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PREFACE

At the present time, the econamy of New "ealand is largely
dependent upon the health and well-being of ‘he ruminant amimal. The
neticnal loss duwe to primary water and electrolyte disturbances, and to those
secopdary to other diseases, is of considershle importemce. Teficiencies in
our knowledge of weter and electrolyte metabolism in the ruminant have beooms
aepparent, even of the principal cations sodium and potasaium.

The specialized form of nutrition in the ruminent hcos entailed some
changes in *he water and electrolyte econoxy. In adapting to a dict of plant
material rich in cellulose, tlsy have developed a large forestomsch, the
reticulo-rumen, where a2 symbiotic populetion of bdasteria and protosoa is
maintained and exploited. Nicrobial fermentation breaks down plemt cellulose,
and oconverts carbohydrate to volatile fatty aeids, principally acetic,
propionic and butyric ecids, which sre repidly ebsorbed by the host for use
as an energy source. NMiarodial protein and certain vitamins are also made
available further down the gastro-intestimal tract.

The development of the reticulo-rumen has resulted in an inorease
in the content and daily turnover of gut water end electrolytes. A major
source of this content of the reticulo-rumen liquor, which provides a well-
buffered medium for the microdbes, is the copiocus salivery flow. The rumen of
the sheep may contain 500-800 meequiv of Na', approximstely half thet in the
axtracslluler fluid, The daily digestive cycle of salivery secretion end
laster resbsorption mey involve doudble this amvunt of “at.

The maintenance of water and electrolyte balance in the face of this



digestive oyele, ooupled with the low Na'-high K* content of the diet,
suggests that the ruminant has efficient homeostatic mechanisms in operation.
Whsther or not these are identdesl with those seen in other species, or have
featuwres unique to the ruminamt, is not clear. While the enlerged digestive
cycle would appeer to impose an extra load on the regulatory mechanisms, the
presence of the retioculo~-rumen might oconfer advantages dizring times of stress,
when rumen fluid can de called upon as a reserve of water and electrolyte.
During dehydration, the FCF ¢an draw upon gut flulds (Yacfarlene, “orris and
floward, 1963; Hecker, Budts—Olsen an) Ostwald, 1964); end the rumen forms
& ¥a' store which can be drewn upan 2uring reduced detary intake (Demton,
1957; Kay and Hobson, 1963). The ebility to repeir a water deficit of up
to 107 boldy weight (more in cemels) withim umté- would be en advantage in
the netural enviroment.

Investigation in rumnants of the overall regulation of water and
electrolyte m-tadolism has not been extensive. Nost of our knouledge has been
derived from ctudies of men, rodemts and the doge In the ruminent, more
oommonly, the longer term sdjustmemts to dietary deficiensy or supplementation,
or to altered emvirommental conditions have been followed; 1less often,
ahort-tera water and electrolyte redistridutions and mechanisms of elimination
and oconservation in warying physiologiocal situmtians have bdeen studied.

Some properties of the ruminant digestive treot, particulerly
regions of met addition and sdsorption, and the characteristics of rumen
epithelial trunsport have been identified. Fowevar, in many cases the
particular experimental situstions employed make generalisetion uncertain.
Thus, net trenspart is commonly estimated using 2 simple splution in an
isclabed, emptied &nd washed rumen or rumen pouch, & procedure providing an



abnormal enviromment for the rumen mucosa, and which can elter its transport
properties (Massor end Fhillipsan, 1951; Armstrong, Blaxter and Greham,

1957; Ash and Dobson, 1963). “tudies in tlm intact organ under physiologieal
oconditions present practical difficulties decsuse of the continuous inflow

of salive and outflow to the omasum, and the lack of unifermity of composition
of tls contemts in Qifferent regions of the reticulo-rumen. Accurate
estimation of the rumen volume at any particular time is not an easy taak.
Direct measurement Yy total rempowel has a limided application, and merker
dilution is only accurate during periods of relative constengy. In additionm, |
to caloulate a change in total electrolyte content an average ruminsl
concentration is required, although a uniform electrolyte concentration in

the rumen 18 not usually e physiological ~eality.

The present thesis is comnernsd with short-term transiers, especially
water and electrolyte rmovements between the contents aof the reticulo-rumen and
body fluid compartments. The rumen water and electrolyte status was altered
rapidly in two ways: by once-dally feeding whereby there was nct gaim in the
rumen at the expense of hody flulds; and by imfusion of known emounts of
elestralyte. Net gain or zbsorption from ‘he rumen has been followed by
observing chenges in urinary exuretion and in blood camposition. The rumea
itself has not been sampled; it was considered thet the advanteges of drect
rumen observations would be outweighed by the experimental orrors amd by the
disturdance to the animal caused by the sampling. In the undistwrded sheep,
relative plasme volume estimstions can be inferred from the PCV and [/ b_/.

Urine and dlood chenges associated with a single Aaily feed (Chapter
2) have eonfirwed and extended the observetions of Stecy and Brook (1964), and
ere in agreement with later observetions from that group. An attempt was
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made to gzain further information ebout the homeostatic mechanisms involved
by the use of the diuretic, acetesclamide, and by restriction of drinking
water. The relevamce of these to variations seen in ad libitum fed animals

wes emswined (Chapter 3).

Prior to the present expecriments only isolated water snd eleotrolyte
infusions had deen pcrformed in ruminants (Sellers nnd Roepke, 4951; Lysov,
1960; Andsrson and Pickering, 1962a) although more repaorts have appeared
while the werk was in progress (Potter, 1966, 1968; Keynes rnd Harrison,
1967; Dewinzrst, Harrison amd Keynes, 1968). A series of intraruminel
infusions of water, NaCi and XC{ has been carried out (Chapter 4), integrated
with the intreduodenal infusion of NeC{ (Chapter 5) and the intravenous
administretion of 30dium and potassium selts (Chapter €). Tt would appear
thet, with the exveption of sodium, net water and eleotralyte movements
across the rumen mucosa in physiological situations mey be small in megnitude.
Should this be 20, then sensary receptors in the forestomach may be involved
only in regulating ‘he funsctions of the digestive trest itself, and not in
the overall regulation of weter and electrolyte metadboli=zme. Thus, the
homeostatic mechaniams in the ruminant may more closely gpproach those in the
monogastric than would be likely if the rumen permitted freer exchenge with
the internal body fluids.
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CHAPTER

WATER AND ELECTROLYTE METAROLISHM IN RUMINANTS

The outstanding anatomical feature of the rumiment digestive tract
is the large stomach made up of four compartments - the reticulum, rumen,
cmesum enl abomesume The reticulo-rumen, cormonly refeorred to for simplicity
es the rumen, forms a large fermsotation vet. Fermentation continues in the
omasum, which also is & propulsive and abserptive organ. The asbomesum is the
only compartument to have a secretory epitbslium, which forms gastrio juice
as in the monogastrig stomach.

This theais is contcrmed with the water and eleoctrolyte transfers
in sheep consequemt upon altering the rumen composzition by once—daily feeding
or slectrolyte sdministretion. This involves rmovements across the membranes
separating soveral body fluid Gumpartmemts in the enimal. Relevant topics
reviewed in this chapter include abserption from the digestive tract, partic-
ularly from the retisculo-rumen and omasum, shifts of water and electrolytes
between oxtracellular and intraselluler compartments, and the homeostatic
mechanisms regulsting excretion of the pringipel electrolytes mmd body
coaposition. Apart from knowledge of the specialized regions of the ruminarmt
digestive tract, most of this information has been obtained in non-ruminant

species.

I.

In recent years, following the epplicatien of more preaise oriteria,
considersedle advances have been made in the study of electrolyts transpart
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across biological membranes. It is now recognized that electrolytes cen
nove 2cross membramss by fivs mechaniams: pasaive diffusion, solvent drag,
facilitated &iffusion, cotive trensport end exchenge diffusian. In retro-
spect, much of the earlicr work on water and electrolyte transpart in the
gastro-intestinsl tract is oonsidered inoomslusive dbecause of incomplete
data on ion ectivity, electricel potential and the effect of solvent dreg.
This was the case with many studies on the rumen, whcre movement against a
congentretion gredient was considered evidence of active transparte.

1. Reticulo-rumen

Fet transport of water and electrolytes ascroes the rumen mucosa has
usually been detected by one of two methods: mmaswrement of comoentrstion
differences in erterial and rumen vemous dlood; or seasurement of changes in
camposition of rumen fluid. Both these methods must be comsidered gross and
indirect; direct measurements of the characteristies of the epithelial membrane
itself have not been possible in vive. The preparstions used have inmsluded
animals with chronie rumen fistulase, rumen pouches, and in goute expecrimente
the 1sclated, emptied and washed rusen. Nore reoently, studies of transpurt
across the membrane itself have been attempted, using sheets of stripped rumen
epithelium.

%hile such experiments probably defime pdequstely the cheracteristics
of rumen electrolyte transpert, the prosedures used would preclude cusatitative
acouracy. The pre-treatment of the anima)l or tissue appeara to be an important
Geterminant of the subzeguent rate of ebsorption. Fatty acid uptske cen be
depressed by canmmlation of the rumen during the experiment (Masson and
Phillipson, 1951), by exoessive washing out, by lesving the rumen f£illed with
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saline overnight (Ash and Dodson, 1963) and by starvation (Armstrung et el.,
1957). 1In their studies of isolated rumen epithelium, Ferreirm, Harrison
and Xeynes (1966) found that for a stable preparstion the tissue must be
removed quiekly from & fed sheep, end that VF/i's were required in the bething
fluide Stevens (196,) cbserved that the method of stripping the rumen
epithelium affected the electrical potential zaross isolsted preparetions.

Uptake of Ne' from solutions in the rumen was reperted by Danielli,
Hitchoock, Narshall and Phillipson (1946), Masson end Phillipeon (1951),
Sperder and Rydén (1952) and Parthasarathy and Phillipson (1953). Dobson
(1959) Aemonstrated active trunsport of Na' out of the rumen against both a
concentration and an electrochemical gradient. Active transport of Na' has
elso been observed in isolated sheets of rumen epithelium of sheep (Ferreire,
Narrison amd Keynes, 1964), cattle and gosts (Stevens, 196,). Ferreirs et al.
(1964) found the net Ma' transpart across isolated sheep rumen epithelium was
greater than imndigcated by the short-circuit current. An explametion offered
by Stevens (1964), who woried with s similar preparstion from cattle and
goats, is that part of the Na' is transpartsd by exchenge diffusion or as

sodium ehloride.

Transfer of X' acress the rumem epithelium has always been found to
be in aceordance with the electrochemical gradfent. Depending upon the initial
conpertration, it esan be adbsorbed from the rusesn down this gredient
(Parthaserathy and Phillipsonm, 1953; Dobson, 1959; Hydém, 1961), or ecoumulate
in ths rumen fluid uwp te an squilidrium valwe five times the plasme level
(Sperber and Mydém, 1952). Perreirs ot al. (196)) cbserved & net flux of
X' from blood to lumen sides in the isclated rumen epithelium of cheep.
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Chloride ocan be absorbed from the rumen of sheep anl goats
against & consentration gradient (Sperber end Hydeén, 1952; Parthaserathy end
Phillipson, 1953; Dobson and Phillipson, 1958; FHydsn, 1961), but by virtue
of the electrical potential, this absorption ie down the electrochemiocal
gredient (Dobson and Phillipsom, 1958). The direction of movement of C{~
depends upon the concentration in rumen fluide At low rumen / Ci~_/, C1~
enters the rumen contents (Masson and Phillipson, 1951; Parthasarathy and
Phillipson, 1953), but when / C1~_/ exceeds one-third the plasma concentratiom,
C1~ is absorbed (Parthasarmthy and Phillipson, 1953). Some C1i~ uptake may
be active: Dobson (1959) reported a small noverment of C1~ sgainst the electro-
chemical gradient vhen / XK'/ was raised and /Na' 7 lowered in rumen fluid;
Stevens (1964) noted active movement of Ci~ from the lumen to blood sides in

isalated cottle end goat rumen epithelium.

Ash end Dobson (1963) have shown that the rumen epithelium is
permeable to both CO,, and ACO,, which diffuse down their electrochemical
gradients in either direction, but the permesbility to I" is low. They observed
that, in the absence of VFA, [002] vas greater and [HCO:,’J lower in rumen
fluld then in plasme. During VFA sbsorption, HC(); appeared in the rumen, the
emount dspending on the pi! (Masson amd Phillipson, 1951; Dodbsen, 1959; Ash
and Dobson, 1963). Ash am? Nobson (1963) believe that at near neutral pH,
thc!fco'; is generated in the rumen from buffer CO, during the absorption of

unioniged fatty eeid, and does not represent nc03 segreted into the rumen.

Althoughszpo: can move in either direction across the rumen
epithelium (Scarisbrick and Fwer, 1951; Parthasarsthy, Gertop and Phillipson,
1952), the met flux is mall (Scarishrick and Fwer, 1951; Sperber end Hydeén,

1952; Hydém, 1961). Because the sbsorption of POZ in the rumen was believed
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to be mmall, Fyaén (1561) used po’; as en index of salivery inflow in studies
of rumen water absarption.

Water movement acruss the rumen wall appears to be influenced by
osnotic gradients or coupling to solute movenmemt. ¥Water can be sdsorded from
hypotonic or isotonic solutions placed in the isolsted rumen or rumen pouch
(Sperber and Hydén, 1952; Parthasarathy and Phillipson, 1953; Dobson, 1959),
shereas hypertonio solutions gain weter (Parthasarethy amd Phillipson, 1953).
Hovever, in sheep and gosats the rumen contents cen be maintained hypotonie
to plesma efter eeveral howrs of fasting (Pngelhardt, 1963; Vsarner and Stasy,
1965; Termouth, 1967). In intast sheep umfed for 2-12 hours, Hyden (1961),
using polyethylems glycol (PEC) &8 a rumen marker, estimated the rete of water
ebsorption ‘ram the rumen to be of the order of 0.15 1/hr. Using tritiated
water, Fngelhardt (1963) found that, elthough the rumen rucosa showed
considerable water permeability, the met flux wes amall.

An electrical potentisl Aifference (P.D.) exists across the rumen
vall. Under normal circunstances it is of the order of 20 mv, rumen contents
negative relative to dlood (Dobson amd Phillipson, 4958; Dobdson, 4959). In
vivp, the potentisl differcnce can be nbolished or reversed by filling the
runon with water (Dobson, 1959); in vitro, both the potential and the short-
cirouit current across isclated epithelium are abalished in “e'-free media
(Ferreire, Harrison and Keynes, 1966). Ths magnitude of the potentiel
difference is related to the relative canvemtrations of Na' and X* in the rumen
flulde It is increased vhen rumen /o' / is reduced snd [ K'_] increesed
by instilled solutions (Pobson, 1959), changing the diet from hay to grass
(Sellers =md Nobson, 1960), loss of saliva thwough a parctid fistula, or asdrenal
steroid therapy (Seott, 1966). Sellers and Dobson (1960) end Scott (1966)
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found that the P.D. was negatively oorrelated with /e’ 7 and positively
corralated with /X' /.

Although dhe rwmen /a' 7 amd /X' ] were themselves negatively
correlated, yet Sellers and Dodaon (1960) odtained no better rit with a
nultiple oorrelation than with P.D. snd /Na’ 7 alone. Ferreirs, Harrison,
Keynes and Nauss (1956) exmnined the irteraction of rumen /Na'/ and /k*_7
on the ".D. by fixing the concemtration of ome of the ions and varying the
other in solutions made isctenic with smrose. The potential inarewsed
lineerly with increasing /Na'_/ ani logarithmically with /X', although the
effects of changes in / X'/ were greater than charnges in / Ta' /. These
vorikers suggested the negative correlation of P.D. with /e’ 7 reported by
Sellers and Mobson (1960) amd Soott (1966) could be the result of these
irteractions of Ra' and x*.

2 Spasup end Abomasum

The omasum, with its lerge surface area, would appear to be an ideal
sbsorbing structure, although its effectiveness in this role hes not bdeen
established. The extent of omasal water and electrolyte sbsorption dspends
upon the amount of digesta retained in the omasum, an? the retention time.
Digeste leaving the omasum represents a mixtwre of that passing directly
through the organ with that retained for some time, dut the reletive pruportions
bhave been difficult to determine.: From the rediclogical cdbservations of
Bensie and Phillipson (1957), the &irect flew wyuld sppear to be large. Oymert
and Bomknart (1961) caloulated the direct flow to be 667 (using polyethylene
glycal as a marker), and es high as 87/ (comparing the dry matter comtest of
retieuler fluid end omasal cutflow). However, 'in this investigation the



Te

digesta wes not returned to the sbomesum, resulting in ineressed omasel
outflow and water inteke, and reduced rumen dry matter ocontent. Under
those conditiona, the rate of adbsorption in the omaszum may decreass. Fluld
absorption in the omasum has been estimated to be of the same order as the
volume of gestrio julce sdded in the sbomesum (Fydén, 19605 Bogan, 196))
and es the volume of seliva (Reynaud end Bost, 1957). Omesel ebsorption
may be reletively leus important in sheep eating restricted amounts of hay
than in sheep eating green fodder or large amcunts of hay (Hogan, 1964).

