡roUnds. Laraght

Cannon, Stqson and Helneme¡ur (1966) ctatmed that bottr dtureti'cs

tnhlblt Cl reabsorptlon ln the proxlmal tubul'e, wtrlch results

ln an enha¡rced NeII@g reabsOrptlon a¡rd lncreased H+ secfetton

Laragh, 9!-g1., (1966) êlso suggegted that thls sltuatlorr

Iends ltself to superlmpoeltlon of carbonlc anhydrase blockage

wlth a resultant lncrease tn NaIICO, excretlon, Such an

lncreeae was f,ound ln the sheep followlng an lnJectlon of

1@ rng of aoetazolamLde du¡i.ng a frusenlde lnfuslon. In

addttlon, urlne flOw and K excretlon were enhanced, suggestlng

that frusemlde does not alter Na-K excha¡rge ln the dlstal

tubul e.

The lncreaees ln RPF arid GF'R observed ln the eheep

durlng the a,ctton of ethacrlmlc acid and frusenfde were

slmller to those tound ln man by vortnrrger ( 1964) a,nd Hook,

Ludens, Brody ar¡d Wllllamson (1966). It ls not apparent
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what part the alteratlons ln RPF and blood redlstrlbutlon

ln ttre kldney play ln ttre effests of, these dluretlca (Blrteht

zakheln, Jones and Barger, 196?) though they mey be related

to the decreese ln proxlnal Na reabsorptlon reported by

Ullrlch, Baumann, Leoschke, Runrlch and Stolte (1966)'

Berllner, Dlrksr Fnd ctrksena (196?) forurd that ethacr¡rrtc

acld and frusemlde had no effect on proxlmal Na reabsorptlon.

Themagnltudeoftheelectrolytelossesproducedby

lnfuslon of ethacrynlc acld and frusemlde rrere such as to reduce

plasma [K] andü[a], desptte decreages tn plagtlra rolr¡te (as

shown by rises ln PCV a¡rd plagna proteln concentratlon)¡

Plasna electrolyte Concentratlons and volumcls were eupprossed

for some time after the er¡d of an lnfuslon and slowly retr'cned to

normal values, Dwtng thls tlne, RPF, GF'R and urlne flow fell

to very low levels before they too bogan to returrr to nqrmal.

thls redlptlon Ln RPF and @R tllustrates an adapttve ablIlty

of the shoep kldney to control water a,nd electrolyte loss

when there are alteratlons ln the ECF vOlume and concentratlon.

Such a mechsrlsm nay functlon followtng feedlng, when therê are

suþstantlal changes tn the ECF, and rnay ln part reguLate the

excretlon of K at this tlme.

fe) Eosilon amlno caProlc acld

Epellon amino 'caprolc acld and lyslne dld not

producehyperlcalemlaandal4rgekallureslelntheeheepas
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they do tn dogs and rats (carroll and Tice, 1966; Dlckerna¡r
Although

and Walker, 1962). 
^ 
It wê3 hoped that tlhece conpounds rculd

prov|de a method of acutely deplettng tlss¡ee, ln particuler

the kldneyrof K, EACA dld provlde some useful lnf,ormatLon

about K metabolls¡n 1n the shoeP.

Epsllon amlno caprolc acld produced en lntttal sharp

tra¡rsltory rlse tn RPF a¡¡d GFR wtth a results¡¡t transltory

rlse !n K and ltra excretlon. Renel plasme tlow, GFR and K and

Na e:æretlon then declt¡ed tO below pre-tnlUslon lerrelÉ but

rates of urtne flow usually contlaued to rlse ud.th a resultant

lncrease |n free water clearance. The fnlttal Lncreaee ln

rmal excretlon of K wes lnsufflclent to account for tho

narked decrease Ln plasna [K] frorn 4.5 - õ.O n-equtv/L. to as

low as 2.8 ¡n-ogu|v/L. ltrla decrease aleo occurred desplte ô

large decrease ln PV a¡rd EnV as slrown by large rlses l¡¡ FCV¡

Ilb concentre,tfon aad plaora pnoteln conce¡rtratlon¡ The rlge

ln plasne I N"] of 9-11 ¡¡r-equlv,/l. could be accounted for by

the faIL in PV and EV.

To explain the large change ln plasma ¡ K] lt i'e

Deceesary to postulate that whereae tn dogs and rate, EACA

dleplace<t K fron celle and prodræes hyperkalenla (Carroll

end Tlce, f966; Claus, Skozaand Jolursonr 1966) ln the

cheep it dtaplace¡ K ln the pl'asma lorclng the dlrplaced
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K lnto tlssue cellc and reduclng t'he pla¡ra 
[ *]. sluce EâßÁ'

and K are Bupposed to replace each other, ttre plasn"[ *]

may not bave beqr a true eetlnate of theleffectlve IK]Éan<l

lt should be related to the 
¡ 
K] nlue th" I EACA]. The

olueffectlv. 
I Ki nay tlrerefore have been qulte hlglt es r¡qt the

effeçtlve K excretory rate. Estlnatee of the excretory rate

of EACA were not made, but ln dog and nan, E/ICA ls rapldly

excreted ln ttre urlne (McNfcol, Fletchor, ÀlkJaerslg and

Sherry, 1962).

Overall, these offecte of EACA appear to conf,lrm tbe

pod,¡lated ablllty of tlre tÍssues of the sheeP to absorb large

K loads, such as occur after feedlng, thus preventlng too gpeat

a rtse tn extracellular ¡ K]. Slnllarly the lncreaeed renal

excretlon of I( followlng the oessatton of EIEÀ lnfustons

and whlle the plasna [K] waE retr¡rning to nornal, may be

analogous to the large kellr¡resls whlch occurs after feodtng.

The adaptlve eblllty of the eheep to reduce RPF

and GFR when the EDV decreaa€s vas ageln demonstrated after

EACA lnfus!.ons. these reducttons ln RPF and GFR were unllkely

to be due to changee !n æF electrolyte concentratlonE glnce

wlth EACA plasma [Na] rose whereas rvlth frusemlde and

ethacr¡mlo acld 1t fell. It thus app€ars that volu¡ne

changes were effectlve 1n lowerl¡g the renal flltretlon.
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Althoulfr the reductlong ln PV durlng frugenlde and

ethacrynlc acrd lnfuslqrs upre Ftobebly the regult of tt¡e

large urlnary weter loss, the u¡uch larger reduction tn PV

durlng EACA lnfuslons was llkely to be ttre result of an

lncreased caplllary perneablltty as well. Thls cod¡pot¡nd hae

beon shou¡r to produce theEe ohanges ln dogc (Tlce, Redlsch

and Carroll, 1963). Some clrculatory fallure reeulttng from

the larBe redr¡ctlon tn PV rrould accowrt lor the lerge lncr@aBe

In pulse and resptratLon rate whloh occr¡rred dr¡rln8 and

tollowlng ad¡nlntstratlqr of E/trCA. Increases ln cellut*[ *]

and"effectlve.pl.asma[ *f*t algo have I'nereased these

rateg ln tbe sane usy as K lnfusions Prodtþed rlgee 1n pulge

and resplratlon tate.