Water absorption from the omasun was inferred from the ocmposition
of samples taken froo several compartments of the forestomach of sleughtered
sheepe Grey, Pllzrin ond VWeller (1554) usod the N/lignin ratio, end Garton
(1951) found higher [P, 7 cod [soludble ¥g 7 in tho amasum than in the rumen
end ebomasum. Oysert and Boucknert (1964) found annsel outflow hed a
10=20" higher polyethyleme glycel concemtration than rumen liquor. The same
authors instilled fAuid into the ligmnted, washed omes'mm, and showed a large
sbeorption of water, greater from dilute solutrions, and small smounts even
from initially hypertonic fluid.

An eleotrical potential exists between omasel eentents and the
blood, similar in magnitude to thet across the rupen wall (Ferreira, Harrison,
Keynes and Neuss, 1966). Volatile fetty acids may be ebsorbed in the omasum
(Masson amd Phillipsen, 1952; Cray gt ale., 1954)s The cmasum is elso
capable of sbsorption of elegtrelytes; It is probadbly 2 region of recovery
of Hco; from the digesta before the sddition of 1 in the sbomasum: fluid
leaving the vmssum has a higher pH, higher /7C1™ 7 and lower ['tmo;J then
rumen 1iquor (Masson and Philldipsom, 19523 Oysert emd Pouckaert, 1961); and
£C17 ) s higher and [nco;] lower in omasal then remen contents of
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slegghtered ¢ows (Fkman mnd Sperber, 1953). Oymert ond Bouakmert (196t)
found the sbsorption of electrolytas from sclutions in the ligated, washed
omasum depended on their initial concemtration. The /Wa' / decreased if
init1ally greater than 100 m¢/100 nl, but incressed if lower; the / C1™_7
decreased if initially sbove 140 mg/100 o2, but ingremsed if below, /K _/
end /°C0, / decreased, but all four showed absorption in nost coses beosuse

of campurzent water absorption.

There is usually net addition of weter and electrolytes via the
gastric Jjuice in the ebomasum, and in the meny studies vhere sbomasal outflow
is collected, net ebsorption is assigned to the omesum, and the ebomasal
absorption is considered small. This is predaddy jJustifisd by such studies
as those in men by Reitmsier, Code and Orvis (1957s,b), who shoved that the
80id secreting muoosa offared o barrier to MaZ: or Ka-t absorption, although
some took place in the antrum, and that stomach water cbsorption (labelled
with D,0) ves about one-tenth the mall intestinal rate.

3e Intestine

Trensport properties of intestinmal epithelium with respeot to
water and electrolytes have been established in morrumiment species by
careful experimendaticn, both in vive end ip vitro. Studies on ruminents heve
been of a different type, defining overell regions of net shsorption or
secretion in intact animals fitted with re-entrant intestinal cammulee. In
the sbsence of experimental data, the assumption is mede that the transfer
charesteristics of the epithelium itself are similar to those in the species
already studied.

Active transport of Na' out of the intestine ocewrs st sll levels
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(Curran amd Solomom, 1957; Cooperstein end Broackman, 1959; Curran, 1960;
Currzan and Sohwerts, 1960; Clarkson, Cross end Toole, 1961; Schults and
“alusky, 19648)e In the {lewm, Fa' trameport is glucose-lependent (Curren,
1960; GSchults amd “alusky, 1964b), emd the transport of sugars and of emino
acids interest in stimulating He' uptake (Crunme, 1962; Bosry, Smyth and
Wright, 1965; Schultz end "elusky, 1965)s In the colom, Na' transpert mey
be hormonelly increased: by pitressin (Bliekenstaff, 19543 Ussing, 1957;
Aulsedbrook, 1961), by dcaxycorticosterone (Berger, Kangski and Steele, 1960)
and by aldosterone (levitan and Ingelfinger, 1965).

Most reparts indicate passive movement dovn the electro-chemiocal
gradient for X' (Cooperstein and Preckman, 1959; Clarkson and Rothstein,
1960; Gilman, Koelle end Ritchie, 196€3; Phillips and Code, 1966) amd for
€1~ (Cooperstein and Rrockmmn, 1959; Cooperstein en? Hogben, 1959; Curren
and Schwartz, 1950; Clarksom et al., 1961; Schultz, Falusky and Gass, 1964).
A few descride active transpurt of these two ions. TFémomis (19G7) believed
there was setive K' mecretion into the rat colon in his experiments. Active
absorption of C1™ was reported in the rat ileum in vive (Curren amd Selomon,
1957) amd in vitro (Curran, 1960)., Tidbdell (1961) demonstrated active Ci~
secretion in the dog treated vith cholinergic drugs.

Aotive nco; secretion into the gut lwmen mey occur. Clarkson,
Rothstein and Cross (196%) found no evidence fer active mo; secretion in the
jejunum end 1leum, but Cooperstein and Broockmmn (1959) observed active nco;
sovement into isotomic seline in the dog colon. The /- mo;] in instilled
isotonic saline changes towards the equilidyrium comcentration of 5 m-equiv/i
in the precdmmnl jejunum, and aroupd 75 mesquiv/{ in the Adistal {leum amd

proximal colom in dogs (D'Agostine, Leadbetter end Schwarts, 1953; Swallow
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end Code, 1967).

Water absorption from {aotanic or hypotonic solutions appears
segoniary to solute sbsorption: it ceased shen net sslute movement was sgero
(Curran en? Solemon, 1957; Curren end Schwertsz, 1960; Currmn, 1960); during
absorption of isotonic electrolyte solutions, fluid remaining within the
intestinal lumen, end that sbacrbed scross the in vitro intestine and into the
lyzph remeined sotonic (Gilmen end Xoelle, 1960; Lee, 1963).

Water absorption has been observed from hypertonic sclutions in the
dog oolon (Goldschmidt amd Dzyton, 1919) end from ret small intestine (Parsons
and VWingeste, 1961; Annegers ond VWakefield, 1962). While these adverse oamotic
gredients would not pormmlly occur in vivo, thess observations seem to
invalidate passive weter :ovarent. However, Curran (1960) has postulated a
serial membrane model which vould edmit passive water moversnts against
advcrese gradients, and linkege to solute movement.

Although both water permeadbility emd bulk water flow ere lower in
the fleur and colon then in the duodenum emd jejunum, the former appear to be
absording segmemts, and the lstter equilibruting segmemts (Visscher, 1957;
Rinfle apd Code, 1962; OCrim, 1962; Fardtyran, Rector, Dwton, Soter amd Kimmey,
1965). Tlulds instilled into the duodenum and jejunom sre rapidly equilidrated
to isotordoity with 1ittle net ebserptiom, but in the ileur snd colom met
ebsorption ocours (Hindle amd Code, 1962).

Experiments on ruwminants have defined regions of not absorption or
segretion in intsct animals where the secretion of gastric juice, bile,
panmeatie juloe and succus entericus are taking place simultancously with
the shsorption of water end electrulyte. Coodall end Kay (1965a) ocollected
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guantitatively ileel contents end fasces in sheep, and demonstrated that

large emounts of Na', C1~ and water were absorbed in the large intestine.
These authors (Goodall and Kay, 1965b) have alsp deserided the chenge in
[Ya' ]/ [K'] ratio et ceversl levels of the inmtestine of aheep during
¥a' depletion amd Na' or X' supplamentation. Fydén (1960) inferred water
and electrolyte tranafer from comparison of their eonmtent in varicus parts of
the intestine of the sheop relative to & polyethyleme glyeol reference morker.
Tt was concluded that there was net sbsorption of water and C{1™ in the small
intestine, a large upteke of Na*, X', C1”, PO; and water in the cascum and

Iy
praxian) oolon, and farther absorption in the rest of the colon.

Pruce, Goodall, Kay, Phillipson and Vowles (1966) collected duodenal
and ileal contents from re-entremt cemnulse of sheep, and compered the smount
of electrolyte passing each site per 24 hours with the amount ingested and in
the fseces. Much greater cmoumts of Wa', C{~, water and phosphorus, end a
little greater amount of X passed to the duodemm than was ingested in the
feed. Most of the K, C1~, water and phosphorus was absorbed in the wmall
intestine, end most of the N'a end remaining C1~ end weter and & litile K’
were absorbed in the large intestine.

1T,

Redistribution of electrelytes takes place seross cell membrenes
in & variety of axperimental and psthologleal situstions. Such tremsfers
coour during imtrecellular partieipstion in buffering scid or alkeli, during
primery electrolyte depletion, ond during the adsimistration of eleotralytes.
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1.

The buffering of metabolic and respirstory scidosis end alkslosis
by intracelluler and extracellular buffers has beem intensively ctudied in
nephrectomized dogs by Swan and Pitts (1955), Swan, Axelrod, Seip amd Pitts
(1955) end Ciebisch, Berger and Pitts (1955). After intravenously infused
HC1, N’ was buffered 43 by the FCF, and 577 by the ICF; of the latter 367
was exchanged far intracslluler Na®, and 157 fer K'. Intravencusly

administered NaFCO, was buffered 65' extrucellularly end 32% by cells - 267

3
of this being Na' gained by the eells in exchange for H'. Respiratory
acidosis and alkmlosis were buffered slmost entirely by cell buffers. During
the 20idosis, 377 was scooumted for by cell Na' and U bty cell X' exchange

for extrecelluler H', and 297 by penetration of C1~ into erythrucytes. During
respirstaory alkalosis, 167 of buffering was cell gain of Na', amd 4% X' axchange
for osll H', 37 wes buffered by C1~ and 35% by lactets. Yoshimurs, Fujimoto,
Okumura, Sugimoto and Kuwada (1961) and Yoshimura, Fujimoto and Sugimoto

(1962) have confirmed the finding for metsbolic acidosis in intact dogs and
bave followed the change in site of buffering with time. Aftor 2, hours,

the normel FCF composition was restored and 757 of the infused scid was present

in the ICT, from vhere it was excreted over several days.

In man, belance studies of correction of metobelic acidosis with
alkali (Flkington, Squires end Singer, 1951), end of a0id therapy of metabolic
alkalosis (Flkington, Squires and Crosley, 1950, 1951) also demonstrated
intracelluler Na' loss in scidosis emd gein in elkslosis, with less consistent
k' movements. Intravenously administered hypertonic NefCO, wes buffered
similarly in man ss in the dog (Singer, Clerk, Barker, Crosley amd Flkingtonm,
1955). In ret disphragm in vitre, acidesis of the externel medium decressed
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musole XK', {naresssd Na' and C1~ contenmt to a similar extent, and left the
water content unchanged; extarmsgl alkalesis increased Ha*, l(*, C1~ and water
content, but Ci~ less then e’ (Adler, Roy end Relman 1965).

Considersble attention has been given to the inwerse reletionahip
between blond pi and plesma / K'_/ secen in both intaot end nephrectosdzed
animels (Abrams, Lewis and Bellet, 1951; Darrow, Cooke and Coville, 1953;
Keating, Weichselbaum, Alanis, Nargref end Flman, 1953; Swan ond Pitts, 1955;
Seribner, Fremont-Smith and Burnell, 1955; Spurr end Lembert, 1960).
Apperent conflict in same cbssrvetions has erisen from tmo sources: lang-tarm
chenges in total body X', and the initial transient imcreass in plesma /K'_7
in acute respirstary alkalosis. This latter appears to stem from 8 diversity
of K' transfer responses to lowered PC0,, in different tissues (Joyver,

DPavis, Young, Craige amd "elt, 1955; Fenn ond Asano, 1956; Hickam, ¥ilsom
and Frayser, 1956; Spurr end Lembert, 1970; Blesa, Gonsdlesz end Cingoleni,
1965). During long-term observations, the depressed X' esoretion in chrunio
scidosis, and the enhanced excretion in alkalosis, lerd to cell X' acoumulation
and depletion respectively (Darrow and Serason, 1944; Cotlove, Holliday,
Sohwerts and Vallace, 1951; Black end Milme, 1952; Cooke, Coughlin and

Segar, 1952; Evans, Hughes Jones, Yilme end Steimer, 1954).

26 SOLIOLVLC

Primery K depletion, produced by low X~ inteke, adrenal steroid
therwpy with lew K' aiet, or excessive 1oss of gastro-intestinel flwdds,
results in low plesma /X' _/, low muscle X' contemt, extrmcelluler hypochlorsemic
allmlosis, amd imtrmcellular acidosis. Nuscle X' is partly replaced by na'
and basic amino ecids, particularly lysins, and the ratios of ICF/FCF "a’, and
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ICF/ECF XK' both inecrease (Oremt-Keiles amd McCollum, 1941; Bleck and Milnme,
1952; Cooke, Segar, Cheek, Coville and Darrow, 1952; Cardner, MacLechlan
and Rermsn, 1952; Orloff, Kemnsdy and Berliner, 19533 Darrow gt al., 1953;
Fekel, Pope and Worris, 195%; Trvine, Saumders, Yilme and Crmmford, 1960;
fuison end Relman, 1962; Cramtham and Schloerdb, 1965). Although Hiller
et 8l. (1963) feiled to find intracellular acidosis in K@ deficient musele,
others have done zo (Gerdner et gl., 1952; Irvine gt al., 1960; FHudsom and
Relnan, 1962). Talence studies during correction of X deficiency by KCi
showed thst more X' was taken up by nmuscle than ta' was loct, and similer
results were obtained by tisswm amalysis of depleted animels. Cooke et al.
(1952) and Orloff et al. (1953) found thres X' wore repleced by two Na',
while Trvine et al. (1960) calsulated four X' for three Na'.

X' deficiency was associsted with alkelosis when the Va' intake was
high, but not otherwise (Holliday end Segar, 1957). DOCA only produced K'
depletion when Na® intake was edequate (Seldin, Welt and Cort, 195%; Relman
end Schwartz, 1952). During combined nitrogen and K' deficiency, normal
plesma amd muscle electrulyte composition was maintained, probedly because
call catsbolism: relessed enouch K' to meintain normal lcvels (Muntwyler, Griffin
end Arends, 1953). During XK' depletion, Fa' pertially replaced K’ not omly
in sreletal muscle dut alse in cardiec musales (Orent-Keiles end ¥oCollwum,
1941; Heyer, Grunert, Tepplin, Grummer, Bohstedt and Phillips, 1950),
kidney (Oremt-Xeiles and McCellum, 1941) other than medulla (Manitius,
Levitin, Reak and Fpstein, 1960), less in spleen end lung, end not im liver
and done (Oremt-Keiles tnd ¥cCollum, 1944).

va' depletion may be caused by loss of gastrointestinal fluid, by
exces:ive sweating or by dietary deficiency. na' depletion can readily be
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prodused in ruminanmts by loss of parotid saliva (Demton, 1956). In all dbut
the most severe states, loss of Na' 18 principally from the 'CF, oml is
acanmpanied by loss of water, come of which enters cslls, inareasing their
volume and redusing their osmolality (Derrow end Temmst, 1935; Ladell, 1949;
Nabarro, Spencer end Stowers, 1952; Weyer et al., 1950). A large Ne'
defieit, produced over 19 weeks in rats, was eocompanied by marked o
retention (Orent-Reilecs end ¥oCollum, 1940). K' infused into Ma‘-dspleted
dogs showed lower exvhenge with ICT Na', produoing greater incremcmts in
plasme /[ K'_] then in normal dogs (Laragh and Cepeci, 1955; Anderson end
Laragh, 1958), probebly because of celluler K' ascumilation.

3e

The reported effects of ¥ admimistretion ere by no means uniform,
a8 might be expected {rom the widely differing experimental conditions employed.
Thus, different species of intact and nephrectomized animals have been used,
there has been oral and intravenous administration of a variety of loads and
at different rates, and acute and chronie experiments have been performed.
It might be that large XK' loads delivored rapidly, partioulerly in nephrectom
1sed enimals, would have different effects from chronic high K* intake,

Dogs fed lerge amowmts of XC3 (162 m-equiv) over two days had
inereased FCF Na' without oversll chenge in Na' belance, and higher /€1~ ]
anum(nco;_]mtham. ™o X' antered the oells for one Na' displaced
(Laregh end Capeci, 1955). Intrevenous KCi in dogs similarly lowered plesma
Pl end /700, 7, end elkalinised the urime (Roberts, lNagide amd Pitts, 1953).
On the other hand, Lembie, Relmen and Schvarets (1959) fed ruts 40 meequiv/kg
FC4 over two days with little or no effect on electrolyte balance or plasma



16.

coz content. FKC1 injected into normel rets lowered the SCF plI, decreased
ICF pH a little, and reised muscle /K'_/, but less then 20 of the K'
entered oells ocampared vith 40° in K' depletion (Irvine ey 1960). KCA
(or RdC4) in nephrectamized, normal rats prodused FCF elkalosis end ICF
acidosis (Hudson and Relmen, 1962). High K’ intake over 8 weeks in white
rets raised /X' 7 in ell tissues without changing /Na' 7 (Meyer et al.,
1950). TInoreased dletary K' in normal men osused 1ittle K' to be retained

in the cells (Tarail amd “1lkington, 1949).