(vl) Combtned eftectF of pùrar¡nEcologtca1 agents

end vagopresgln on renal frr¡ctlon

From the resultb obtatned uslng trussnLde and

ethacrynlc actd lt ruould apPear that both these druge act

by rerrcvtng the hlgh oP gradtent of tlre medulla, thus

preventlng osrmtlc g,ster reabsorptlqr fron the dlstal

tubule and collecttnB dt¡ct'

Thts concept wee erbstantlated by tlre lnablllty
'r'' E t '

of vercprosetn to f6óucê ttrE li1gl úfIt¡o.1'loß i'óduced 5¡r
a'," . Ì r-"ì' :

both üheÉê ôfdf"tfciii.' Vä"äp"""gln ts. flrought. ø 1¡ré1"éa.Eé,



121

the perunablllty of the dletal convoluted tubul'e and collecttng

duct to water and the reEultant reabsorptlon of water ls a

passlve procefrs dependent on tlre nrodullary os¡notlc gr8dlent

(\,tlrz, 1961). Frusemlde a.nd ethacrynlc acfd by renovl'ng tho

higÌr medullary osmotlc gradlent preventod vasopressf,n from

lncroasÍng water reabsorptlon though lt may still have

lncreased tr¡bule PermeabllltY'

Insplteofthelallureofvasopnessl'ntoreduce

hlgh rates of urlne flow, the lncrease ln excretlon of K

nornally observed under the actlon of vaæpressln ln rumlnants

Étlll persteted. Increases ln K excretLon were not as large

as usual, but the excretory rate was already elevated due to

the actlon of the dturetlcs" An tnJectlon of 2OO ¡r{I of Pltressln

durlng one frusemLde lnfuston, as well aE lncreaslng K exCretlon,

producod a frrrther rlge |n Na and Cl e:rcretlon and a smoIl þr¡t

slgnlftcant rlse Lu water output. Pitressln had no effect on

the low utlne plt produced by either dlr¡retlc.

ThelncreagelnKexcretloncaugedbyvaaoposEl¡r

durtng a frueemlde or ethecr¡mlc acld dlureels subgtantlates

the proposal of cross and Thornton ( 1966a) that the ef fæts

of vasopressln on water and electrolyte excretl-on ln the sheep

may be dlssoctated. Frrrthq:more' the slteg of actlon of

va6opressln ln the ktdney are llkely to be separate from those 9¡¡
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fruse¡nlde end ettucrynlc aald. That ls, vaaopressln doea

not redr¡ce Na absorptlon !n the loop of He¡le. Llkewlse,

vagopressln and cyclotl¡1azlde ere qnllkely to have the sane

sttee of actlon Bince ln 2 experl'ænts, vagopressl¡ wtlg

able durlng s c]tclothlazlde lnfuslon to tncreese K, Na s¡d

sater Output. These results were lnconcluslve gince the doee

of cyclothlazlde used sas not tlre maxlmu¡r effectfve doso and

cyclothlazlde ltself proved to be relatlvely lneffectlve tn

alterlng r¡rlne flow a¡¡d electrolyte output.

and Tryecldell
croesrd lhornton (1963) poatulated that vaaoPresgln

lncreased electrolyte output by lncreasfng tho quantlty of Na

reachlng ttre dlstal Na- tr - H oxohanrge slte. The lncreeeed

electrolyte output was the6 expressed pedoninantly as a¡ tn-

creaae ln oxcretlon of elther lla or K dependlng upon the

pattern of electrolyte excretlon at the tl¡ne of adnLnlsülatlon

of voaopresåln.

Thelr later hypotheel¡ (Cro¡¡ and Ttroruton, 196Oê)

concernlng the podrrctlon of the lncreace ln dlctal

dellvery of Na ls É111 open to guestton. they nade several

assunptlons based on flndlnge 1n the rat (Cross, 1964;

Cross and Thornton, 1966b) a¡rd on the fact that a hlgh [Na]

occrrE tn the paptllae of sheep excretlng concentrated

urlne (Schmldt-Nlelsen and OtDe1l, 1961). Furthernþre, the
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results they obtalned tn rats were ln contrast to tho69

for¡rd using Õgs (Boyla¡r and Asstrauer , 1pF,2¡ Goldberg, 196?).

end lrveddellt s
crosa,d Thorrrtqr (1963) or¡lglDal hypothealE tlrat

vaÉ¡opresstn lncrenses the dlstal dellvery of Na stlll eppears

tunctlonal, though on the basls of the present ¡eeulte there

are sone dlfflcultles essoclated wtth the proposal tbat t'he

lncreased diEtel dellvery of Na then resulta ln e¡r lncroesed

Na-l( e:cchanger

Tbree potnts arlolng fron the pneaent resultc whlch

serlously questlon this proposal are (1) the deley between the

peaks of K and Na excretlon prodtrced by vasoprêssln when the

rates of K excretion are low (2) the reduced effects of

vasopesaln when the rate of urlnary K excretion was very

hlgh and (9) the absence of any etfeet of vasop'regsln on

urlnary pH ln the normal sheep thougù a varla,ble reductlon

tn DH ln "hlgh" or "lod' r sbceÞ.

Tlre delay betseen the pealcs of the kelluresle

a¡rd natrluresls ts dtfflcult to explaln 1l tìe tncreased

K eecretl.on ls the re¡ult ol en lncreased dtstal dellvery

of Na and an lncreaged Na-K exchange. Both lncreêse3

ln excretlon should be ¡lnultaneous turlelg there 1g a¡l

lnltlal lncrease ln Na-K exchange ¡neventlng a rlae ln Na

e¡ccretlon and redtptng the cellular level of K.
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Thts ln turzr may reduce K exeretlon and allov Na excretlOn

to rlse to a ¡naxlm¡n (several otlrer obJectlot¡s to K-Na

oxchange belng the prlnary nea¡¡s of dtstal K secretlon have been

raleed eleeurhere).

Malnlc, Klose a¡rd Glebtscb (1966e) serlously querled

the Ldea that lncreastng the dlstal tubul1 Ne] should lncreese

Na-K exchgnge Bs Na !s not tlre llrnlttng factor ln the rete of

K secretlon and Na-K e:¡ahange does not occur On A olre-to-one

basie. Potasslum secretl.on lnto the dletal tubule depends on

the transtubular potentlal end conslsts of passl've transfer from

ceI1 to lumon and carrler medlated, actlve uptake from tl¡e lunea

Lnto ce]ls. Actlve Na extruslon out of the celle and K uptalce

lnto the cell ls postulated at the perltubulor slde of dlstal'

cells (Malnlc, .É91., 1966a,b,; lllndhager, 1969). Alteratlonc

ln K secretlon prodrrced by vaso¡rressl¡¡ couLd thus reEult fro¡¡

alteratlon¡ ln the paselve transfer of K tnto the tubule, a

reductlon ln acttve reabsorptlon from lumen lnto cell¡ or

an tnc?eased uptake of K by cells from the plasnac

Stlmulatlon of the passlve entry of K lnto tåe

lumen ts llkely lf there fs a rlgo tn the electronegatlvlty

of the tubule or an increage ln tl¡e lntracollular I K].

Intracellu1ar K ts the source of seoreted K (Bla'ck, Dav1es,
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Emery and Wade, 1956; Orloff end DavldsÐ, 1959; ulablo,

g9ê., 19664). VasopreEstn by lncreaslng the rate of

dellvery of Na to the dletal tubule çould lncrease the

electronegatlvlty of the dtstal tubule ar¡d lncrease the

rate of passlve K secrotlon. Thls ¡¡Þchanlsm would explaln

the reduced effecte of vasofescln on K e:ccretlon ln K

supplemented and depleted sheep. I¡ the "hlgh" K sheep,

the passlve entry of K lnto the dlstal tuþule lumen may Þe

nea,f a manrlnum¿ Thuc va¡opressln sould be r¡nable to produce

e very stgnlflcant rlso ln K gecretlon. Conversely ln tho

ttlor"tt tr bhe€p the source of K for paeslve secretlon, lntra-

cellular K, nay be reduced and he¡roe vaaopressfn cot¡ld not

tncrease the rste of K secretlon to any great ertont.

Alternatlvely, ar¡l rlce ln K seoretlon ln the dletal tubule

may have begr reduced by the large rateg of K reabsorptlon ln

tl¡e collectlng duct, vhlch tt ls necessary to postulate to

accormt f,or the obcerved rates of K los¡ ln "lod' K sheep.

Although thlg tnechEnlsm may q¡p1atn sonre ol the

obeerved fsêtt lt doeg not exclt¡de tt¡e po¡llblllty of vaão-

pressln dlrectly aLterlng the perltubuler traneport of K,

the IÌmlnaI rpmbrane permeablllty to K, the rate of K

reabsorptton ln tlre dletal tubule or collectlng duct, or

the rete of Na-K excha,nge ln the dlstel tubule even

though not on a one-to-one exchanBe besls.
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None of these altorattona provlde an explanatlon of

the lncroased H+ excretl.on found ln lg$ the "Iov' and "hlgh"

sheep dr¡rlng vgsopressln adr¡lnlgtretlon. In ttlod' K eheep

lntracellule¡ K nay be lfu¡ltlng aad hence alteratlqne ln

distal transtubular potentlaLe whether prodrred by an

lncreased dlstal dellvery of Na or otherwlse nay heve resulted

ln an Lncreage ln actlve H* georetlon. Suclr an ocplanatlon

uould not account for the lncrease ln H+ secretton Ln

"hlgh" K sheep when the supply of lntracellular K was

unltkely to be llnltlngrurlesg dlfferent Na-K-H exchange

systems are lnr¡olved 1n K supplenented and K depleted eheep.

From the pnesent results, lt tE clear tl¡at

vasopresstn produces Íþre changes tn renal tubular functlon

than had previously been vtsua¡.tsed. How thege alteratlons

are brought about ts stül r¡rcertaln. Nevertheless vasopressin

does ¡rossese the ablllty t¡ lncreese K e:¡cretl,on ln sheep,

the extent of the increase dependlng on the lnlttal rates

of K loss a¡rd tlre K status of the anlmal. It le the only

hormone so fef tested whtch does slgnlflcantly alter K

excretlon and the posslblllty therefore stll1 o¡lsts that

as well as asetsttng tn the uralntenance of renal water loss

lt fr¡¡ctlons ln the regulatlon or mal.ntenance of l(

excretlor¡ ln tùe sheep.
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tv suùûúl:ßr

/¡.s polnted out by ltard (1966) 1¡ hls revlev of

potassil.un netabollsm ln domeEtic runlnants, "fuml'nant anlrnals,

zubslsting as they do on a hlgh-roughage dlet, may have a potasslun

tntalce tirroughout tlrel¡ llfespan vrirlch ls nany tLmos thelr

cli"r,tary requlrømentt'. Untll reoeutly thls large potâsslu¡n lntake

was studled in terms of posslble toxic effects. Lltt}e rvos

known concerning the tfue maLntenance requlrements of potassi.um

Ln nrmrlnants, t'¡hat effects tho norlfnlly la^rge potasslrnn Lntekes

had on water and e}ectrolyte motabollsm a¡rs a wholo or what

physlologloe} mecha¡rlsms allowed the rumlnants to tolerate end

excrete the excess potasstun lngested. Therefore, a study was

undertaken to lnvestLgate the tolerance of sheep to alterAtlons

ln dtetsry potaEslum and the effects of these alteratlons lÍt

potasslr¡trt lnteke on body fluld and electrolyte metabollsml

Alteratlons 1n urlnary excretlon and posslble mechanfsns of ¡ntasslum

secretlon a¡rd thelr regulatlon |n the ktdney çere studled. ln

assoctation v¡ith these lnveetlgatl-onê.