Following the intrevenves infusion of hypertonic saline in the dog
(“1xington and Winkler, 1944), the ingestion of dry NaCi in men (Gemble, 1947),
and the administration of hypertonic HQ?SOI’ in the 208 (Tlkington and
Winkler, 194%; Flkington, Winkler amd Danowski, 1%48), XK' moved into the
ECF, presumsbly from the ICF. Meyer ot gl. (1950) found high Na® intake in
white rsts increased / Na' 7 amd /X' 7 slightly in all tissues. Dogs fed a
high NeCl intake excreted in the urine imtracelluler K' (Reinhardt emd

Rehrenbeck, 1967).

Extracelluler acidosis mey result from NeCl administration if there
is rapid expansion of the FCP volure. In intaot dogs, infusion of large
volumes of isctonic saline (Shires and Falman, 1948), or in neplrectamised dogs
infusion of lesser volumos of isotonic saline (Reating et al., 1953) anmd
hyperosmelar "aCl or marmitol (Winters, Scaglione, Nahas and Verosky, 1964)
lowers FCP /[HCO, ] while CO, production contimues, resulting in lowered pH.
The term "dilution scidosis” for this phenomenon wes coined by Shires and
Aolman (1948), who showsd the acidosis did not ocour with a similar losd of
NaliCOze Tt might be expected, them, that the ICF pif would rise during dilution
acidosis; some support for this is given by the observation of raised CSF pH
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(vinters et al., 196h).

b Hator shifts

Water moves between the YCF and ECT when osmotic gradients are set
up seross the ¢ell membrane. Cells ahrink when the exteimal osmolarity
rises, and swell when it falls, bdut rarely show the changes expected of an
ideal csmometer. In eddition, tissues vary in their response to changing
external osmotic pressure. MocCence and Robinson (1950) foumd such differences
in rets dehydrated by hypertonic Wefl. Woodbury (1956) lowered #CF [/ Ma' ]
by intraperitomeal instillation and subsequent withdrawal of 5.5° glucose
solution: the brain lost K', gained Na* and showed no change im hydration,
the nmuscles inoreased their water content andl showed reduced [ Ha.‘] and
LK 7, but the skin lost water. Ames, Isom and Nesbett (1965) incubated
is0lated radbit retina in a range of osmolalities, and over e range 4 50
moan/kg fram isotonicity observed water movenent predicteble from the
osmotic gradient, but Na* movement with the water, and reciprocal K'
movement, Frythrocytes show esnometric behaviour, Judzed from PCV changes
(Le Fevre, 1964).

II1.

Regulation of ¥CF composition 1s brought sbout chiefly by the
oxcretary activity of the kidneys. In this scotion, the function of the
renal excrotory processes for weter and eleotrolytes will be descrided. This
is & backgrcund to the disocussion in Seotion IV of the faotors oontrolling
renal excretion and the other homeostatic mechonisms involved in mainteining
normel body composition.

The functional units of the kidney are the nmephrons. Fach nephron
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supply. The upper diagram shows the parts of an
individual nephron described in the text. The 1lower
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to the parts of the two types of nephron: cortical
and juxta-medullary.
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oonsists of a glomerulus, proximel oonvoluted tubule, pars recta, loop of
Henle, distal convoluted tubule snd oollecting duct. The convoluted tubules
lie in the cortex, the loop and collecting duct in the medulla and papilla.
¥ost of the loop of Henle is thin walled, except for the thick ascending 1imd
in the ocuter mednlla. The arrangement of the nwphron and 1ts bhloed supply
are shown diagremmatiocslly in fig. 1. Two types of nephran can be
distinguiehed, depending on the form of the loop: Juxts-medullary glomeruli
give rise to long loops with very lomg thin portions peretrating deep inte
the imner medulla; short loops erise from supexrficial glomerull end have
very little thin loop.

The overall functioning of the kidney wes deduoed from the eerly
studies of clearances during diuresis, antidiuresis =nd solute loading. The
newer technicues of stop-flow, push=flow, micropuncture, micaonerfusion of
single nephrons and mecsurement of transtubul~r eleotrical poterntiasls hawve

choracterized the activity of regions of the nephron itcelf.

1. Sodiwm

Normmlly only & amel) emount of filtered Na' 1s lost in the urine.
A large, fairly constent proportior is reabscrded in the proximel convoluted
tubule, and & variable, regulstary emount in the distal tubule amd collecting
duct, where steecper gradionts may bde set up. Reabasorption in the loop of
Henle arestos the medullary Rypertonicity necessary for the formation of
hypertonic urine.

Sodium tremsport tiroughout the pephron appears to be active, as
ind4cated by several experimental odbservetions. In contrest to the usual
situation, a goncentration gredient can be established across the proximal
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tubule (twbule flutd /Wa’_/ lower than plasme /e’ ) during menmitol
diuwresis; this can be maintained in the loop of Henle and increesed in the
distal tubule and ocolleoting dust (¥Windhsger amd Giebisch, 1961a). An
adverse electricsl gradient for Na' transpart is present throughout the
pephran, but grestest in the distsl tudule (Selomon, 1957; Gisbiseh, 1958,
1960, 1961; Clepp, Rector and Seldin, 1962; Kashgariem, Stockle, Gottschalk
and Tllrich, 1963; Nalnic, Klose and Giebisch, 1964, 1966a). Aotive Na'
trunspart has been obsorved in tho short-circuited proximal tubule of
Necturme (Figler, 1961) end of the ret (Winfhager and Giebisch, 1961bj
Giebisch, Klose, Malnic, Sullivan and Windhager, 1964), and in the distal
tubule of Negcturus during stop flew microperfusion (ilauvde, “hehadeh end
Solomon, 1966). There is & linmear relationship detweon renal oxygen
consumption end tubular Na' resbsorptiom (Deetjen end Kremer, 1960; Theysern,
Lessen apd Hunck, 1961; Thurau, 1964; Kiil, Aukland and Refaum, 1961).

In the proximal convoluted tubule about two-thirds of filtered
Nall snd water are resdscrded (Walker, Bott, Oliver amd HecDowell, 1941;

Lassiter, Gottschalk and Mylle, 1961, 1964; Litchfield and Bott, 1962;
Mlrioh, Sehmidt-Nielsen, 0'Dell, Pehling, Gottsohall, Lessiter end Mylle,
1963; Giebisch, Klose and Tinthgger, 1964; Gerts, Kennody end Mllrich, 1964).
Water movement is dependent on readsorption of WeCl (Windhager, Vhittembury,
Oken, Schatmmarnn and Solomon, 1959; Windheger and Ciebisch, 1961a; Giebisch,
Klose et al., 196h). Proximal tubular fluid remains {sosmotic with plesze
unier many expurimeutal conditions (Wirs, 1956; Gottsohalk and lylle, 1959;
Clapp, Watson end Berliner, 1963a) and there is normally no gradient between
tubuler f1uid and plazms (Walker et @l., 19413 Vindhager end Giebizch, 1961e;
Milrich et al., 1963).
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Proximal tubule Na' reabsorption dces not proceed to completion
although 65% of filtered Xa’ 1s resbsorbed normally in the €87 of the tubule
able to be sampled. Therefore, the rate of reabsorption must be lower in the
pars reota, possidbly decsuse limiting ooncentrations may be set up there, or
else the pump is less efficient. Under non~diuretic conditions no such
limiting concentration 1s set up in the 657 stulied. However, during osmotic
diuresis, or microperfusion with isosmotio saline + mammitol or reffinose, a
ooncentration can be reached below which there is net entry of Na' into the
tubule (Windha@er and Giebisch, 1964a,b; Ulirich gt al., 1963; Mersh end
Solomen, 1964).

sn exogption to the comstanoy of the frestion of filtered va*
reabsorbed in the proxismml tubule hns been esteblished By recent micropuncture
studies during saline loading. Imozmotic expension of the ECF volume reduces
the fractionsl Ma' resbsorption (Cortney, ¥ylle, Lassiter and Gottschalk, 1965;
Cirksens, Dirks and Berliner, 1965; DNirks, Cirksens and Berliner, 1965j Watsonm,
1966; Lanfwehr, Klose and Giebisch, 1967), and the more repid the expansion,
the grester the ronal effect (Levinuky and lLelone, 1963). Tarley end
Friedler (1965s,b) reached the same conclusions conserming Va® Aiuresis under
the influence of ethacrynic acid end chlorothiazide, The mode of sction
appesrs to be humoral, but mey be a haemodynamic change.

Plasme protein consentration has been suggested as & determinant of
the rete of Na’ exeretion by influencing proximel trenstubuler fluid movement.
However, micropuncture studies have indiceted that the oolloid osmotic pressure
gradients will have only minor effectss Perfused Jegturus (Thittembury,

Oken, Vindhager snd Solomom, 1959) end mammnien (Giebisch gt al., 1964)
tubules reabzorb water despite 2 reverszal {n the normel colloid osmotic
pressure gradients Probably emy effects related to changes in plasma protein



concentration operate indirectly through a change in blood volume, or GFR,
or another fector.

In the loop of Menle aotive Na' resbsorption is in exoess of water
reabsorption, since fluld entering the distal convoluted tubule is hkypotonic
to plasma (Gottachalk and Mylle, 1959; ¥irs, 1956; GCottschalk, Lassiter,
¥ylle, Mlrich, Schmidt-Nielsen, C'Dell and Pehling, 1963). When Na®
reabsorption is reduced in the proximal tudule, loop Ne' reabsorption ususlly
increases alang with medullary blood flow (Thurau, Deetjen and Kremer, 1360;
¥indheger end Giebisch, 1961a; Cortney et el., 1965).

The capeoity of thes distel tubule for Na® trensfer appears to de
limited, but large Ka* gradients can de ostablizhed during ¥a' deficiensy.
The distal nephrom is the site where adrenmsl steroids increase Ma reabsorption
(vender, %ilde end Malwvin, 1990, 1961; Wilde and Howard, 19G0). 1In the
collecting ducts, tho urine can be rendered virtually free of Na' (¥Windhager
and Giebisch, 1961a; Xalnic gt al., 1966a), and elthoush large emounts are

not trensported, steep gradients cen be set up.

Tt would appear {rom successive reports from laboratories using
these ultramiaromethods that relatively minmor changes in the experimental
conditions or technique result in lerge changes in the results obtained.
Clapp ot 8l. (1963s) concluded that vasopressin increased proximal tubule
water resdsorption, henmce Ma' resbsorption, from grester TF/F / inulin 7
during antidiuresis than dwring water diuresis; Davis, Enox end Perliner
(1967), using recollection micropuncture, found TF/P / inulin / was unchanged
vhen a water diuwresis was interrupted by a vasopressin infusion. Giebisch,
Mlose and Windhager (1964) reported a constant fractional Ya' resbsorption
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during isotonic and hypcrtonic saline loading, but Landwehr, Klose and
Gicbisch (1967) found isotonic saline loading depressed the fractionel
reabsorption of Na'. Tt would appeer that the last word is not yet rritten

even on espparently well documented aespects of tubulsr function.

2. Chloride

It 1s generally believed that overmll pruximal tubulsr chloride
reabdsorption is pascive, since doth the electrical an? chemical gradients
favour C1~ resbsorption. Vhen there is preferential rcabsarption of HCOE,
or NH; addition, /€4"_/ in proximal tubule fluid may exceed that of plasma
(%alker et al., 1941; Giebisch, "indhager end Pitts, 1960; Litchfield end
Bott, 1962; Gottschelk, 1963; Keshgarian gt sl., 1963). The tubular
[/ €1~ 7 Qepends on the degree of acidification (Clapp et al., 1963a). ¥hile
the possidbility of active C1~ trensport hes not deen eliminated, so far only

pessive movenent has been observed. The short-circuit current in the perfused

N
end in the rat kidney the short-circuit current agrees with the rate of ve'

trensport (Windheger and Giebisch, 1961e; Ciebisch ct gl., 1964).

arphibian kidney is not altered by SC, substitution for C1i~ (Figler, 1961),

In the distal tubule, usually the steeper electrical grzdients are
adequate to asecunt for C{  reabsorption (FKashgarien et gl., 1963), slthough
Rector end Clapp (1962) found they were not large ensugh fer the low /C1~/
seen in rats during soz infusion. Aetive Ci1~ transport probably oceurs in
such cases. It seems cartain in the termimal oollecting dixrts, where C1™
poves against lerge concentration gradients and with only small favourable
electrical gradients (Hilger, Xlumper and Ullrich, 1958; GCottschalk, 1961;
Mersh =nd Solomon, 1963; Windhager, 1964).



3. Dotessim

Renal handling of K' is coaplex: filtretion, tubuler reshearption
and secretion all ooour. Usuelly wrinary K' is less than the filtered load,
indicating net reabsorptiom, but tudular secretion, i.e. %  clearance in
excess of the simultaenecus imilin clearance, can be damonstrated in perticular
circumstances. The first such cbservations were made by !cCance and
Viddowson (1937) in a petient with alkalosis and dehydration, and by Keith,
King and Osterderg (1943) in normal subjects receiving “C1, but their walidity
was doubted by the authors. Tubular secretion was {irst demonstrated
experimentally in ‘ogs dy Berliner snd Kennedy (19.8) during mercurisl diuresis
and hypertonic KCA infusion, and by ¥udge, Foulks snd Gilmpn (1348) during

urea diuresis and after KCi infusion.

The participation of K' secretion at normal lcvels of excretion,
rether then functionin; only as a reserve for high rates of excretion, was
suggested in 1950 by Vudge, ‘mes, Foulks and Gilmen. The dissocistion of
axcreted X' from the filtered load of K' after kaliurastis drugs originally
formed ths basis for their hypothesis thet filtered X' was almo:t completely
reabsorbed proximally end secreted distally, so that urimmry K' was almost
entirely of seoretory origin, This hypothesia wes adopted by Berliner and
others, ani has been suppurted by later experimental evidence.

Micropuncture studics have confirmed extensive reabsorption of K’
in the pruximal tudule of Negturus, the ret and the deg. A variety of
chemical and photometric methods has resulted in a range of estimstez of TF/P
[X'_] sbove and below the ariticsl level for ective resdsorption. Nost

studies in rats under various diuretic and non-diuretic conditions suggest x*
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reabsorption in the proximsl tudbule is an active process (Wirz =nd Bott,

1954; Litckfield end Bott, 1962; BRloamer, Rector end Seldin, 1963; Malnic
and Giebisch, 1963; Norsh, Ullrich and Rumrich, 1963; HKhurl, Flarigan and
Cken, 1963; Watsom, Clepp and Rerliner, 1964; Malnic gt sl., 1966e).

There is no indication that pruximal resbsarption is active in Jegtwrus (Bott,
1962; Oken and Solemon, 1963; FKhuri et al., 1963; Watson et gl., 1964).
However, Retson gt al. (196,) believe there may be active X' reabsorption in
the dog during mannitol diuresis. Vhether pruximal tubule K resbsorptiom

is active or passive, the extensive fluid reebsorption results in a large
freotion of filtered K’ being reabsorbed.

Further K' resbsor-tion tekes place in the loop of l'enle and probably
the early distal twdule. In low K' states, the urine [ &' nay be lowerea
below the plasme /K _J in 1ts passage through the distel tubule end
collecting ducts (Hateer, Greermen, Peters, Gow and Dancwaki, 19,9; Lowe, 1953;
Fvens et ol., 1954). Although these more distsl ereas may be sites of net
reebsarption, it 1s more usunl for them to be sites of nct secretion (Kessler,
ierholser, Gurd and Pitts, 1959; Sullivan, Wilde and Xelvin, 1960; Jaenike
and Berliner, 1950). Vander (1961) believai K  resbsarption in the adistal
tubule may ocour simultaneously with XK' secretion. Partioipation of the
oollecting dusts in K' secretion has been observed by Hilger, Klumper and
Mirich (1957), Jeenike and Berliner (1960), Hierholser (1961), Vander (1961)
end Melnic et al. (19G6a).

The phenomenon of tolermnoe to K' loeding, first observed in the
rat by Thatcher and Radike (1947), is often employed to demonstrate K~
clearance in excess of filtered K'. After oral sdministration of X' salts
for seversl days, the rensl respense to a X' load 18 far greater than normal,
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end plasme / k' 7 does not rise very markedly.

There ere many instances of K* excretion being influenced by va'
intake or Ma' exoretion. Berliner, Kennedy and Orloff (19551) put feorwerd
the hypothesis that K* secretion in the distal tubule was coupled to Na®
reabsorption to explain these observed interactions of the two catioms.
Cation exchange was demonctrated in the presence of the nmon-resbscrbabdle
anion, ferrocymnide (Rerliner, Kennedy and Hilton, 1950). Inadequate supply
of Ma' to the exchange meelmnmism was invaked for the diminiched K' secretion
during remal arterial conctriction and reduced CFR, amd which could be
restored by a diuretic (Davidson, Levincky and Rerliner, 1958), and for
reduced K’ secretion in the :odified stop-flow experiments of Welker, Cooke,
Payne, Baker apd Andrev (1961). On the other hand, e depletion does not
prevent excretion of a K loed in dogs (Laragh en? Capeei, 1955; Anderson
and Laragh, 1958).