Increaslng the datlypótEEb,fr¡n'lñt¿lrc of bheep over tbe rangê

of 4õO to 2Q@m-equ1v/day prodr.rced en alrpst lfnear lncreaso Ln

water intake, tr¡rnover and urlne Yqlrrtneò PreSUnab]y ag a result

of lncreased water turnover thel's vas a rl-se ln total body water,



1 33

total body water as a percentage of body welght, extracellular

vol:¡sne and oxtracellUlar volume as a percentage of body wel$ht'

Pl-ir¡;ir,a volume wâs not altered. The plasma Úod'fin::CouCe¡tratlon and

os¡notÍe pressure docreased ae the potasslUn intalce rose, though

the ,,jlasrna I( çoncentratlon remalnecl unchanged. Sl-nce the extra-

ce,j. lul-ar volume rose the total quenttty of sodlum tn the extna-

celiu.lar flutcl rem.alned constant whereas the total quantitJ¡ of

potasslurn nose"

Detet'.tnfna"tj-onsofsalivrrycomposlttonln2sheepprlor

to feeding o.nd 4-6 a¡rd B-1O hr af,ter feedlng oornmenced sirovred e

reductlon 1¡r the lla:K ratlo wlth an lncreased potassLum lntake.

This red.uctlon rvas lesg ln the sheep rvhlch had contlnual access

to se1t. These results were takon to fndlcate that although there

was no demonstrable sodlun def-Lclency, o hlgh potasslum lnteke

rnay pnoduce a "sodlum deflclency type effect" and that aldosterone

or related mileralocortlcold secretlon may have been lncreased.

Increasing the potassl-um lntake produced large

alteratlons in rutnen etectrolyte concentratLons, the prefeedlng

rr¡¡nen sodium Concentratlon decllned wtri'le the potassiun concen-

tnation rose. At the mar<lnum leveI of potassù-u:r supplementatlon

rurnen scdi.tm concentratlor¡ was 27-3ã rn-equiv,/l. and tlre rumen

potaso:i-itäi concentratlon 115-12O n-equlv,/l. Somewhat si'mlIal. ,

though much l-ess marked, alteratl,ons occurred ln the rumen of
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Ls¡supplem€nted sheep folloclng feedln6. rn supplenented shoep

feedtn6 elso caueed a further faII fn ru¡nsn eodlU¡n ooncentratlon

¡:ntl rlse ln potassfu¡¡n concentrAtlolr but these changee vere

srire¡.-l. Ies than those ln the normal sheep. It waE concluded

that the decll,ne Ln rumen sodlum concentr'atlon, whLch resulted

frr)ln an tncreaeed potasslurn lnteke ln the food was due !n part

io stlÍtulatlon of soCtr¡n lr¡obsorptlon by the blgh rumen potasslrm

con,centratton.

The increased absorptlon of eloctrolytes from the rlrnen

andposslblylowergutsegmentsrfollowlngfeedlngrresultedln

lncreases ln plasrna cgncentratlons of sodfun and potasslr'¡m and

plasma osmoti.c pré6suFet These Íncreages trl pl-asna concent¡rations

perslsted from 8 to 18 hr depondtng on the perlod of eating¡

Àn lncreased potasslum uptake fron the rumen was

demonstrated uslng azK. Equlllbratlon of azK between the rumen

and blood was rapld followlng the addltlon of 40O m-equiv of

potasslum to the rumon. ilowever, slmllar additlons of potasslun

produced no detectable alterattons ln the uptake of 24Na fror¡ tho

f Unen.

îOtr{ uptake from the rumen was used to assess whether

the addttLon of poteasl.run: 'to the'.Cunen altered¡ rrater'nd¡vertrènt to and fron

the ru¡nen. Altþough tbere was some reductlon !n total water

rnovement fotiovllng the addltion of potasslum to the runen, lt
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was not statlstlcally dlfferent fronr normal. ÞIeverthelesE' a

posltive relatlonshfp between rumen voh¡me and total vrater flutl

was derived. The mean total wâter nþvement fn 14 measurements

on 6 sheep fron EI mean runen volume of 5"58 1. was 2.64 l./hi:..

It was demonstrated that the runren wo.ll provLded a

mr¡ch greater barrler to the movement of 42K, Þ4Ns a,nd TOH tlran

does the eplthelttrm of the duodenum, lIeum, and upper and lower

colon. Notwithstand,lng, lt vras siroum that runen transeplthellal

wâter movement $ras conslderable and could account for ¡m¡ch of the

equlllbratlon of bOn t¡etween blood and rumen. Conslderable

varlatlorr t¡I ruñen $1411 permeabtllty was also observed.

As the water lntake and water tu¡rnover rose wlth

lncreases Ln ttre quantlty of lngested potasolUn, so dld urlne

volu¡ne. The urtnAry sficretlon of potasslum was malnta.lned ot

Stl% ot üpre of the total rlslnary ÞIus faecal Þotasslum loss, and

urinary potasstua loêl .làE proponttrjúal to thd pot¿i-ólür tûtskc. IlrG

to the rlse Ln urlne volume there were no large changes ln urlne

potasslun concentratlon, though godlum concentratlon fell.

Hourevor, the total output of sodlr¡m ln the uflne rras proportlonal

to the sodlr¡t int¡.ke.. Indlvldual anlmalc showed conslderable

varlatlon l-n v¡atsr turnover and urlne vOIUme and hence potassltøt

concentratlon, but thle was not due to a ll'nltatton
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of the kldney to concetrate potaeslum tn the urtne. Faeoal

excretlon of potasclum wae r¡naltered by changes ln potaaslun

lntake a¡rd the faecal sodlu¡n exoaêtlon only rose very sll6htly.

Ratslng the potasslun lntake dld produce a rise 1n faecal water

excretlon but no slgnfflcont alteratlon ln dry rhattef tlBórtlbl1lty.

The pattern of urlnary potassltn loss followln6 teadtng

was slmilar to that of plasraa potasslun concentratLon. Although

the rtse ln placma sodfr¡n concentr¡rtl.on was lndependent of rlses

ln potaesium lnteke, the posû{oedlng kalluresls lncreaged ln

magnltude¿ Lock of cot'relatlon betweerr the pos¿feedlng rise ln

plaena ¡btasstum concentratlon and potasslum lntalce could

partlally be accounted for ln terrns of the l¡croased urlnary loss,

tn¡t the restlng rate of urine'ry potasslurn excretLon was hlgher ln

potasslum supplemented than normal sheep when plasmå potassLum

concontretlon waE the same. It wae, therefore, postulated that

at ttre hlgher levels of potasol-um lntake tissues were able to

absorb an Lncreased quanttty of potasslu4- Thls prevented

unduly large rLses ln plasma potasslum concentratlon.

Thls hypothesfs was extended to lnclude the kldney.

Í!lnce lntrecellular potaselurr ls the source of secreted potasslum,

thls nay have alded the prodrrctlon of the hlgher restlng and

post-feedfng rates of potaeslum excrotlon ln potasslum supple-
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mentd axrlmals. There ls no apparent explanatlon of why the

cellular absorptlon of potasslurn ehould be lncreased ln potasslun

supplemented anlmals t¡nlese lt is" due to tìre proposed rlse ln

aldosterone secretlon or some other hormone. It ts unltkely

that aldosterone ls the hormone responstble, since 1t does not

lncrease renal potasslum excretLon tn the sheep'

Supportforthepostulateoflncreasedpotasslunuptake

by cello came frorn lnvestlgatlon of the effects of epsllon-anlno-

capnolc acld. Infusiong of thls conpor.urd (an a¡raloEue of L-Iyslnet

whlch lri dogs and rats replaces pÖtasstuî ln cells causing hyper-

koLemlo and a large kalh¡resls) caused a 3O-5Ø t'eductlort 1n the

plasma pote,sslun soncentratlon and reduced potasslutt excretlon

ln sheeþ. Presumably potoesùtn liè8,dlÉplaced f,ron the plasma arrd

absorbod lntracellúIarlY!

Urtnar}excrêtlonofelectrolytesfollowlnganlntra-

rumlnal load of potasslum rvas f,rre6ular conpared with the

changes after feedlng. Â kalluresis dld occur but not aÛ eny

regular tlme after the addttlon of potasslum to the ftmen. once

agaln these were rÍses ln plasma ¡ntasslum concëntratlon, but

these too rvere lrregular. Urinary sodium loss was rmaffected by

the addltLon of potasslUm to the runsn yet a natrluresls occurred

after feedlng. thls dlfference ln eodlr¡n excretton appeered to

be related to chEurges tn rumen end plosme sodtum concentratlon,
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whLc.h were altered by feedlng, but lttt1e 6ffected Þy

p"r'cassf-um loading.

va¡ious pharmacologlcal agents and natural hornpnes

were admlnistered to the sheep to lnvestigate the posslble

mechanlsmg and çontrol of renel potasslurn excretlon. The carbonlo

e,nhydrase inhlbltor acetazolanldc was for¡nd to pnoduce varlable

lncreases ln the urlne pH dependlng o'¡r the lnlttal pH and

enha¡rced excretlon of Sodlum, potassium and water wlth redUced

chlorLde excretlon. It appeared that when the urlne plt of

sheep le high there must be considerable lnhlbltto¡r of carbontc

a,nhydrase ln the kldney, whlch allows ê Breater rate of

potasslum excretlon pnesunably by lncreaslng sod\¡m:potasslum

exchange ln the distal tubule. llowever, lncreases ln potassLun

excretion produced by large doses of aaetazolarntde dld not

produce rates of potassium excretlon as hlglr as tlpse fowtd {n

potaselum supplemented sheep or after feedlng. therefore,

although alteratlons of carbonlc anhydrase actlvtty may play

sone part ln regulatlng potasslum lt ls not a ma;þr regulatory

mechanlsn.

In cormon with other thlazlde dlurettcs, cyclo-

thlazfde admlntstratlon produced only snrall alteratlone ln the

renal oxcretlon of potasslum, sodlun and chlorlde and watet'

These compormds are elther Less effectlve ln lnhtbitlng sodlun and

potasslum reabsorptlon or l¡ eahanct¡g potassl.r¡m socretlon |n the
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rc,nal tubules of the sheep tban ln other specles or the

tubular mecha$tsn lnvolved ln sodllIn and potasslum reabsorptLon

ot potasslurn secretion ln the sheop kldney aro dlfferent to those

ln other species, Elther conclueÌOn Suggests a dlfference betupen

renal fr¡nctlon ln the sheep and thet of dog, r¿t or ÉâIrr

BoththedlurotlcE,ethacrSrnlcacldarrdfrusemlde

lncreased the electrolyte and weter loss fn shecp as they do 1n

other speclee, eppsl.ently by tnhfbltlng eodtun reabaorptlon

|u the loop of }Ienle and thus removtng the high medullary osmotLc

gradtent necêËsary for urine concentretlon. Sup-oortfor thls

mecha¡rlsn rvas galned by the observatlon that the admlntstra'tlon

of vasopressin, durlng lnfuslons of elther compound, dld not

decrease the hlgh ilrlne flows they produced.

lilthough vàsopressln cltd not reduce the high urlno

flow produced by othaêrþic acld or frusemtde tt stlll

slfghtly enhancod the a¡¡eady elevated rate of potasstunt

excnetlon.Thusthowelldocumentedeffoctsofvasopresslnon

water and elcctrolyte excretlon ean be dlssocl.ated. It 1s

llkely that vaEopresstn acts to Íncrease potasslun eNcretion

by dlrect stlmulatlon of tubular eecretlon or lnhlbttlon of

tubular reabsorptlon. The posslblltty that fodtun-potasslun

exchange ls stlmulated connot be excluded but ls unllkeLy,

Of the 3 natural horrrcnee tested, vasopressl¡ was the only One
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to alter p6ta€sluÍt crrçretlon. Aldosterone lncreased sodlunt

rcabtorptlon and deot'caeeð sodll¡E excretlqri drlle cortllol had

no oonslstent effect on urtnary e¡(cretlon of elther wÉûer/ or

eleotrolytes regardlees of Dotassh¡g lntake.

The lcalluretlc effect of vasoprer¡sln stË leduced':eg the

poteeslurn lntalse/day rosg or when sheep were potassiu¡n depleted.

Inltltel rates of potaasl.r¡o excretlon, except ln potassttm de-

pleted an1ma16 largely deter¡nlned the magnltude of the kslit¡resls

produced by vasopressln. the hlgher the rate of ¡rotassit¡r¡ excre-

tlon prLor to vasopressl.n cd¡rlntEtratlon the Smaller wes tþê

kaliureslE. Thls srfggesùed that v¡sopressln stlmulated potassltrn

seçretlon and th¿t when the rate of potasslìIn secretlon 1s already

hlgh furtþer stfmulatlo¡t results ln only a e¡¡ølI lncrease ln

secretton. Potaselurn depletlon dld not remove the tcalluretlc

effeCts Of vasopressln but responses rrere trregular and much

smatler then normel. No r¡rltary theory to explaln the lncreased

hydrogen lon oxcretÍon caused by va,sopressln ín potgssiun depleted

on potasslu¡n supplemented sheep ls apparent.

The actual ¡nechanlsms responslble for the lncreaged

electrolyte excretl.on produced by vâsopl'essln remaln unknown.