It has become apparent that Na'-x* coupling mry not sirply bdbe
carrier medicsted cetion exchange. The micropuneture and nicroperfusion studies
of distal tudule K' secretiorn, Ma' resbsorption and electrical P.D. over a
rarge of metsbolic K' states of Helnle et al. (1966a,b) confirmed many e:rlier
findings of reduced K' cioretion when Na' exnretion was low, and increased
excretion when Na' was high or vhen impermeant anion was presemt. However,
in no gase 4id they find thot Na' was 1imiting for X' exchange on a 1:1 basis,
end normally the smount of Na' reabsorbed grestly exoeeded X' secreted; the
kaliuretio effect of raised intratubuler /Va' / was not explicsble in terms
of saturating a previously unsaturated cerrier system. They slso confirmed
in mammals the observation of Vogel and Teervooren (1964) that in frog kidneys
there was no fixed exchange ratio between Na' resbsorption emd X' seeretiom.
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Malnioc et al. (1966s) therefore proposed that Ma‘<K' coupling wes electrical
rather than csrrier mediated. PRaised transtubular ».l'., produced by raised
[ ™Ma’ ] or impermeant enion, would fevour increased X' secretion. Berliner
(personal communicztion to Molnic gt al., 1966d) reported that the
substitution of MCO, for C1~ in the distal tubule fluid, either by /v

3
loading, or by depressed resbsorption at a more pruximal site, increased

3
secretion, perhaps in response to the rsised transtubuler P.D. observed

during FCO, loeding (Clapp et al., 1962).

HCO

Distal tubular P.D. is but one of the factors influencing K  secretion,
since at unaltered P.D. XK' excretion is redused on low Fa' diets (¥alnic et al.
1966a) and after adrenslectomy (Hierholzer, Wiederholt, Molsgreve, Giebisch,
Klose and Windhager, 1965). At comparable intretubular [ Wat /> less K is
excreted during isotonic then 1n hypertonic NaCt loading (Landwehr, Klose
and Giebisch, 1966). This effect could be mediated through a change in cell
/K’ ], which bas been suggestoed to be a regulating factor rather than plamma
/X' 7, sinos K* excretion is related to plasme /XK' ] only vhen this parallels
cell /X' 7 (#udge gt al., 1950).

A number of observetions of an inverse relationship between wrinary
K" excretion and ecidificetion led to the hypothesis that K’ and H' compete
for secretion along a common pathway (Berliner ¢t al., 1951). Cardonic anhydrese
inhibition enhumees K’ excretion (Berliner et al., 1951; Maren, Wadsworth,
Yale and Alonso, 1954; Counihan, Evans and Nilne, 1954). The afministration
of ¥' may cause the urine to beceme alkaline, depending upon which is more
depressed, FCF /- nco;] or renal tubular H' seoretion, since the balance of
the two determines the final urine pH., Whereas in the dog end man the urine
becomes allmline (Loed, Atchley, Richards, Benmediot and Driseall, 1932;
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Winller snd Smith, $942; Rerliner et al., 1950), in the rat the rapid drop
in plama /7HCO, 7 prevents this (Rerliner, 1961). Crloff snd Davidson
(1959) infused XK' into one remal portal vein in the chicken; the direct
effect of raised peritbulsr / K'_/ increased X' exaretion end raised the pH

of the urine; the lowered general pleema total CO,, and resulting lower

2,
peritubular /- K"] caused the other kidney to excrete ecid urine and less X',

There appeers to be no ecmpulsiocn for either X' or H' to be excreted
in an unfavoursble metabolic state. During K' depletion combined with scute
alkalosis or carbonic anhy@raes inhibition, a urine of low K' and high pH
was excreted (Evans gt al., 1954). The excretion of both ions may be incressed
by infusion of Ya* and the non-diffusible anions soz and vo;': (Sehwarte,

Jengon end Relman, 1955; Malvin end Wilde, 1960; Pank and Schwartz, 1960).

Le Acid, bi te {

3
the acid-base balancc of the body. Remal activity is such that HCO

Regulation of renal exmretion of H' end HCO, is essential in restoring

3
resbsorption is consequent upon ;i secretion, s0 that alkaline urines are rich

in WJOB

and ecid urines are virtuslly free of mo;.

In 1942, Hober infused carbonic anhydrase inhidbiting sulphonemides
into frogs, end comcluded that the engyme was inwolved in nco; resbsorption.
A series of experiments by Pitts and collesgues (Pitts and Alexander, 1945;
Pitts, 1945; Pitts and Lotspeich, 1945; Pitts, 1948; Pitts, Lotspeich,
Schiess and Ayer, 1948; Pitts, Ayer and Schiess, 1949) investigated H' and
wco; excretion in memmals. They demonstrated the ocourrence of H' secretion
in scidotic dogs infused with large emounts of buffer as phosphate or

creatinine; the rate depended on the amount of buffer available. Titrateble
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e0ld increased linearly with the rate of excretion of buffer, amd wes greater

3
reebsorption to a large extent, and olso reduced titrateble acidity. On the

with those of higher pK’ e« Sulvhanilemide edministration inhibited HCO

basis of sueh observetions, Pitts pronosed thet B’ genereted in tho Aistal
tubuler oells by the dissociation of carbonio acid under the ensymetic catalysis
of crrbonic anhydrase, wes seoreted into the tudbule fluld, perhaps in exchange

3
emide was caused by a fallure of 7" to react with filterod Hco;, forming

for Ma*. The blockage of a large fyection of HCO, reaebsorption by sulphanil-

602 which back diffused into the cclls. This hypothesis is thc basis of

present concepts of renal acidification.

Secreted acid may be disposed of in three ways: it may result in

Hcc; reabsorption, be taken up by urinery buifers, principally phosphate, or

react vwith emmonie produced by the tubule cells. Pitte et pl. (1948)

followed the chongine acld and Hco;

o8is recelving a wancoj infusion vhen brought first into normel a~cid~bese

exnorotion in subjects with metebolic acid-

balance, then into alknlosiss In the acidotic phase, as plasaz [ mo; ]
rose to near 20 m¥/4, the rate of excretion of titrateble acid and armonia
was maintained at an elmost constant high level; from 20=26 r¢/1 the rate of

exorotion of titretable ecid and ammonia progressively declined, but virtuelly

3
greatly increased HCO

no FICO, was excreted; ebove 26 rtY/1 further inereese in plesne /) Y’COE J

3
very low levels., Tt was apparent that only vhen titratablc acid end ermonie

excretion, while titratable ecid end amonia fell to

excretion were smell was there significant Hco; excretion.

Recont experimentel work has defined the location in the nophron

; recbsorption, amd rm} formation. In mammals, but not

in amphibiens, H* seoretion takes Plece firstly in the proximal convoluted

of acid secretion, HCO
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tubule (Gottschalk, Lassiter end Uylle, 1960; Benk, 1962; Litchfield and
Bott, 1962; Clepp et 2l., 1963a,b; Young and Fdwards, 1964; Rector, Carter

3
gradient and causing only a small drop in pH. Acidification in the distel

and Seldin, 19€5) where the bulk of HCO_ may be resbsorbed against a low
tubule, and particularly in the collecting duct, takes place agrinst steepar
gredients, end the pH may rall markedly (Cottschalk et gl., 1960; Hierholzer,
1961; HBilger et al., 1958; Ullrich und Tigler, 1958). In these mere
distal ereas, virtually all remsining nco; mey be reabsorbed., It is

3
and that nome occurs via ionic reabsorption. Aecetazolamide, the most potent

difficult to oonolude that ell HCO, resbsorption results from H' secretion
cerbonic anhydruse inhibitor, Goes not campletely block mo‘; resbsorption in
the doses used; the rlternatives remain thet there was still some residual

engyme activity, uncetalysed hydration of 002 cen supply 2 significant amount

an", or seuaﬁl’.:o3

is ionically resbsorbed.

During the excretion of ecid urine, NH, is formed in the tubule

3
cells from amino acid precursors, principally glutamine (Van Slyke, Phillips,
Farilton, Arehibald, Futoher and Piller, 1943; Pitts, Pilkington aend éde Haes,
1965, and others). Ammonda produntion is inversely rolated to the urine pH,

but in chronic acidosis the KF, production snd glutaminase activity sre

3
enhanced (Pitts, 1948; Davies and Tuikin, 1952; Rector, Seldin and Copenhaver,
1955). Ammonia formation may ocour in the proximel tubule as well es in

more distal areas (Glabman, Klose end Giebisoh, 1963; Clepp, Owen and

Robinson, 1965; Heyes, Owen end Robinson, 1586).

Ruminants excrete "80; in the urine 2t normel marmalien plasma
pCo,, and /[TICO; 7 levels (Anderson end Piskering, 1962b). The remal theshhold,
usually at a plasme [mo; ] of 2428 mi/1, varies with the species, the plasma



PC0,, end /€17, and the body K' status. Protshly the underlying primery
fastor is the cell /~ i ] which veries inversely with / K' ] in many
circumstances. H' cecretion is inereased by raised plasma o, (Pitts,
1953; Portwood, Seldin, Rector and Cade, 1959; Rector, Seldin, Roberts end
Smith, 1960), hypahalaamia (Fuller, MecLeod amd Pitts, 1955) and lowered
plasna /C1” 7 (Bank and Aynedjian, 1965).

Direct informntion on the natwre of the H' - K* - Na' interaction
in the distal nephron ie scarve. The inverse H' - K’ relationship has been
discussed above. The mmount of Ne' reaching the more distal n* secretory
area has been claimsd to de limiting to aocid secretion in some clreumstances.
Keeler and Pearson (1966) found that the lowered rate of H' secretion in rats
with metabolic ascidosis and suprahepatie caval eonstriction could be
increased by sugmented Na' exaretion due to osmotic diuresis or aldosterone-
dlocking steroid. There may be Adirect coupling as proposed by Pitts and
Alexander (1945), or there may be eleotrical coupling as suggestsd by Malnic
et al. (1966a) for Ne' and K*. Studies of the oharacteristics of H'
transport across the urinary bladder of the water turtle by Steinmetz (1967)
and Steimmets, Omechi and Frasier (1967) showed that A’ trenspart was not
dependent upon that of any other electrolyte, it was decreesed by acetazolamide,
end increased slightly by the potemtisl crested by "a transport. If this
also holds for remal H' trunspart, then the relationmship with Na' may be
through a chenge in transtubular potential aifference.

Se Concentrated urine opd ures

Urine of a wide range of osmelelity is mwlm:edI:;yi'la+ transport and
varisble water permesbility through the operation of the hairpin countercurrent



3.

systen, formed by the loops of Henle and assecisted sollecting duots in
the renal medulla. Tho basic primciple of a countercurvent multiplier
system is that two parellel stresms moving in opposite directions multiply
small exchanges of material between them, and although only amnll gredients
exiast at any level, comsidereble longitudinal gradients cen be estadlished.

This conoept of urinary concemtration originated in the papers of
Kuln end Ryffel (1942), Hargitay and Kuhn (1951) and Wirs, Hargitey end Kuhn
(19%1), who suggested the driving force was either water movement from the
descending to ascending limd of the loop, or solute transport in the reverse
direction. Their hypothesis has received strong support from aryosoccpic
studies of tissue slices, tissu¢ ansly»es and micropumcture and mioroperfusion
studies, which have established the operatiom of a countercwxrent multiplier
system in the loop of lenle and collecting ducts, and that the driving foroe
is active Ma' transpart from the ssoending limb. The vasa recta, eriaing from
Juxtamedullary glemeruli, function as countercurreant exchangers preventing the
dissipation of the estehlished gresdients. In its passage through the loop
of Henle the glomeruler filtrate is first comcentrated, then diluted, =nd

firally oconcentreted sgain in the collecting dusts.

In the proximal oconvoluted tubule adout 507 of the glomeruler
filtrate is isosmotically reebsorbed (Walker et el., 1944; Tirs, 1956;
Lassiter et al., 196%; Ullrich et gl., 1963).

Active ¥a' trensport in the water impermesble ascending limb crestes
e hypertonic medullary interstitium. Osmotic gradients scross the descending
1limb of the loop of Henle result in the remeoval of water and a progressive rise
in osmolality as the tubular fluid passes deeper into the medulla. The
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hairpin errangement sllows a gredient of osmotie pressure from the cortex
to the tip of the papilla (Wirz et al., 1951; Ullrich, Drenckhahn and
Jarausch, 1955; Ullrich and Jarausch, 1956), in the loops of Henle and also
in the medullary interstitium ond in the vaas recta. Those grodients are
greater in antidiuresis than during a water diuresis: ¢the ommolality at the
tip of the loops and vase recta was sround 2200 moe/leg H,0 in entidiuretic
rats compered with 500 mos/kg in rats with diabetes insipidus (Cottschelk,
Lassiter, Mylle, Ullrich, Schmidt-Fielsen, Pehling and 0'Dell, 1960; Wirs,

1953).

Knowledge of activities in the ascending limb is limited becsuse
of the considerable technical difficulties involved in sempling and in
peasurement of electrical potentials. Active Na' transpart out of the thick
ascending 1imb, whioch progcressively dilutes the fluid, causes a hypotonio
fluid to de delivered to the distal convoluted tudbule (Wirs, 1956; Gottschalk
and Y¥ylle, 1959). Histologically, only the thick ascemng 1imd would
appear capeble of astive transpart, yet the gradient of ocsmotic pressure
inoreases to the tip of the loops through the region of thin segments. The
driving force for the gradient in these segments is uncertain. ¥arsh and
Solomon (1963, 1965) favour active Na' tremsport only in the thick segment,
Gottaschalk's group favour both cegments, while Ullrich suggests it eccurs in
the thick asoending limb and the oollesting auct.

In an anima)l forming hypertamic urine, the urine begomes isotonic
during its passage through the distal tubdule and cortical collecting duct
(Gottschalk and Mylle, 1959; Gerts et sl., 1964), and then hypertonio after
losing water as it once more truverses the hypertonic medulla in the

callecting ducts (Ullrich, 1960). ADH is generally deliewved to render the



33.

epithelium of the distal tubule and collesting duct water permeable, thus
allowing osmotic equilibretion. The solutes transported out of the loop in
excess of water are responsible for thc readbsorption of solute-free water

(T ; o) in the collecting duots of entidiuretic animals during equilidbration
of eillecting duot fluid with that in the loop of Henle and vasa recta at the
same level (Gottschalk, 1961). During a water diuresis these segments are
relatively water impermcable, and solute loss not accampanied by water creates
e urine of low tonicity. A slightly hypertonic urine may be exareted in the
sbsence of ADH during reduced tiubular flow after arterial clamping, suggesting
some diffusion along the gradient across the colleoting ducts may ococur (del

Creco and de Warderer, 1956; Berliner and Davidson, 1957).

During a water diuresis there is merksd reduction in the medullary
hypertonicity, and a failure of creatinime to become concentrated at the tip
of the papilla (Tllrich and Jareasch, 1956). The reduced hyportomicity is
usually explained as & waschout of solute secondary to increcsed medullery blood
flow (Clepp et al., 1963a; Thursu, 1964). However, Sebour, MacDonald,
Lambie and Rodson (196,) exammined electron miarographs of kidney» of rats in
states of hydration and dehydration, and found the most striking morpholegical
difference vas not in the collecting ducts, but in the basement membrene of
the descending loop of Hemle. This was merkedly thickened during e water
diuresis compared with its stete in dehydrated enimels or those givem pitressin,
They suggested that this thickening prevents water loss, and hence osmotic
equilibration, in diuretic asnimals, end as a consequence, breekdoen of the
pultiplying function of the loop. It was proposed that ATY ceused the
descending limd of the loop to be water permsadle, allowing the counter-
current to function end oreate a medullary hypertonioity which would then



drew water from the collecting Aducts.

Urea has an important role in the renal countercurrent, since its
presence in the medulle increases the loss of water from the collecting ducts.
In many species where it is the principal urinary solute, maximum wrine
conoentration snd T sz sre reduced at very low rates of wurea excretion
which occur when low protein diets are ingested (Fpstein, Kleeman, Pursel end
Hendrilkx, 1957; Levinsky and Berliner, 1959; Levinsky, Davidson and Berliner,

1959; Crawford, Doyle end Probst, 1959; Jeenike, 1964).

Urea appears to be excreted by a process of glomerular filtration
and passive movement across the tubular epithelium. Filtration and pessive
reabsorption were conaluded from early observations in the dog (Shanmon, 1936,
1938) eand in man (Chasis and Smdth, 1938) since ures cleoarance wes independent
of plasms / urea /, but varied with the urine flow. The rate of urea

excretion was proportionsl to the plesma / ures /.

¥%ithin the nephrun the situation is a little mare complex. In non-
diuretic rats, micropuncture studies have shown that ebout 50 of filtered
urea is resbsorbed in the proximsl tubule, but an amount equivalent to the
f{ltered losd reaches the distal twdule. Since only a amall smownt is excreted
in the urine, it would appeer that wrea recycles from the collecting duct back
to the loop, and back to the collecting duct (Ullrich, 1960; Gottschalk,
1961; Lassiter gt sl., 1964), Diffusion equilibrium is not reached in the
medulla, urea conoentration bdeing highest in the colleoting ducts, next in the
vasa recta and lowest in the loop (Lassiter, “ylle and Gottsshsalk, 1966).
During hypertonic seline ond water diuresis, the urea loss in the proximel

tubule is similer to that in nor=diuretic enimels, but there is no gain of
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urea in the loop, and very little loss from the distal tubule and
collecting ducts. Vasopressin hns been Gescrided as increasing the
perneability of these areas to urea (Jaenike, 1961; Gardner smd Maffly,

1963; lLee, Cross and Thormton, 1947).

A sudden increase or decrease in urine flow produces exeltation or
abetement of the urea clearance. This has bdeen expleined (Schmidt-I"ielsen,
Osaki, Murdaugh and 0'Tell, 1958; Thomas, 1964) by a sudden rice in urine
flow causing decreased / urea_/ in papillery tissue snd washout of uree into
the urine; end conversely, o sudden fall in flow rate cauccs the / urea / to

incresse in pepillary tissue and urea clesrance to drop.

The role of tubular regulation of urea excretion in most species is
still uncertain., Tubular reabsorption or secretion has dbsen demonstrated in
certair oiroumstances in rodemts, emphibians and fish (Kemptonm, 1953; Forster,
1954), and has been sugcested to ocour in other species, particularly when the
diet 12 low in protein. Highsr concentrations of uree in the vase recta or
renal tissue than in collecting ducts haeve been reported in protein deficient
rats (Rray and Preston, 1961; Truniger end Schmidt-'ielsen, 1964; Clapp,
1966; Lassiter et gl., 1966), and sheep (Schmidt-Wielsen and 0'Dell, 1959),
in dogs undergoing a diureais during urea loading (Goldberg and Ramiresz, 1965
and in rets on a high protein dlet during saline loeding (Kleimmen, Radford
end Torelli, 1965). The high tissue / urea / is usunlly seen at the level
of the inner stripe of the ocuter medulle, corresponding vith the thick portions
of the ascending loops, suggestive of, dut not conclusive evidence for, active
transport of wrea. A compliceting facter is the capebility of the kidney

to produce ures metabolically {Carlisky, Rrodsky and Huang, 1962).
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. R ation of Yiater El ¥etabol

In regulating overall water and eleoctrolyte metadoliam, animels
have to adjust loss through urine, fueces, skin 2nd respiratory tract to
the inmteke in food end weter. The diet of the rumimant is rich in K' but
low in "a , so that in the nntural enviremment the most likely problem would
be the mein‘enance of Wa' balence. In arid regions there is the possibility
of dehydration. The large digestive cycle of fluid and electrolytes can at
times stress the oversell regulatory mechanisms,

K Acid-base

Fxcess acid or alkali is rapidly neutralized by FCF and ICF duffers
(see TT., 1 above). Restoretion of the normal level of the ecid component
of the buffers (pcoz) takes place through adjustment of respiratory elimination

of CO the salt corponent (mo;) is restared by variation in the rate of

o3
renal acid exoretion. Raised blood p002 stimuletes respiration through the
peripheral chermreceptors end dy a direct action in the brein stem; the
reverse is the cese when pco? falls. Final sdjustuent of the altered buffer

content of the FCF is mede through varistion in repal acid end nco; excretion

(see I7I., 4 above): Aauring alknlosis nco3

; loss is necligible, but titretsble scid end M, exaretion

1s high (Pitts et al., 1948). Renal cell /H'_ appears to be en important

rish urine is excreted, and dwring

aoidosis the HCO

factor goverming the rate of acid exeretion.

2. Sodium

Since Na' is the prinaipal extracelluler oetion, its homeostatic

regulation is essential for the meintenance of normal ECF volume and tonicity.
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The diet of the sheep dictates that Ne' conservation is usunlly required to
meintain the normal body Wa' content. In eheep, the overall balance can be
maintained on a very low va® intake, when urinery Ye' loss 1a very small, and
feecal loss cen be reduced to 1-5 m—equiv/day (Denton, 1957). Cutaneous
loss in suint is small, about 0.5 - 1.0 gm of suint deing produced daily
(Daly end Carter, 1955; Stacy, Prook emd Short, 1963) with a Na' content of
1.37 (Farmwarth, 1956). Stress cen be placed or the aheep's Na' regulsting
mechanism, especially on louw Na* diets, when the internal requirements are
inareased by pregnancy, lactation and by hot weather when increased outaneous
loss oceurs, epd the ECF volume may nearly double (Maofsrlene, Morris, Howard
and Budtz-Olsen, 1959).

In runinants, the internal digestive cycle involves a large volume
of Ha'-rich fluld: salivery "a' enters the rumen and 1s shsarbed back into
the °CF, about half through the rumen wall, and bhalf from the oma2sum and small
intestine (Mobsen, 1959; Bruse gt al., 1966). The stress of expanding this
digestive cycle is reflected in the Na' oonservation mechanisms: change of
diet from grass to hay increased the rumen volume in the sheep, and caused
marked urinary Na' retantion (Bsbson, Scott end Bruce, 1966). On the other
hand, this cycle functions as a Na' reserve. 1In circumstances sush as
inoreased rumen volume, excessive loss of Na' through a parotid fistula or
dietary defieciency, K partially replaces Wa' in salive, and hence in rumen
liquore The fall tn /2’ 7 end rise in /X' 7 of parctid, submaxillery end
inferior molar saliva is brought ebout by the action of aldosterone (Denton,
1956; Key, 1960; Dobson, Key amd McDomald, 1960; Denton, Goding, Sabine
end Wright, 1964; Soott and Debson, 1965).

The well known Na' appetite of ruminants has been studied under
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leboratory conditions by Denton and co-workers. On moderate 'a’ intake,
their sheep showed little interest in drinking selutions containing Na*, but
during Na® depletion the voluntary Ha' intake approximated the derioit

(Penton end Sabine, 1961; Reilhars, Denton and Ssbine, 1962), even when the
concentration of the solution wes varied considerably. They failed to
identifv the appetite mechanism involved; it was not the result of low plasme
/e’ 7 (Peilhars ct gl., 1962), the angiotensin or aldosterone content of
the blosd perfusing the brein (Denton and Sabine, 1961; Bott, Denton and
Yeller, 1967), the rumen /| Ha' _/» and the gustatory semse was not implicated
(Reilharz end Kay, 1963).

Although loss of Fa' in the feeces 1s varisble (GCoodall and Kay,
1965b), changes in renal exeretion of Wa' account for the grestest variation
in va* output from the body. Faecel Wa' may be very low in I'a’ deficiency,
when the X':Fa’ ratio may be raised, probably due to the action of aldosterons
(Pavis, Bahn, Yankopoulos, Kliman ond Peterson, 1959).

Rensl Na' excretion can be altered by a change in the filtered load,
or in tubular reabsorption, or toth. The evalustion of the role of GFK is
limited by the insensitivity of present clearance methods, At constant
tudbular reabsorption, zmmll, bdarely detectable clanges in GTR can alter the
delly Ya' owtput markedly; Pitts (1963) has caloulated that a 5’ inarease in
CFR would double the Na' loas. There eppeers to be a species difference in
the extent to which acute variations in Wa' loss ere medioted by chenging the
GFR. Adeptive inereasecs in GFR appear to play a large part in eliminating
the high intake of Wa in sheep drinking saline water (Potter, 1961; 1963),
and in dogs on a diet of high Na' centent (1.add and Raisez, 1949). Potter
(1966) reported thet Merino shesp infused with hypertomic saline showed no
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coneistent change in GFR, however, in a subsequent paper (Potter, 1968)
inoreased GFR was reported in Norset Horn sheep under similar conditions.

Tubuler resbsorption of Na' appears to be sensitive to a veriety
of paremeters associated with F'CF volume and composition. It is not
suprising thet the principal regulation of the excretiom of Na' should be
complex, end invelve multiple receptor and effector mechanisms. Nor is it
unexpected to find that thecze predominently originate from the FCF volume amd
comrositicn, of which the dody Na' 1s a major determinant, Although many of
these factors have deen ostablished to be, or at least implicated as, regulators
of tubular Na' reabsorptionm, it 15 uncertain which are major end which are
miror contralling systems, how thoy interact, or in which particuler

circumstances each operctes.

The plasma /'’ 7 has been reported to sffect Na' reabsorption, but
the reportsz ere apparently contredictory. The sbsolute rete of Na'
resbeorption incresses in dogs following plasma / Wa'_/ (Bresler, 1960;
Toussaint end Vereerstrasten, 1962; Kemm end Levinsky, 196,), yet, when the
GCFR was reduced by clamping, hypernatrusmia appeared to inhibit the fructionmal
Na' reabsorption (Blythe and Welt, 1963; Kamm and Levinsky, 1965).

The plasma protein concentration has been suggested as a controlling
mechanism for urinary a'. In meny, dbut not all, circumstances ¥a' retention
apcampaniecs increased [ plasna protein _7. and natrimresis sccarpanies a
falling level (Bojesen, 1954; 0'Comnor, 1955, 1958). Scoe vorkers di4, and
some 14 not, observe I'a' retention during the infusion of hyperoncotie
albwmin solution during water or oszmotic diuresis (Goodyer, Peterson emd
Relman, 1949; Orloff enmd Blake, 1950; Orloff, ¥elt and Stowe, 1950; Welt
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end Orloff, 1951; Tlpers and Sellurt, 1963). It is possible that a
correlation between / plasme protein / end Va' retention does not indicate
a direct causal reletionship, dbut that both rre sevarately related to a

ocormon factor, the intravescular volume,

Renal haemodynamios elso influence the rate of ¥a' excretion.
Stahl (1965) found a correletion between Ma' excretion and the oerdiec output,
but not with blood pressure unless this parelleled the cardiac output. Seline
loading in hypertensive patients produces a much greater irncrease in Na'
excretion than does a corparable loading in normal persons (Rirchall, Tuthill,
Jacobs, Trautmen and Findley, 1953; Cottier, Veller and lloobler, 1978;
Beldwin, Biggs, Coldring, Hulet and Chasis, 1958; Papper, Bolaky amd Bleifer,
1960). Increased perfusion pressure inoreases the ma' exoretion of isoleted
kidneys (Sellurt, 1951; Selkwurt, Womack and Dailey, 1965; ¥cPoneld and
de Wardener, 19658). Tn stop flow experiments on isolated :idneys, the
L va®t _/ in distel tubule fludd is directly related to the perfusion pressure

before ocolusion (Tobion, Coffee, Ferreira and Meuli, 1962, 1964).

Ffforts to assess the precise role of aldosteronc in the physiolog=-
102l regulation of ¥a' balance have been hampered by the difficulty in
measuring. hormone levels. In the past, the excretion of en aoid-released
urinary metabolite, representing ebout 57 of secreted hormone, has been
angsayed, but more recently direct estimaetion of adremal vemous aldosterone
levels in transplanted glands has been underteken. The most likely role of
eldosterone 1s to provide a suitadble background for maximum na* retention,
particularly under conditions of Wa' deficienoy. Perhaps the strongest
evidence in support of this contention is the cbservetion thet adrensleoctome-

i1zed subjects cemmot maintain Na’' balamce on e very low Na' inteke, but can
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& 20 on moderate intakes. Aldostercme inaresses distal tubuler Na'
resbsorption (Vander et sl., 1960, 1961), and as well causes a decreasze
in C1~ end a small increase in X' or H' excretion (Bartter, 1956; Mills,
Thomas and Williamson, 1960, 1961; TYunis, Bercovitch, Stein, Tevitt emd
Golastein, 1964). Renal tubular effects are difficult to detect in narmal
dogs, dbut are very evident when zldostervns is administered to adrenalectom-
ised dogs (Parger, Berlin and Tulenko, 1958).

Even the evidence for a role for aldosterone in Na' depletion 1is
controversial. Ross and Winternits (1960) found that the renmal response to
a low Ka' dlet was delayed when aldosterone estivity was inhibited by
spironolactone. Thorn, Ross, Crabbe and van't Hoff (1957) cbserved an
inverse relationship between the urine Na' excretion end ecid-released hormome
in random urines from normsl subjects. FHovever, Crabbé, Ross and Thorn (1958)
were unsble to relate urinary Na' output to acid-released sldostercns during
ra' deprivetion, and ¥111s (1963) was wneble to correlate diwrmal veriation

in ¥Ya' exsretion vith aldosterons levels.

It would seem that, although aldosterone may pley an important
part in long term adjustments to low levels of wa' inteke, short-term changes
in Ne' excretion sre not aldosterone dominated. This is strongly supperted
by the time course of the renal respomse to its admimistration. Barger, Berlin
and Tulenko (1957) end Ganong and Mulrow (1958) injected d-aldosterone directly
into ome remal artery, and observed the characteristic effect on Na' amd XK'
excretion simultaneously in both kidneys: there was a time lag of 30-60
mirmtes, end the maxrimm effect ocourred after 4 hours. Adrenalectomiszed or
Addisonien patients maintaimed on adequate stereid replacement, in vhom there
can be no induced chenges in the circulating aldostercme level, show the normel



renal response to both repid posture change and poaling of dlood in the
legs (Rosenbaum, Pspper amd Ashley, 1955; FEpstein, 1956).

Aldosterane secretion can be influenced by a number of fastors,
but the exect physiological importance of many of these remains to be deter-
rmined. The strongect stimili are of hasmodymmmic origin, but others identified
include ACTH, plasme electrolytes snd perhaps a pineal factor. Although
largely independent of ACTH (aolean, Lipsett, Li, West and Pesrsom, 1957),
aldosterone secretion is stimulated for a short tims by the trophic hormone
(Davis, Cerpenter, Ayers and Bahn, 1960; Hulrow, Ganomg, Cera anl Kul jien,
1962; Blair-West, Coghlan, Denton, Goding, Wintouwr and Wright, 1963),
probably through increased production of hormone precursors. Low plasma
[ 1a'7, and particularly high plasma /[ K’'_7 stimilate the adrensl gland
directly (Penton, Goding ond Wright, 1959; Deavis, Urquhart and Niggins, 1963;
Blair-vest et al., 1963). Farrell (1958, 1959, a, b) has produced evidence
for a role of the pineal gland in stimuleting aldosterome secretion, but this
has not been confirmed by others (Davis et al., 1959; F¥urtman, Altschule,
Greep, Falk and Grave, 1960; Blair-West et al., 1963).

Changes in FCF valume, but not of ICF volume, and particularly changes
in the intravasculer volume rather than the interstitial emmponemt, are potent
stimuli for sldosterome secretion (Bartter, Liddle, Dumcen, Barber and Deles,
19563 Bartter, ¥ills, Biglieri and Delea, 1959). The hyperuldosteronimm of
cardiac failure, hepatic cirrhosis and nephrosis, which results in excessive
Ye' retention and cedema, cen be mimiced experimentally by haemodynemic changes
indueed by inferior vena cavel constriction (Davis, Cocdkind, Pechet and Ball,
1956; Ball, Davis and Goodkind, 1957), renal ischaenia (Goldblatt, Lymch,
Hansal and Summarville, 493%) or pulmwmry artery stenosis (Dawis, 1962).
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Cross cireulation experiments have shown that the aldosterome stimulating
activity is hmmaral (Denton gt sl., 1959; Yankopoudos, Davis, Kliman end
Peterson, 1959; Davis, Carpenter, Ayers, Helmmn end Bahn, 1961); it has
been identified to be remin ssarwted by the jurteglomerwler epparatus (Cook
and Pickering, 1959; Hartraft, Sutherlend and Hartroft, 1964).

A natriuwretic factor is associsted with rapid expansion of the ECF
volume. The magnitude of the remal Na' response appears to be related to the
repidity and magnitude of the initial expansion (lLevinsky apd Lalons, 1963;
Shuster, Alexander, Lalone and Levinaky, 1966). The erigin of the increased
Na' excretion has been shown not to be a ehange in GFR, RUF, filtered Na®,
plesme /*a’ 7, /plasms protein /, FCV, edrenal steroids or vasopressin (Mille,
de Wardsner, Hayter and Clapham, 1961; 48 Werdemer, Mills, Claphmm and Hayter,
1961; PRlythe snd Welt, 1963)s The site of action in the kidney is the
proximal tubule, where tubular reabsorption is decreased (Cortney et al., :|965;
Cirksena gt al., 1965; Dirks et al., 1965; Watson, 1966; Lendwehr gt al.,
1967)e Two mechanisms have been proposed; ome group favowrs a direct
haemodynamic effect (e.ge increased perfusion pressure), while the other
favours a humoral factor secreted in respomse to the stimulation of "volume
receptors”. Roth may be involved, but ome may predaminate in any particulsr
experimental study. McDanald and ds Wardemsr (1965 a,b) perfused sn isolated
dog kidney with blood from a saline loaded doner; the netriuresis in the
isolated kidney wes closely related to the perfusion pressure, but that in
the donor was associated with only a amall rise in B.P., although several
times greater in megnitude.