Nevertheless, vasoprøSsin ls capable of enha¡rclng electrolyte, ln

partlcular potassfun, excretion l-n the sheep a¡rd hence nay play

s small pa.rt fn the regulatlon of K excretlon.
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Therefore, although lt was shov'D that alteratlons ln

potasslum lntake of the sheep do aftect body tlulds and electrolyte

netabollemandltappearedthatthetlssuecellsweregapeble

oflncreasedpotasslumabsorptl.ondurlngacutepotasslrrmlÖâdlng

other mechanlsms by whlch sheep may tolerate larte and often

acuteloadEofpotassir.rnrernalnforfutr¡re!.nvestlgatlon.

Concluslon

Sheepareabletotoleratequltesuêcessfullylarge

dailyl¡takesofpotasstrrnr.lhlstoleranceextendstolevelsof

potas:ium beyond thoee llkely to be ln6ested by the grazing

ru¡¡lnant. The reason fôr thlg tolera¡ce I's not fully understood'

but depends ln Éä"ct or¡ tne fa¿t tlrait-

1)whenthepotassiumlntakewasraise6therewaÊaproportlonal-

rlse ln water lnteke, water turnover and urine volume

2) aE a result of the lncreased water tr:rnover, there was ên

lncreaselnthetotalbodywaterduetoanexparrslonofthe

erctracellular volume

3) an appa.rent aldosterone response to a high potassfum turnover

nay have produced alteratlons ln salivary composltlon and caused

the expanelon of extracellular volume

4)ahlghpotassltnlntakelncreasdpotaselumandsodltnuptalce

fromtherumen.A}teratlonslnsodlumabsorptlonappearedto

depend on potasstum lngestlon by feeding rather than by dlrect

addltloa to the rutnell.



1)7

5) a hlgh funen potasrlun concentratton produced by dlrect

addltton of potasstum salts to the runen dld not dlscernably elter

the waten flr¡x tn the rumen. lilevertheless a constderable

transeptthelLal movement of water was detected'

6) nuch of the excess potasslgn absorbed fro¡n the dlgestlve

tract at high potasslum lntakes was ffnally excleted tn the

r¡rf,ne. Thls was achfeved wlthout undue concentratlon of the

potasofum Ln the urine slnce the lncreased water lntake prodtred

by a htgh potasslum lntake, allowod a larger urlne volune

n at high potassium Lntakes thcre was greater storage oi

potasslum i.n tlssuee prlor to excretlon. Epsllon-amlno-caproiC-

aeld (rvhXch behaved dlfferently ln sheep from rats anC dog) caused

tra.nsfer of pote,sslum from the iolasma lnto celle'

8) Vasoprossin caused an lncreased potosslum exçretlon ln normal,

potassfum depleted and potassLum euppleme¡rted sheep. Thls offect

perslsted durlng the maxlmum seluresis ar¡d vrater diuresls lnduced

b¡t frusemlde and othacrynlc acld.

9) Vasopresst¡r produced an lncreased I( output durlng frusemlde

and ethacr¡mlc actd aùtnlstratton wtthout reduclng water florv so

that these tv¡o acttons app€€ìr to be separate ln the sheep,

10) Varopressi¡ appeers to be the only lrnown horr¡pne affectlng

potasslrrnr excretlon in the sheep, slnce aLdoSterone and cortisOl

are without effect.
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ADDENDUI¡-----

DilffIN8RSI COUIISNTS

the atuËLy of the ren¿1 response to oertaLn d.nrgs encl hormones

yÍeldecl results of oonslderable lnterest. The effects of vasopreacln

J.n provoking either a¡¡ lncrease or cLeorease in urine volume ere

clsrified. in relation to the preì.oeing rate of urine for.netion, and

a ka-lluretio efÌfeat of thÍs substa¡se ras clearly ðemonstrated.. The

card'irlate coaolr¡iLes tJret vacopr¡eeain was the orly hormone of those

tegted rt¡-i,ch a,ffected. potasalun exoretlon, for neither oortisol nor

aldlost€rone Íere shorn, u¡d.er the experrnentel aond.itions of thia

stuily, to lnfluenoe potasslum cxcretlon,

ï feeL this oonolueLm f.s lnad.eguately clLsouseod and tt ret.ses a

n¡¡ber of questl-one:

1 o Does thß os¡d.ldate regard, the evltlence of these Lffuslon ex¡rerf.nents

to be clefinitlve?

For bw long were alclosterone LnfirsLons sugtalneù? (nrfa ir¡fornation

l¡ not glven).

I[eg the åuration of 1¡rft¡sion Long enough for the effeots of tt¡e

exogenous hornq¡e to beoone nanlfest, as evL<lernert, for exaqlle, by

aa i¡ilucetl ¿lteretion 1n the selivar¡r socllun:potasslun conoentration

ratl-o?

2.

3 a
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4 Wlttr respeat to ttre actions of eruloßénoug hormone, whet effect on

UrinarT¡ pots.ssLun excr€tion have alclosterons antegonists guoh ¿s

spÍrolactoæs?

Ê Ihere is no rteecription of the oalibratlon and. stand.a¡d.iøetlon of the

sontinrously recordeð dI, Na ard. K noesurements ln urine. heer.mab\r

eome cheoks Farc nad.e of the callbratLon clurlng or at the erd. of s

period. of neasr:reænt to d.eteruiræ the preserioe or absence of ðrlfb.

6. 0n D. 60 ttre oa¡rðirlate rlescribos tÌ¡e uge of sublin€d rater in estlna.tlons

of tri"tiateÉ. water. I'he Shorber 0xforrl Dlotlonary ùeflnes ggþIlggf. ass

Ëthat has ud.ergorre the che¡qiaå,l process of subLfaatloni, snl Chadbere

Toohnical Dletiona.rry clefÍ¡es sublfnetlon ast tvaporlsation of a soÉtl

rlttrout the l¡terned.iate foruation of a Ilqu5.tltr, It aeens therefore

f.nco¡reot to uee the word. sr¡bl.lgpg in tbe oontext of this asray rhcn

prceunebþ Lt was oo¡densed watar th*t nas usod.

7 Wl.th reference to the electrolSrte e¡tinatl.ono, the cantlid.ete glves no

lrxlicatlon of how long the sam¡r1es were storect at -5oC until anetysett

(p. 5t ) (urine at +5oC, p. 55). It is poasible thet eotse of ttre

va¡tatlons ln pleana tr (p. 68) arril ln other para$Êtors coul¿l heve

been caused by va.ryirrg perLods of storege of the saq¡les anil thls roulil

also ilepend. on the t¡pe of bottle (polytheno or glasa) usect encl the

æthod. of seallng the aonteltærg.

a
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8. lbe nethod. used for ohlorlde estinatlonõ al4)ears to have been oultted.