Velume receptors hmuhnnpupondtonuiﬂrbodyﬂn‘ content, and
in turn influenee aldosterone searvtion and also the recently discovered
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natriuretic prineiple associated with FCF expansion. In practice, ECF —
volume could be metered -y pressor receptors, perhaps in & particular region
in the interstitial or intruvasculer campartmesnt. Conclusive evidence for
their location hes not yet been produced. Rartter, ills and Gann (1960)
descride reoceptors at the thyro-carotid arterial junction. A cephalaed site
wes suggested by Strauss, Devis, Rosenbaur and Rossmeisl (1952) who

observed inareassd Na' exaretion in recumbent water loaded subjects by
hypotonio expamsion of the FCF, but not in seated subjects. Several workers
have postulated a receptor in the liver or portal eirculetion. The reduced
proximal tubule Na' reabsorption after saline loading can be prevented or
reversed by partial auprahepatic inferior vena oaval ligation (Cirksena et sl.,
1965). Levinsky and Lalono (1965) almost abolished the natriuresis by
chronic thoracic caval ligntion, redused it by acute ligmtion, dut abdominal

vena caval ligation was less effective.

3 Potessim

Dietary o deficienoy, in contrast to Ha+ deficiency, is an umlikely
ocourrence in rumrmnts on natural diets beceuse of the high K' intske. TIn
several breeds of sheep, sbout 907 of X' output is via the urine (English,
1966; Dewhurst apd Harrison, 1966; Beal and Budts=Olsen, 1967). A small
K* 1oss ocowrs in suint, of which 267 is K' (Parmworth, 1956), secreted at the
rate of 0.51.0 gn/dsy (Daly end Carter, 1955; Stacy gt sl., 1963). Compered
with the complex regulation of Ma' belance, the control of XK' homeostasis
appears to be simple. Since the prinoipal route of XK' exmretion i8 in the
urine, the kidney would provide the post effeative site for regulatiom.

Urinary K* excretion is not directly related to GFR, filtered load
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of X', or plases /X', but does seem to be influenced by cell /X'_7, the
distal tubuler P.D. and the rate of H' secretion. It seems 1ikely that oell
[ %' ] plays a central role in determining K  excretiom, but evidence in
suppert of, or against, such a hypothesis i1s difficult to obtain in practioce.
The decreased X exeoretion during water diuresis, end increased excretion
during 1ceding with hypertonic sclutions has deen attridbuted to changes in
cell /X' 7 with hydration (Seldin and Tareil, 19%49; Mudge, Foulks amd Gilman,
1950). The transtubular P.D. and level of H' secretion sppecr only to provide
suitable background conditions favouring X' secretion, but in some cases low
P.D. or high H' secretion mey be limiting. Competition for excretion between
X' and H* may not bs in a oarrier mediated system (Berliner et el., 1951), but
ney reflect the oell /K7 amd /H' 7 which are known to be inversely related
in many circumstances (Swan and Pitts, 1955; Swan gt gl., 1955; Oremnt-Keiles
end ¥oCollum, 1941; Cooke gt el., 1952; Adler et al., 1965).

It has been suggested that the adrensl steroids may be involved in
sone way in K' hameostasis beoause plasme / K’/ increasos stimulate aldosterone
secretion, and decreases inhibit it (Denton et al., 1959; Davis et gl., 1963;
Blair-West et al., 1963; Camm, Delea, Gill, Thamss and Partter, 1964), and
aldosterone may inerease the rete of X excretion (Bartter, 1956; W ills et el.,
1960, 1961; TYunis et al., 1964). Kinme, Hacfarlarns and Budts-Olsem (1961)
infused aldosterone (10-300 ugm for 1 bour) in sheep without effect on X'
excretion. On present evidenoe, neither does plasma / X' _/ appear to be an
important determinant, nor does regulation of X' expretion seem a major
fupction, of aldosterone. Keynss and Harrisom (1967) have repurted prelimin-
ary experiments imvestigating the role of the sdrenal hoymemes in K'
metsdolism in sheep, but these are not sufficiently advanoed to reach any
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be Hater

Water 1s ingested in the feed and as free water, and is lost in
feeces and urine and through the skin and respirstory tract. ILactating
enimels also lose water in the milk. Loss through the skin and respiratory
tract depends on the envirommental temperetwre and humidity. Since evapora-
tive cooling is an essential temperature regulating mechanism in rost mammals,
there is a lerge cbligatory water loss in this way during hot weather. When
there is en abundant water supply, ths important factors reguleting water
netabolism are the emount of water drunk and the wrine flow. Amimals on dry
feeds with water freely available use more water in short-term sdjustments of
body fluids than do anirmals on natural feeds of greater water contenmt, but
which drink less.

The hypothalamus esppears to contain the integrating centres for water
metabolism, Here are the propossd feeding snd drinking centres, the temper—
ature regulating centre end the osmreusptor» compermed in ADI! secretion.

The amount of water drunk vill depend upon water losses, inoluding
that required for temperature regulation, and as well on the quantity and
composition of the feed, and in some cases on psyabological factors. Eerino
sheep drank twelve times more weter in summer than in winter in unshaded yards
(Yeocfarlane, Horris anmd Howard, 1956). Many species show a oonstant water:
feed irtake ratio (Pruce and Kemmedy, 1951; Cisek, 1959; 1961). The actual
ratioc will depend on the particulsr feed used; in the case of shsep, Riek,
Hardy, Lee and Carter (1950) found an average ratio of 9.1 ml/gm feed on a
lov plane of nutrition, and 2.8 ml/gm on a high planc. Gregersen (1932)
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suggested that the incremsed csecretion of digestive Julges dearessed the

BCF volume, ereating thirst; Cisek (1961) suggested that thirst wes caused
by the osmotic effect of the feed drawing water into the gut. In the
ruminant, both effects night be expected. Water restriction reduces the feed
intake snd conversely reduced feed intake lowers the weter consumption.
¥erino sheep stopped eating after two days without weter (Mscfarlane, Worris,
Howard, McDoneld and Budtz~Olsen, 1961).

Hultiple stimuli are involved in thirst. For e recent discussion
of the subject, refer to a symposium "Thirst in the regulation of body water”,
edited by Waymer (1964). The thirst oreated by reised plesma osmolelity may
act through cell dehydration, since administered osmoticelly active solutes
produce more drinking than do camparable emounts of non-setive solutes (MaCi
compared with urea) (Gilman, 1937; Holmes and Gregersen, 1950; Kanter, 1953;
Adolph, Barker and Hoy, 1954; Fitgsimons, 1961a). Other effective stimuli
are reduced blood volume (Holmes end Cizek, 1954; Huang, 1955; Strauss,
1958; Fitgsimons, 1361b; OStricker, 1966), and drying of the oral mucosa
(Adolph et al., 1954). Satiation of thirst involves oro-pheryngeal metering
and stomach distension (Holmes emd Gregersen, 1950); in sheep, the passage
of water through the lower cescphagus, and the 411 of the rumen (Bott, Demton
and Weller, 1965), are¢ camparadle factors. The sémimistretion of pitressin
depresses thirst in many species (Helmes and Gregersenm, 4950; Adolph et al.,
1954; D1 Selvo, 4955).

VWater loss in the urine includes both odbligetory and regulstory
fractions. The obligztary fraction is dependent on the minimum volume excreted
with the sglute, i.e. the maximm concentrating ebility; the regulatory
fruction is the volume in excess cf this. ADH is necesssry foxr the formation



of hypertonic urins, The physioclogical stimuli to its relesse from the
posterior pituitsry appear to be reised plasma 0.°. (Vernsy, 1947; leaf and
Yamby, 19528, end others) and redused blood volume (Cisek and Fuang, 1954;
Leaf and Wamdy, 1952b; Cort, 1954; Lemaire, Boura, Dupont, Delszs end
Alegrini, 1959). In anassthetized rats, Dyball (1966) observed that severe
hasnorrhage was a stronger stimulus than intrecerotid injections of %/ NaCi.
A series of experiments by 'leberich amd co-workers (Haberich, 1968) has
demonstrated osmoreceptors in the portal eirsulation, prodahly in the liver.
Ingezted watsr, or water infused into the portal vein, lowers portal dblood
0.’ and inaresses the water content of the liver, in many cases dbuffering
systemic effects. The curve of the resulting diuresis parallels the curve of
the water content of the liver. A role for left atrinl stretch receptors

ir the oontrel of ADH has been proposed (Menry, Causr and Reeves, 1956; Gauer
and Henry, 1963) but discounted by others (0'Conmor, 1962; Lydtin and
Hamilton, 1964). Although ADH is usually eonsidered the important factor in
vater conservstion, Meofarlene (1964) believes that in acute heat stress the
prinoipal factor in the sudden redustion im wrine volume is not ADH dbut GFR
and excretion and tubuler reabsorption of solute.

Pehydration may oscour if sdequate water iz not evailsble. Consider-
able attention hes deen directsd to the stuly of weter dalance in a hot, dry
enviroment (see roviews by Schmidt-Nielsenm end Schmidt-ielsen, 4952; Hudsonm,
1964; Chew, 1965). These adaptations include behaviow patterns such as
burrowing and avoiding the heat of the day; seorificing Cermmregulation to
maintain water balance; the development of a highly concentrating kidney;
and the development of special physioclogical mechenisms, such as counter-current
heat exchangers, the sbility to detoxify oxalate, or special mechanisms to
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maintain the intravescular volume et the expemse of othsr FECF compartments.
Ruminants living in hot, dry regions inorease not only the rate of water
twrnover (Macfarlane, 1965), but also the totel body water content (Macfarlane
ot al., 1959; Yorris gt el., 1962) and in particular the “CF volume
(Maoferlans et al., 1959; Yacfarlane, 1965); plasms electrolyte and plasma
protein oconcentrations may fall slightly (Macfarlame, Howard and Morris,
1966). During dehy’ration smounting to 25" of the total body water, 45 of
this loss came from the TCT, and 537 from the gut and cells (Macfarlane et sal.,
1963). Hecker et gl., (1964) found the interstitial fluid end plasme volumes
vere both reduced, but a large contribution ceame from the rumen water and
other gut fluids dwing dehy’rotion in the sheep.

v. Sonclusions

The sbove review has shown that, in general, water and electrolyte
studies have been cerriod cut in non-ruminamt species, Porticular aspects
have been exemined in the ruminant, snd 1! would appear that overall
controlling mechenisms are no Jdifferent from those inm other animals. Ruminants
have proved useful animals for the study of aldosterone secretion end Ma'
deficiency, since ths parotid salivary Na /%' 1is censitive to this hormons,
and the adrensl glands can readily be transplanted to the meck. Other rxtudies
have principally been on delyy@rution and adaptation to a hot, dry enviromment,
end the study of water and electrolytes involved in the digestive gyale.

The unique festures of weter and electrolyte metabolism in the
runinant are related to the large digestive cycle of ECF to salive to rumen
liguor to ECF, The ruminant has the ability to cugment renal and intestinal
methods of Ya' conservetion by increasing body Ya® at the expense of ¥e' in



the digestive cycle. The urine 18 alkaline, and its composition reflects
the composition of the dlet, being low in Ma* and rich in K'. Potassiwm
is usually the principel urinary solute, in contrast to the situation in
carnivores where ¥a' and urea predominate. As in non=ruminants, the large
movement of water and eleotrolytes during feeding is reflected in changes

in the pattern of urinary excretione.

The present thesis is concermed vith the movement of weter and
electrolytes within the body end their loss in the urine consequent upon acute
elterations in the electrolyte statue of the rumen. Observations have been
made on sheep feeding for a single 2 or 3 hour period daily, in which it
might be expected thet any effects of feeding would be magnified by sudden
fluctuntions in the digestive cycle. In an attempt to annlyse the mechanisms
involved, the diuretic, acetazolamide, has been rdministered nt thec time of
feedins, =nd drinking water has been withheld. The same peraneters have
also been followed during gd libitum feeding. In other oxperiments, water,
WaCl and KC1 have been infused into the rumen, NeCl into the duodemmm, and
MaCl and ¥C1 intravenously. From these, patterns of shsorption and renal

excretion have been determined, and their interpretation attempted.
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CUAPTER 2

NE_AND_RLOOD COMPOSITION
UNDER_& RESTRICTED FEEDING REGIME

During studies of renal fumotion, feeding or rumination produced
2 merked reduction in urine flow in goats undergoing a water diuresis
(Andersson, 1955), end in polyuric sheep (Schmidt-Fielsen gt gle, 1959).
The antidiuresis seen in sheep fed hay, but not beets or potatoes, bty lLysov
(1960) wes interpreted as a reflex origimating from receptors in the gastro-
intestinal trect. Kimne et el. (1961) observed acidifioetion of the rormally
alkeline urine in feeding sheep, and considered it a reflection of the loas

of extrecellular alksli in thc profuse saliva of high mos content.

" These observations prompted studies of water and electrolyte excretion
in sheep trained to eat for only 2 short reriod eech day. Stacy and Rrook
(19264, 1965) campared a urine samplc oollected within 90 mirmutes of feeding
with the mean of three taken in the 90 minutes before feedinge They fouwnd
that, after feeding, urine flow decreased, speoific gravity inoreased, the
urine wes acidified, and there was decreased excretion of Na+, K and total
solutes, A transient hyperproteinsemiz was observed, dbut no consistent
change 4in either GFR or REF, Using water=loaded shéop as aseay amdmals,
Stacy end Brook (1965) demonstrated antidiuretic eotivity in the urine of fed,
but not unfed,sheep. A sustained increase in plasma osmolelity end / Na' /
oocurred cfter feeding (Stacy and Brook, 1965; Warner and Stacy, 1965;

Stacy end Werner, 1966; Termouth, 1967).
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The renal and plasme changes sppeared to result from the demands
on extrscellular water and electrolytes for digestive secretions during
feeding. The antidiuresis was a ccnsequence of the increased plasme
oswolality releasing antidiuretic hormone, while the acid urine resulted
from 1loss of extrwcellular alkeli. A brief report of decreased dlood pH
after feeding has appeared in an abstrect (Stacy, 1967). The mechaniam
promoting Na® conservation was not 1dentified, but it wns suggested that
reduced Ma® excretion, combinsd with increased H' exmretion, .mcovered
competition of H' and K', resulting in lowered K’ exaretion.

Rumen electrolyte changes have been cstudied under similar feeding
conditions. 1In the fasted animal, rumen contents were hypotonic to plesme
(Parthasarathy emd Phillipson, 1953; Engelhardt, 1963; VWearner end Staoy,
1965; Ternmouth, 1967), but incressed to near LOO mos/lag upon feeding
(Verner and Steoy, 1965; Ternmouth, 1967). Vhen water wmas withheld,
hypertonicity persisted for many bhours, but when drinking vas permitted,
after ‘hree hours the contents returned to hypotonicity (Ternouth, 1967).
After feeding, rumen /[ K'_/ increased markedly, but /Na' ) fell (Reid, 1965;
Warner end Stacy, 1965; Staoy amd Werner, 1966; Ternouth, 1967), however,
the absolute amount of both electrolytes increased (Reid, 1965). The volume
of fluid in the mmen incrensed ofter feeding in oattle (Reid, 1965) and in
sheep (Ternouth, 1967; Wmmner and Stacy, 1968d). Ternouth observed e
second peak of rumen volume 56 hours after feeding, but this has been
attributed by Warner and Stacy (1968a) to errors in the experimental technigue.

Prom changes in the concentration of a2 rumen marker, Ma' ond K*,
end meking sssumptions sbout salivery flow, Stacy and Werner (1966) concluded
thatnetnmmnuxmtothomnaﬁurudingmmn,aulthntﬂf
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absorption was enhanced by the hypertonic conditions. Ternouth (1967),
who estimeted rumen volumes at various times after feeding, end epportioned
salivary flow coecording to the ruminating activity at the time, caleculated
that 207 of the rumen volumc one howr after feeding originated from
transrumimml influx of water. The conflicting conclusions could in part
be due to the different times needed for consuming the feed (4 hours and 1
hour respectively). However, both workers mode assumptions vhich are herd
to jJustify; Termouth, in particuler, used marker dilution tecimiques of

questionable acoursoy.

At the time the present work was commenced, only the first paper of
Stacy end Brook hed been published. Their results were clearly far from
complete: the period studied was very short, infarmation on plasma changes
was scant, snd urine ssmnles were not obtained by cstheterigation. The work
reported in this Chapter was therefore undertaken ss further study of the post-
prandial changes in urine, plasma amd erythrogyte electrolytes was clearly
vartunted., Partioculer emphasiza has been placed on using quiet, loosely
restrained sheep, accustomed to their swroundings and to the experimental
procedure, and in which samples have been collected from previously inserted
urinery cetheters and juguler cammulae. The changes in wrine and body fluid
composition during and af'ter one short feed a day have been compared with
those seen duwring superimposed restriotion of drinking water and the
edministration of the diuretic, acetazolamide, Acetazolamide was chosen
because in other species its effects, nemely inareased urine flow, raised urine
pH, and increased urinsxy loss of Wa' mﬁx’. are opposite to the comservation
mechanisms observed dwring feeding in the sheep.



HATFRIALS AND WATHODS

Experiental design

Animals were fod for a period of 2=3 hours in the morming, end
ssmples of blood end urine were collected before, during and after feeding.
There were six experisentsl situations, soocuxding to whether or not the
animals received an injection of scstazclemide, and to the availadility of
drinking water dwring and after feeding. These six conditions are listed
belom

A. No aoetazclamide
(a) water available gd 1ibitum
(b) 1no water during feeding, but available before end after
(6) no water Yefare, during or after feeding

B. Intrevencus acstasolamide
(a) wster svailable od 1ibitum
(b) no water &wring feeding, but availsble before and after
(o) no water defore, durimg or afber feeding

One batch of chaffed, dehydreted lucerne wes used throughout.
Routinely, the sheep were fed from 10 a.me to either moun & 1 pen. In the
initisl experiments 600 gn were feod for 2 hours, dbut as the animnls grew
older this was increased to 500 ga given over 3 hours. Tho sheep became
acenstamwd to the short feeding time, and unless weter was withheld, usurlly
all wes consumed in the asllotted time. For the earlier experiments a salt lick
was provided, but later 5 gm NaCi wes added to the feed. Vater was provided
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in plastic buckets.

Zxperimental enimals

Nine young Ramnmey ewes and one Ramrwy-Cheviot arcss ewe were used,
their body weights ranging from 22 to 43 kg, but mostly falling between 25
and 35 kg. All remzined healthy and gamined weight on the feeding regime.
They were sharm at epproximately 6 week intervals. Thiedbeneadole was
administered wvhen the sheep were first broigght indaors and et times leter;
faeccal egg counts usually showed very low worm burdens,

The sheep were housed in a2 room in which the temperature and
humidity were net accurately controlled, dut in which heaters were used in
the winter, and care was taken not to inerease the humidity by hosing during
«xperiments. Reletive humidity varied from 507 to nser 1003, Over the year,
the tempersture in the roam rerged fram 11° to 26°C, bul over eny 2i bours
the flustuetion was 2° %0 6°C. The sun shoms dtrectly into the rvom for
only 2 short time each day, but not on to the emimels. The sheep were confined
in loose saeking alings in metabolism crates so they could stand normslly,
bSut not sit on the floer of the creste. They were thoroughly sccustomed to
this form of restraint, end head-stocks were not needed.

Self—retaimrg Foley axthewters (sise 16 Fr) were used for urine
collection. Both the urimary catheter and the juguler vein cannula were
inserted eseptically on the ef'terncon or evening priar to the first experiwent
in the week, and left in place for 3 {occaslomally 4) days. Tn selecting
experimental animels, any which could mot teolerate the presence of a urethral
catheter without discomfort were discerded. The urine delivered from the
catheter was clear, and on the rare occasion when the urine became cloudy or
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the animal showed any discomfort, the experiment was terminated.

A polythene Sterivac canmula (size 2) was inserted into the jugular
vein through a large bdore needle. After withdruwal of the noedle, a short
riece of rudbder amnmuls blocked By a plastic dung was fitted over the cther
cannula, and e loop of thread was tied around the junction of the two emd
stitehed to the akin. The canmilas were inserted dowmmmrds tovards the
hoart, they wsre filled with saline conteining a mmll esount of hsparin
betwsen Sampling,; and artery forceps were used to block off the rubber camnula
vwhen the dbung was not in place. These precautions minimiged blood leakage
into the cammula, and clotting rarely occurred.

In three sheep, one carotid artery had been exteriorized into a
skin flep to form a cerotid loop. Blood was collected directly from the
artery into a needle and syringe after injection of local ansesthetic.

Sample

Sampling procedures caused e minimum of distuwrbence to the animals,
and even during collection of jugular blood samples the sheep were not held.
They took little notice, and some continued feeding.

Urine samples were collected by gravity each 30 or 60 minutes into
tared, collapsed plastic vacecine dags which fitted tightly into the end of
mm.mmmw-m’nmmﬁ,‘m.
Singce the end of the catheter was clemped close to the sling, the bags oould
be changed without touching the sheep. After the bag was weighed, samples
Mﬁmmqmmmwmmwﬁ-mmam.u
syringe. The rest was poured out into a measuring cylinder and diluted in
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the usual manmer. The usual sampling period of 30 minutes was selegted
as a compromise detween the mmber of samples to be amalysed and goed
resolution of the time ocourse of urinary excretion,

Eight 8«10 ml blood samples were collected at howrly intervals,
and en additiomel one 15 minutes before feeding. The heparinisged saline in
the cannula was aspirated into a syringe before the collection of the sample
into a separate syringe wetted with heparin solution (*Pulemin®’). The sample
wes protected by sealing the tip of ths ayringe with a cep. Blood pH and
coemmmommmmy.mmxummmmm
™ ] &tsruimtion. The rest was then cantrifiged for plasma end
erythrooyte samples. Usually the sample for pil was collected into s separate

ayrirge.

Acetazolemide, dissolved in distilled water st 100 mg/ml, wes injected
over 30-60 seconds through the juguler cannula. The dose rate ranged from
5 mg/kg to 16 mg/kge The time of sdmimistration was usually 10 minutes
before feeding, but doses were given wp to 30 mimutes efter feeding started.

Plasme wes prepered by centrifugation fer 30 mimutes at 3500 rpa
(redius 6 imohes). In the earlier experiments open centrifuge tubes (imtermal
dismeter 1Gm) were used, but later the dulk was placed in tubes of 8 mm
Andernal diemeter, and the rest in the larger tubes. In these latter
amrisssts, the blood sample was placed under a paraffin lgyer through a long
needle and the plasma separated smsercbically. Seolutions of lywd @ytirurytes
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were made from the pasked cells in the smaller tudbes, using only the lewer
two-thirds of the column of oells, which were diluted and lysed in
distilled watere. Both plasma and pasked erythrocytes were rinsed into
the volumetric flask with the diluent,

Apalytical pethods

() Urine volume. Usually the weight of urine was estimated
as (semple weight « tore of deg) to the neerost 0.1 gm, end the volume
calculated as weight x S.Gs In a very few experiments, the volume was
obtained directly by collection into greduated meesuring cylinders.

(41) Urine specific gravity. S.C. was measured vith & amall
hyaroweter (Clay-Adams Urinometer), usually on undiluted urine, but for a

high 5.G., Or vory low volume, a dilution of 1 in 2 with distilled water was
useds S.G. could be estimated to ¥ 0,002, or < 0.004 if Adiluted.

(144) pHe Urins amd blood pfl were determined anserobically on
the Beckman model 76 expanded scale pH meter with the microblood pH assembly
(6850), glass electrode (39045) and reference electrode (39070) (Ag=2gCl),
mounted in the Peckman Thermamatic Comstent Temperature Blockes The epparetus
was duplicated, ome for blood semples and ore for urine. The temperature was
meintained at 38° 2 4% as much as possible, although semetimes the
temperature moved out of this range for part of the Adstermination. These
fluctustions did not ceuse any apparent alterstion im ple The duffer used
for stendardisation wes Sfremsen buffer, pH 6.8, ot 58°C, made of egual
amounts of "/w KLPO, and '/, Ne,fP0, . The two solutions were stored in
the refrigoerator end mixed freshly daily,



A standaxd procedure was evelved for using the equipment, Tt
was observed that a single sample of blood introduced into the assembly gave
en initial low reading which rose over 1-2 mimutes. Further drift ocowrred
when a second sample was introduced, but the fimal reading from this sample
appeared to be stable, for it could be repeated when a third sample was
injected. The procedure adopted for blood, therefore, was to meke 3
injections of 2 ml, end in each case readings were taken at 30 second intervals
for 2 minutes. The correct reading wes taken as the final reading for the
third sample. The same procedure was used for wrine, exvept that caly 2
injections were ususlly required. Each sample was washed cut with saline,
water, then saline, and buffer readings were taken between each blood sample
on ons instramwut, and betrean each 2 o 3 urine samples on the cther pii meter.
These methods allowed repastadle readinga ef pH to 4 0.02 units for urine,
and to § 0.0t fer dood (uring the expamled scale). After a muber of samples
of either dlood or urins had passed thxough the elsctrude assezbly, the time
talen to reash final readings became longer; the elacgtyrodes were regwnarated
by vashing 1a '/, o4 and aliali eltermately.

(¢v) Bigarbonste end totel CO,e The method of Commay (1957) wes

used with some minor mAifiortions. mummcozmam
urine semples, the Ba(0f), concentretion wes doudled, enl the volume used in
the cemtre wall was 1 ml for 1 =l of blood, end 1.5 ml for 0.5 ml of urise.
mmudmgmmmumnmcozmmmun
mixing vith H,50, that the 11ds 1ifted enl the seal broke. Duplicate

estimations were alweys performed, and where these did not agree within 57,
the semple was discarded., Fstimetions of blood CO, usually invelved less

variation then 57, mcozmmmuxmm“mcozmum.
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mume;mm. since wrine CO, content was large only at elkeline

pﬂmmmucoauﬂfosmﬁulm.

(v) Qsmolality. A Fiske Osmometer, model G-62 was used. Great
care was taken to standardize all procedures; over the entire range
duplicates egreed to 17 or less, A calidration curve was estadlizhed by
using 10 NaCi soluticns of knowm ommotic astivity, reusging fram 100 moan/kg
HEOh!&banh. It was found that plasme duplicetes, and successive
determinations on the one sample, differed at the most by 1 mosm/kge The
staniiazd mroaafiye was ¢o0 meke two estimetions on the ome sample. For wrine
the sams procedure was adopted, exscept that for osmolelities above 1600
ma/kg, & 1 in 2 Mlution was used, ani the result doudled, although this
wuld give a 2ightly high value through an inarease in the cosffisient of
igniaation wpon dilution.

(vi) Sodium amd Potassium. Na' and K' were estimated on plemms,
urine and lysed wytinucytss usisg an F.E.L. Fleme Photometer (Evans
Flectroselenmium Ltd,) Eark II, supplied by propene gas and compressed air.
Rutwal interference of Na' end X' wes encountered only for low urine /Wa' 7.
Because of the wide range «f dilutions required for maximum semsitivity,
(/40 % V/1000)¢ ™0 sttempt wes mede to aveid the mall emcut of ovar-
estimxtion of vexy low wrine /W' 7 by addirg X' to the Na' standards.
Plasma and erythrocyte Na' and X' were slways estimated in dwplicate with s
meximum difference of two scale divisions being tolersted (27).

(vi1) Chloride. The potentiometric endpoint titretion of
Senderson (1952) was used, emplaying the Callenkmmp Potantiasrtris Higrotit-
retion spperatus. Duplicates differed by only t m-ecuiv/{ (1%). Not all



samples were routimmly done in &mplicate. Ocecasionally & particulerly
omomntretsd urine sample had to be diluted defore titration.

(vii1) DUres. Urime [urea ] was determined by the method of
Comway (1957). Duplicates varied by 57 for low concentrations, end 2% for
high concentrations.

(1x)  Pagked Cell Volupe. Wintrobe tubes were centrifuged for
60 minutes at 3500 rpm. Duplicetes differed by 27 or less.

(x) Haemoglobine Blood was diluted and converted to cyanmet-
hasncgloddn with the Cyammethuemoglobin Reagent of Diagrostie Reagents Ltd.
Initially the /Kb / wes read on en E.E.L. b meter, calilruted in ga MY/
100ml, using cummredal staniasds (3 amd 18 gn/100 ml, Diasgnostic Reagents Ltd.).
The scals on the instrument was found to be insorrectly celibrated, so later
mutommnm%m.mmwm. A occmversion
arwph far the two mrrthads of reading wmas somstrartsd, and the earlier resdlts
corrected frem this. Duplicates agreed to 1%,

(x1) Plaspm protwip. Plassa protein wms estimated dy the Biwret
method of Gornall, Bardawill and David (1949). 1 ml of diluted plamma (4
in 10) wes reected with 4 ml of Biuret reagent emd read at 540 miefter 30
ninutes on a Unicam SPS00 spectrophotometer. A standmd cmve was constructed
using bovine serum albumin. Duplicetes sgreed within 27,

spede was measured as a check of calculated relative plosma volumes (see
below). A Priming dose of 1 ml of 0,57 Evan's Blue (5 mg) was injected into
the jugular vein of each sheep 17 hours before the dstermination to saturate
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the reticulo-endothelial system, A 10 ml sample of blood was withdrawn

prior to this injection for a blank. For the estimation of the plasma

volume, & preinjection blank mas egain teken, then 3 or 4 rpl of 0.5 Fvan's
Blue wes injeoted. Cemples of blood were taken at 10, 20, 30 and 40 minutes.
Preinjection blanks, samples and stanierds were reed at 620 muon & Unloam
SP500 snectrophotometer against the originsl blank from thc day before. Semples
were co:rected for the preinjoction blenk, plotted on semilogerithmic naper,
and the curve obtained wes extrepolsted to gero time, PFrom this volue, end

from the opticel density of the stenderds, the volume of dilution was oalculsted.

Calculated Parameters

(1) Relative plasma volume. The plasma volume reletive to that

of the firest sample of the dey was calculated:

PV, 31 4=-PCV
.
1 A _]2 ey
where Pv2 = plasma volume of sample
PV, = plasma volume of first sample

1
[ ], =/ ] of sample
[%]1 = /[Hb_] of first semple

PCV2 = PCV of sample

F’CV1 = PCV of first samnle

The first plasme volume wes taken as 1,00, and the others a fyraction of this,.

(11) Erythroeyte volume. This was estimeted from PCV/ /b_/.
(111) Erythrocyte electrolyte contemt. The electrolyte concentration

was multiplied by the calculeted erythrocyte volume.
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@ was calculated {rom the urine volume

end concentration of the slectrolyte in the semple, and expressed on the basis
of exaretion rete / 30 mimtes. No correction wes mads far the "dsad spece®
in the bledder amd cathster which would tend to delsy the excretion of
solutes dut not the volume of urine cellected. However, in sheep this deed
spece is only of the ordsr of 4-8 al (Cresvemy, personal commmdication),
vhioh would cnly produse insignificent effects exoept when wirme flow was
very lew and composition changlng rspidly.

Vhere solute-free water reabsarytion ('r,,zo) 18 negative, it is freguently
called Free water clearence (C ).

A0
Eresentation of Results

Neither the mefemdirg emreticn pattern nor the response under any
particul &r experimental condition wes wmiform, even from day to dsy ia the
same sheep. The pattern obtained on ome day could not be regarded with
confidence as the contrul for a different Greatnant 1 or 2 dxys later. In
interpreting the results, therefare, the whole group of repliocates for each
experimental conditien has been compared amd contrasted with those in the

other groups.
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Tgble i, Teed intaks unier diffwrent experimemtal oonditions for 3

sheep.

Expearimsmtal Sheep Av. intake No. of daye ate Total
conditions and S.D. all 900 gm No. of
(gm) affered dnys

¥ater ad 1ib. 1 87 1 38 6 9

2 832 3 55 3 10

3 87 1 67 6 9

No water 1 1 12126 (o} 6

during feed 2 7Sh 3 204 1 6

3 82h s 77 1 N

Water 24 1ib. 1 800 o 1

acetasnlamide 2 900 1 1

3 900 1 1

To water 1 635+ 0 2

auring feed 2 T84+ N 1 3

acetazolemide 3 772 2 125 1 3
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Igble 2, TFeed and water intake of sheep feeding for 3 howrs

daily.
Sheep
1 2 3 9 10
Ave foed intake 810 855 905 $80 650
an

Range $s- LOOA100 | 665+1100 | 390-4100| $0-1100 | 445-900
No. of obds. L5 S0 50 52 52
Av. water intake 2930 1660 219% 1600 2410

T
Range (ml) 1880-3660 | 1090-2655 | 620-3%0 | 95=0060 | 900-3450
No. of obs. 48 50 50 50 52
Av, water: feed 3.62 ‘.% 20‘3 20% 3025
&wing feeding
(nl/snt)

Carzrelstion ocoeff. r= 0.A8 r= 0649 r= 0.5 r= 08 | r= 07
(r) feed & water (p <.01) not (pC01)| (p<.01)| (p <sO1)
imaks each feed signif.)

Av. vater intake 70 80 120 785 85
for 24 hra. after
fuc:.o? (m1)

20=-250 15=515 5=640 90=1645 15~70
No. of ods. 40 3 56 43 42




Facing page 64.

1000( a. i b.