9. P. 69 - Dfd. the cardidete flnd. a,ny dltferetloeg t¡ haenetrocrlt values

which rould. prod.uce variabllity 1n the estLrêtions of rhole bloott

potasaium,

10. P. 82, - the plasna (f) of 7.7 ¡eeus very htgh for no¡¡n]. shsep even

when fett h¿gh K. Unfo¡tr¡ns.tely, the oa¡rcliclate gines no id.loatiur of

the Like\r êrror of hl-s anaþaec nor e¡Bn lf they were itr.ryl"lcate or

si¡rgle estlmstl.ons. Ttrege fects wltl obvÍouoLy J¡¡.flueroe the

reLiablllty of the experi-nsntaL obaer:vatioDa.

11. lbe æthocl of K sslt ednLnstration is not clearly stetedl. In soæ

ex¡lerÍænte the lucerrre hay ras epparently t¡eatetl (p. ¡+) with va4r{nt

quantitiea of ßCln KIICO5 or fiAc aolutlons. lïes thls sBra¡red. on to the

hay and. et what conoentration? T¡ leter experLæntg (p. s9) K sarts

rer.e adcled. to the ruûÞrr - eúd. 1t ls only fn the tlLsoussion that one is

tolil that the sa-lts rere glven in 15O nl of ¡ater.

12. In these ex¡rer{,rnente (p. 90) ft 1s not clear 1f the sheep were fecl

followfng the dosing nÍth K sa.lts.

In Êl6ure 18 the soa-Le for plasoa (f) appearg to be too blg i.e. /+O

Í¡stead. otr 4.

15.
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14. P. 93 - It 1s probably ruore cornect to say that no rylig. traillent

existed. ln the gut solutions, rr¡lesg the cooposLtLon was the sase át

plesrna.

15. P. lû1 . - r€fers to a¡¡ l¡f\¡slon aüd {njeotlons of pitressi.n i-lluatreted.

in Ffgr¡res JL aDd. 15 but ttre i¡fr¡alon appears to hÊve been osLtted..

16. P. 1O2. - ilher r¡rine ort¡mt a¡d. ftø rate 4g a.lways hLgheri.

17. ft 1s nost unfortun¿te that the caad.iclate reU-ecl on a con¡ßrets].\y

avaiJ.abl-e prod.uct, Pltressin, for hís str¡clles of tù¡e action of vasopressLn.

This pnoduct oontains ysr¡ring anourts of I¡rsLne and argJ¡íne vaoqlressi,n

and. can also have oqrtooic actlrrlty. It vor¡J.tt seen tbat the fnterpretetlon

of the results as a proðuct of vasopresein activl.ty ls wealsnned. by the use

of thiË varÍable product. It is al-so wea.lcsned, as the eer¡lläate ap¡rars

to recognise, by the results obtal,ræcl on aheep f (ft[g. J6) wbere l@ ú.u.

of pLtressl¡ oausecl an L¡iti¿l faIl Ln l[e, K ancl ohloriðe oxoretlon.
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ANS'fl}]NS TO ùUESTTONS EIIERIES OF EXAUIIIERS

i'iith respect to the experl¡entsl aor¡ditions uniler rhioh

ald.osterone ar¡l cortieol were admlnlstered, r rvourd. regard the

experi^rnental eviclence as d.efinitlve,

Ald.osterone and cortlsol Lnfrrslons were sustained for period.s

of fron 2 to 4 hours, perlod.s Er¡fff.clent to provLde for ¿ cübehntial

reùuctl.on in sod.iun exoretiqr. AE polnted. sut 1n the d.lsousoLotr,

prevÍous reports have also state¿l that although alclosterone produces

a faII i¡r sod.iuu exoretion Lt tloes not eause arr i¡loresse Ln potassfi:rn

Ioss Ln the uríne (Ktnne, }leafarLane ancl &¡d.t¡-0lsen, 1961¡ K:Lwre,

1963f Ll¡cfarlanc, 1963), auch as ocoaasionally ocsurs ln rat and dog.

.Llthough changes i¡r the salibar¡r potasslun:sodiu¡! ratLo rare not

meaaured citring ald.osteronB Lnfirslons, Blair-'iYest aret co-rorhers (tg6¡)

have sh€trn that thls ratlo ohanges ¡rlthln 1 lo 2 hours of the start of

inf\rsions. JT siuiler d.elay Ls seen v¡hen ald.osterone teduoes renal

sod.iun exçretfon. ltterefore the perLod.s of i¡firsion rouJ.d" *ppear to

have been suffioient fon an¡r effects on potasaÍun excretion to have

becore na¡rlfest.

Tt¡e effects of aLdosterone antagonf.sts suoh as spLronolactone

were not testecl althougb an attenpt to suppness erdogpnous alclosteronc

georetion was mad.e (p. tO5).

OveraÌl there are ¡tÍll a number of probleme relating to the

posslble effects of alcloste:Fonê on tLssue potesotun levels which requf.ne
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fi¡rther research. Unforlrunately, the h¡pottresis, that altlosteronc

(or soæ other horruone) ro"V be lncreaseô by a high cti-etaq¡r intake of

potasslum anil thet this in turn nay slter the celh¡lar absorptlon of

potassiwr, ïrss orrl-y consL¿ered. i:r the latter stages of the SlvestLgatLcn,

when the perlcd- of ti-r¡e requireti for further detalì-ed. rvork ¡s€,s J-inited-.

tlre pII neter end chart recorrliru; of pII was sta¡d-ard.ized. by pesoing

stard"a,r¿i. p?I buffer solutLons through the pH electrocle celL. Cheoks

on the oalibration were norna-11-y carr'1ed out before a¡rC- after ex¡reri-

¡neata1. perJ-ocls a¡rcl no drtftlng wae ùetected. providecl the pll electrod.e

enC- ceLL were eleaned. reguS-arly. 
_

Sfnce the sorlÍun and. potessfun electrod.es were orùy userL to

provld.e a"n l¡d.leation of the alter*rtions 1n urine sodlun ard potassiun

concentratioû, no dl.eflnlte oaltbratLon of these el,eotrotles was xûad.e

(al-t atsolrrte coræentrationa rere deternlnerL later by enissíon or

absorption flaæ spectrqrtrotoætry), Eleotrodes wene oheckect for

chenge in concentrati-on nespotute by usLng ef.ther sod.lu$ or potassltru

stad.a¡{. ¡olutions aloue o¡r oonbi.ned..

Sub1tned rrater or the teru sublJ-uatioa, as used Ln the text,

rloes have trÌ¡e Eaæ neanfng as that given in ttre Shonter ùrford.

Diotionaqr. ard. Chanbers Teohnical. Diotionary.

In the process of preparing trlttated, water fron tritiatecl rtrole

blood e Eubliestíon pnocedure was ugeð. fire sethod. i¡volved tåe

6.
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freezing of tritiatecL whole blood. (solltl) 1n o¡æ a¡o of an eveouateû,

ínverted. ilU-tuben. The secor.A aru of ttre ttrbe was placed' tn Ilquld

nÍtro6en. Ileating the froøen rhole bLooalr by exposfng this srn of

the tr¡be i;o roon tenperature, prod.uoed. tritlatecl rater v8trtq¡rr lhloh

re-aoll-dLffect as trltíateet rl-oen in the B¡ch coliler secoûtr a¡'n of t'he

tube. 0n removal, of the tubo fron the ltqultl nitrogen the tritla*cl

Loe rel-terl to procluce E!Þ11g| rater.

It waE realisecl that prolonged. ctora6e of serples corlcl polsf.bly

oause variations ln the plaana potasaiu.n eoræentratlon or other para.uèters'

For this reason all s"oÐles rreñt analysed' &a soon as prectio"ìly possíble

a,fter col*lection. Hlasms. protein conceuttretion, ao reaoured- by

refractlve lnr3.ex, sas deterul¡red. on the dey of eollectf.sn. "Al.t analyøee

of a particular semple tïpe, e.g. plasna', wer€ earrlecl out together to

ni¡rlmise further possible varl'ations due to storagg.

"{r.lL ctrloricle ileter'¡ol.nations were oarried. out using a Cotlove

poter"tioætric chloriðoreter.

Consioer.ation ;ras not given to the posefbility that part of the

varíability in ryhole b1ooC. potassium concentration was d.ue to alterations

ln iraenatocrit. ÎL¡ere were consíd.erab1e clifferences in haeroatocrft

between sheep, so it is 1ike1y that part of the variation ln the

concentration of rvhole blood potassium between sheep was tlue to these

d.ifferences.
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llre pJ.asne potassl-un ccncentration of /.J u-equiv./1 , *as

exceptiona,lly high but when estlm,te-e such as this were obtai.netl

onelysee were repeated.. Duplf-cate eetl-e.rtes of plasoa ancl rhole

b3.ood. el.ectrol.¡rtes were nade sßl when there E¿¡6 a LarEe d.lsorepancry

between duplicates, analysee çere rep€ateè.

Referrlng to the value aî 7.7, Lt shor¡ld. also be noted tlrat

this shee¡r h'rd. tle Lorest water l¡take of al.l ani-uals ar:d. recponcleil

least to l¡¡creases :[n potassir:m int¿lce (re]aterl to tota.l potassiuo

i-ntake). .Llso in this partf.ouLar instanee, the pleaua o¡notlc

pnessure ar¡1 socliun ooræentratLon rere the hlghest æasured..

T¡ the pilot experl-nent alngl"e saLts of poüasciun rerr spra¡rad

onto tJre ohafff. Unfortu¡etc1y I cto not have on hard. the oonaentratj.ong

of the solutions usetl.

lllhen all three sal,ts of potasslu¡n rere adrled. together, a nixtu¡e

of the dry salto sas a,åd.ed êireetly to the lucerræ chaff Ln the

uechasllcel mixer. 'ftre hygrosoopS.c natr¡¡e of potesslum acetste provLtled.

sufficient raoletr:re for a reacly aðsorption of all three selts to the

ground. naterlal.

'?he ¡æthod of arLd.ition of potassiun sa-lts direotly to tåe ru¡æD

is 6iven in the rnethods, al-though ttie volure (tæ n.f) is not erpress\r

stated.



'5-

tl¡e onissi.on of the fact thet ani-nals úere not fed after the

adtlÍtion of potasslun salte to the ¡îu¡Den ie a¡r oversight oD Ery part.

It nas inter¡led. that the ..luaûttty of potassfi¡:n add.ecl to the r!Ìiumn

roulð be 'fequlval,cntr to thet ingoctad. rtr:ring rapid feeÉHng.

13. The acale ls l¡ error ândl 40 sbould. read.4.0 (etc.)"

14. I agr-ee that osmotio or perhaps isos¡aotlc rou1d. be a mor.e

correot tena.

12"

15. 0n the ortsfuå} Rlg'. 55 an f¡firslon Fes illustrated

Lt wes cleol-ried. to shor tha effecta of Pltnessf.n cturing a

tlluresls, this seguent ras deleted ard the word l¡fusion

renove,å from üre text - i.e. ít shoulcl rearl, reffects of

otr va4ring æn.

but when

sal-1ne

was not

Lnjectiosrs

16. À gramatical error a¡rel rtrererr shouJ.d. heve beea used..

Although Pitressin d.oes contain both l.ysÍne and. arginine

yasopressfur, it fs stsrdand.lzecl, with regarct to pressor aotivity,

in the sanae rnåJlner e,Ð pure lyslne or arginfne vasopressln, There-

fore, eínce both lysine and argínine vasopressin have ld.enticaL effeots

17.
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on renal fi¡nction in the adult sbeep, rhen ad¡nfnlstered. separataly,

erd. oxytooin 1s witl¡out effeot (ffnne, HacfarLane anil &¡dtg-Olsen,

1961i Kioæ, lg65i MaofarJ.a¡E et aL. 1967), the corælusions cirarn

wlth respect to vÉr,sopnasat¡ (pftressin) seen eo¡Bpletely valid.

Witrh regart. to the resu1ts using sheep f (ffg. 56), it is trr¡e

that they cLid. not denonstrate any clear cut effect of vasopressl-n,

especl¡]Iy when the s¡tirnâl was reoeiving potessÍum suppleraents.

Honever, as pointed out anil perùaps ui.si¡terpreted. by the exaininer,

renlom fluctuatf.ors in urine flø nad.e 1t d.tfftct¡lt to observe a

s¡reclfic response to vasopresgin, In vlew of the contLn¡ecl 1æ

urine output of this sheep during potasslurn sup¡plementation a¡ld. the

such sn¿Iler d.ecrease l¡r urlne pH follcming vasqpressin LnJectf-ons n

at the naxi-ur¡m i,otassium intake (cf. sheep S anri- îi), it can be

suggestecl ttrat t;he erdogenors secretion of vasopressin was hi6h arrù

hence nasked. the effect of end.ogenous vasopressf.n.

Referenees given ere include¿t in the list of lþfererpes iri

the thesls.
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