800+

o »af ¢

vJod

600

e & 23
o»
o pDH P
e
(X}

ob e

400+~

os Dbea%0

e
pe

200~

- »0 b A0

Eoten ( gm )

Feed
[ X ]
>

(X

800+ o 2 I
i % . rf’ : A o
600+ N > 2 o L o =
[ 5 2 & . ; 2
[+] h °
400* . N L . & %
3 M-
200- % L o 4
O‘ 1 L 1 1 1- I = 1 1 1 1 I
(0] 60 120 180 (0] 60 120 180
Feeding Time ( min )

Pig 2. Effect of no drinking water during a 3 hour feed
on the half-hourly feed intske in 4 sheep. Note the
reduced intake beginning around 90 minutes and becoming
progressively more prominent (a - sheep 2; b - sheep 10;
¢ - sheep 3; d - sheep 1; 6 & ¢ @@ water ad libitum;

©O ¥ A & X no drinking water).
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Fig 4. TFeed intake patterns during a 3 hour feed.

cy,d - Type II;

Pig 3. Tack of effect-
of acetazolamide on the
half-hourly feed intake;
no drinking water.
(Acetazolamide injected:
& - sheep 2, 12.5.66

¥ - sheep 2, 15.6.66

© - sheep 1, 22.6.66

O - sheep 3, B8.6.66
no acetazolamide:

D - sheep 2, 3.5.66
v - sheep 2, 13.6.66
O - sheep 1, 20.6.66
x = sheep 1, 3.5.66
O - sheep 3, 7.6.66
+ -~ sheep 3, 3.5.66 )
e [«

8om10 12 2pm

f

I

!_.J_ g — i

8am 10 ‘ = “2pm

[ocetazoiomide (350 mg )]

a,b - Type I;

e,f = unusual patterns during feeding with no

water when the intake is reduced in the first 30 minutes (a - sheep
3, 21.4.66; b - sheep 3, 22.4.66; c - sheep 1, 28.4.66; d - sheep
1, 20.4.66; e = sheep 1, 20.6.66; £ = sheep 3, 8.6.66),



Eeed Intake

The sbsenve of Arinking weter reduced the feed inteke (Tadble 1,
Fig 2). This first became epparent after 43 hows, end thayearter the
divergence decsme progressively greater (Fig 2). Acetasplamide had no effect
on fesd inteke, whether water was svailalle or not (Teble 1, Fig 3).

The rate of feed intake varied through the feeding period. When
vstay was availahls, the highest hal f-dowly intaks was always in the first
30 winntes, In 3 out of 4 of thess, there was a succassive dsclire (Type I)
(Fig 4e, D), dut in the remainiar, there was a period of reduced inteke in
the middle of feeding (Type II) (Pig 4s, 4). Type II wes sesn om 9 dxys,
6 of them in ome animal (sheep 1) Vhen no water was provided, the inteke
patterns were cimilar to those above on 7 of 12 oceasions, but on the other
S5 the intake in the first 30 mimrtes was not the highest, and was lower than
usual for thet sheep (Fig 4e, f). This eppears to be o conditioned response
as all cases ocourred at the end of the seriss.

Hater Inteke

An intimats relationship between feed and water inteke was evident.
MAmost all of the water intake for the day was drunk during the feeding period
(Tedle 2)e For 4 sheep the feed end water intcke during ecach feeding period
showed highly significent correlation (Teble 2); the exception was sheep 2,
vhich also had the lowest average weter : feed retio. In sheep 9 and 10, e
wide range of feed and water intskes was obtained by messuring these almost
from the time the sheep were first brought indoors,
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Tgble 3. TFreguency of observation of the 3 weter intake patternms
during feeding.

Sheep Water intake pattern
(To. of obe.)
A B c
1 1 S 1
2 5 3 10
3 7 8 2
2 1 4 o
10 (o} 5 1
Toble 4 Association of feed end water intake patterns.
Feed intake Vater intake pattern
pattern (%o. of obs.)
A R c
I 11 8 3
IY 0 N 4
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Zable 5. Extent of prefeeding diuresis in 8 sheep.

Feeding tinme I Maximum ng 30 min Total

urine volume (no. of obs.) no. of
obs.
{S0m|>50m [>100ml |> 150 m)

10 a.me 19 U» a | 7 63

After 10 a.me 0 8 7 3 8

Teble 6. Urine volumes for latter 2 hours of feeding.

Conditions during No. of Yean volume & Renge (ml)

feeding obs. SJDe (ﬂl)

Water ad 1ib. 16 1243 & 23.6 78017409

Vater o + 3 13803 . %05 1(D.0-167.0

scets de

To wuter + 8 1‘}905 S 2 3‘07 1“).5‘4%07

acetazolamide

A11 mo 29 122:2 1 255 77148849

acetazolamide

A1 acetasolamide 1 Wb & 333 10040-196,7

Footnote: Experiments performed between November 1965 and
June 19660
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i

Water intoke ( m| /30m|n )

1000~ « fed A

750k !
500k |

250_5

1

0]
9Qom

urine volume

1
1

fml/ 30 min)

(m1/ 30 min)

1om 3

1000~ |
750}
500}

250} ,

'
1

fed

1

®
Q

40r

0 1
Qam 11 Tom 3

3 Fig 5. Water intake patterns-
during a 3 hour feed. Type A
sheep 3, 17.3.66;; Type B
sheep 2, 10.%.66); Type C

sheep 1, 23.11.655.

VOLUME

H
o
T

0

0
| I —

[
L 1 1 1 1 ]

1 L

8am 10 12

, AR 1
8am 10 12 2pm 4 6 8

6. Urine volume relative to a once-daily 2 or 3 hour feed at
different times of the day; water ad libitume. Note the prefeeding
diuresis and the antidiuresis during feeding in each case (sheep 3
a = 1403.66; b - 1503066; C = 16.3066; d - 3103.66).
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Little or no weter was drunk during the first 30 minutecs of
feeding: on 44 of 63 ocoasions no water at all was consumed, and on a further
6,100 ml or leas was drumk. The pattern of intake on most days during
feeding was readily classified into one of 3 typos, designated A,B,C (Fig
5)e The frequency with which oach type occurred in 5 sheep is shovm in
Toble 3. On 4 dsys when acetazolemide was administered those same patterns
of woter intake were observeds The association of the 3 water intake patterns

with 2 feeding tyres is shown in Teble 4.

If water wes withheld until 1 p.m., within a few minutes the sheep
drank 1-2 litres. Ctheep 2 usuelly consumed enough in this short time to
satisfy its thirst for the Adgy, but sheep 1 and 3 drank agein during the
afternoon. The total intake for sheep 2 and % was near that when wnter was

aveilsble during feeding, but sheern 1 dreank about 1 litre leas than usual.

¥hen the water was not offered until 4.30 pem., the sheep all drank
immedintely, but less than if 1t were returned at 1 pe.m., On sorc days as

little as half.

Urine Volume

A prominent feature of these experiments was the ocourrence of a
diuresis in the period dbefore the animels were fed. The magnitude o! this
diuresis voried (Teble 5)« It did not occur st all in somo cases; more
commonly, it provided the highest urine flow rates during the oxperirent. The
cause was probebly exoitement arising from the enticipetion of deing fed. TIf
feeding wes postponed, a profuse diuresis persisted until the food was given
(Table 5, Tig 6). On the other hrnd, the diuresis appeered to be reduced under

circumstances in which it might be expected that excitement was less m-rked.
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VOLUME
8o~ .fed, fed

Tal T T T i

20

urine volume (ml /30 min)

1 1 1 I | -

L 1
8am 10 12 2om 4 6 8 10 12 2am 4 6 8 10 12 2pom 4

.
N T (N T TOU Y CCN GO, (O T O T TR S T Y O (O | A (I

Pig 7 Urine volume relative to a once-daily 2 hour feed;
wa%er ad libitum. Note the prefeeding diuresis, less marked
before the second feed; the antidiuresis during feeding; a
comparable minimal flow 8-=12 hours prior to the diuresis (sheep

3, 22.6.65 = 23.6.65),

E E

Fig 8, Urine volume relative S VOLUME
0 a once-=daily 2 hour feedj; N

water ad libitum. Note absence £ fed

of prefeeding diuresis and 220— ed.

thus less prominent antidiuresis 2L W

during feeding (sheep 3, 12.5.65). 2] pame———

$ 8m10 12 2m4 6

VOLUME
[ fed .

Bl : fig 9. Urine volume r?latlve to a
: once-daily 2 hour feed; water ad
b libitum. DNote onset of antidiuresis
mE : in first 10 minutes, and almost
| minimal levels in the secoénd (sheep

1+ :VM 1, 21010.65)0

[ml/mln)

urine volume
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VOLUME
v fed

3

N
o

o)
o)
1

Fig 10, Urine volume relative

To a once-daily 3 hour feed;
no water all day, acetazolamide.

Note particularly high flow rate
during feeding (sheep 3, 2.3.66).

{ml/30 min )
[e)] (0]
® (@)

I T

IN
?

N
?

urine volume

0 1 1 1 1 1 1 1 1 1 ]
8am 10 12 2m4 6

[acetazolomide (350mg) |

VOLUME
fed |

0]

]
)
Q

(o))
@]
T

N
o

O 1 1 1 1 1 1 1 1 | 1 | 1 1 L | 1 1 L 1 L 1 1 1 L 1

8m 10 12 2om 4 6 8 10 12 2um 4 6 8 10 12 2m4d

urine volume (ml/ 30 min)
b
O

[[acetazoiamide (200mg) ]

Fiz 11, Urine volume relative to a once-daily 2 hour feed;
water ad libitum, acetazolamide. INote the less intense prefeed-
ing diuresis before the second feed (sheep 3, 3.8.65 = 4.8.65).
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Thus, in experiments lasting 32 howrs and involving two feeds, and during
vhich the animals were receiving contimmal attention, the dlureais preceding
the second feed was less than that preceding the first (Fig 7, 11).

Feoding dsmeasnd wine flovw in all experimarnts, whether water were
evailsble or not, whether or not the &iuretis, scetasolamide, had been
efnimistered. The dsaremss was slight when the pre~feod urine flow hed deen
amall (Pig 7, second feed; Fig 8) but marked vhen a pre~feed diuresis had
been estadblished (Fig 6; 7, first foed). The results of the two 32 hour
experiments (Fig 7, 11) would soggest that ths mintsmm flow Auring feeding
was compearsble to the flow during the 8«12 hours immedistely prior to the
gre-foed diuresis, Charscteristioally, the onset of the amtidiuresis was
rapids Thus, in en exparimmt where 10 mimmte oollaction periods were used,
the high flow rete present immediately priar to fesding was halved during the
£irst 10 minutes of feeding, and was reduced to almost minimnl levels in the
next 10 mimmtes (Fig 9). VWhen water was freely available, the lowest urine
volume during feeding was in the second half hour on sbout 50¢ of the days,
end in the third or fourth sample equally often om most of the other days.
When there was no drinking water, the mimimm volume was observed most
frequently in the thixd half hour, When acetesolemide was given, the minimum
volume was later in feeding.

That the antidiuresis wes a trus feeding response and not a diurnal
rhythm was demonstrated by feedling three sheep at differemt times of the day.
In each cese, the entidiuresis ocourred during feedirg (Pig 6).

Urine axxretion during the last 2! hours of feeding under the
different cperimmsta) conditions 18 compared in Teble 6. The large volume
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Tsble 7. Urine volume in 3! hours after feeding.

Conditions of experiment Ro. of Mean volume
obs. & S.D. (md)

During feeding After feeding
Vater ad 1ib. water 2d lib. 13 207 & 59
Ro water water ad 1ib. 4 225 &+ 50
No water no water 9 197 4 66
Tater ad 1ib. + water ad 1ib. 3 216 3 87
acetazalaride
No water + water ad lib. 3 197 £ W&
soetarol amide
No water + no water 5 218 + 89
acetazclamide

Footnote: Experiments performed between Rovember 1965 and
Junse 1966.
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Pig 12. Urine pH and HCO3 excretion relative to a 2 or 3 hour
once—ﬁaily feed; water ad“libitum. a - usual observation of
urinary acidification and reduction of HCOzZ excretion almost to
zero during feeding; b - atypical day on which HCO;;although
markedly lowered, failed to reach very low levels and the urine
remained alkaline (a - sheep 4, 17.8.65; b - sheep 5, 7.12.66),
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Y Pig 13. Urine pH and HCOZ excretion

£ Telative to a once-daily é hour feed;
S no water all day. Usual response of

. urinary acidification and almost

¢ negligible HCO3F excretion during feed-
5 ing (sheep 1, 10.2.66).

urine pH (units)
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during the firat 30 minutes wns not included, since this might de regardsd
as a trapsition pericd. The presence or sbsence of &rinking wtsr made
little &fference to the wime volune during feeding: in the two groups
without s diuretic, the mean volums was only 4? greater when wntar was
provided. Acetasolamide appeared to cause an imcrease of about 207 in wrine
flow. However, both low and Migh flow retes wmre encountered in individual

experiasats (Pig 10, 11).

After feeding, urine flow usually imreassd modxutaly. In twe
32 bour axperiments (Fig 7, 11) the post-feeding increase was fallowed hy a
alow dscline to the low flow rates seem S-12 bours befare the next feed. Urins
volume &uring 3} hours after feedirg unider the different wrporimwmtal
conditions 13 shown im Teble 7. The largest difference appeared to be a
107 greater volume when water was offered st the end of feeding after feeding
without water.

In the early experiments when the aheep were youngar and smaller,
and consumed less feed, urine valumes were lower than in later experizmmts
(rig 6-8, 11).

Bicerbonate excretion was reduced during feeding, whether water was
svaileble (8 experiments) or not (7) (Pig 12, 13). The minimm exeretion
rute vas less then 0.1 mwequiv/350 nin on 11 days, aompared with the usuel rate
of 2«8 m-equiv/30 min before foelding. Administration of acetssnlamide, in
mmm.ummummgmimmmm.munym
2 m-equiv/30 min (Fig 14). If acetaselemids was given before feeding, HCOg
eauretion fmreassd, Dut sdssquerntly fell during feeding, although not always
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excretion relative to a 52
once-daily 2 hour feed; O
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"ig 15, General diagram showing regression lines of electro-
lyte excretion at a selected time (feeding or prefeeding) on
that in the first prefeeding period (8.3%30-9.30 a.m.). Lines
shown correspond with excretion of 300%, 200% down to 20% of
the prefeeding rate. The 100% line (456 slope for ecual
scales on the two axes) represents unchanged excretion.
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FPig 16. Effect of the prefeeding diuresis, feeding and
acetazolamide on HCO§ excretion. Regression lines have been
calculated for 3 groups of points (1)Xx - prefeeding 2 (9.30-
10 a.m.) vs prefeeding 1 (8.30-9.30 a.m.); (2)9 - feeding
(11-11.30 a.m.) vs prefeeding 1, no acetazolamide; (3)& -
feeding (11-11.3%0 a.m.) vs prefeeding 1, acetazolamide.
Significant lines: (1) y = 0.601 + 0.919x (p< .001), slope
not different from 45° (p>.5); (2) y = =0.007 + 0.096x%

(p< .01), slope significantly different from 450 (p< .001).



40 levels below thet before injection.

The changes in excretion of sny electralyte in all expsriments
have been conbired in 2 single graph by a modification of the method of
Cross and Tharnton (1966). This mptbod is wseful far the demonstration of
clanges in excretian rete under conditions where it fluctustss spontanecusly
throgghout the exparimert, ond whem the basal exmretion rate veries widely
from experimert to sxpariment. The exxretion of the particular electrolyte
Qaring the second prefeedins period (9.30+10 a.m.) was plotted against that
during the first (8.30-9.30 s.n.) to give a series of points for the different
«xpuriments. The regression line through these points describes the teniency
of the excretion rate to ingrease or decrease spamtarmously Arring the pre-
feeding period. A 1ine with a alope of 45° would indicete unshanged excretion,
a 1ine sbove and to the left of this inareassd excretion, and ome below and
to the right dmressed excretion (Fig 15). The excretion rate dwring a
selected feeding period (e.g. 11-11.30 a.m.) wes then plotted sgainst that in
the first prfeeling period to give ancthar regreasion 1lins. Two soch limss
were plotted, ome for the control group, and one fer the growp receiving
scetagolamide; since the avallability of water had no effoct on electrulyte
excretion, no distinction was made on this basis. The effect of the prefeeding
diuresis, of foeding and of enstasalamide could then de seen from the &ifference
in slope of these 3 lines, which could be subjected %o statisticsl amlyais,

Bicarbonete excretion hes been presented in this mermer ip Fig 16.
Exmretian was wmshangsd by ths prefeeding diuresis, since the regresaion line
was not statisticelly diffevent from ome of 45° slope. By comtrest, efter
fesding hsd proceeded for an hour, mogmﬁwmmahmhrm
initial rets, A regression line could mot be caloulated for the scetasolamide
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Tig 17, Distribution diagram of
the minimum urine pH before
feeding, and during feeding
under the different experimental
conditions. The pH in the first
30 minutes of feeding has been
excluded. Note the smaller
proportion of very low pH values
with no water during feeding,

and the prevention of acidificat-

ion by acetazolamide.

(units)

. fed

urine pH

( units)

Sl_i_lll;ll_ll.l

I )
1 1 1l 1 L L

observations

no.

4OF prefeeding

30

"

1(;

o d |
20.- feeding water
1C5F

oL & . Vo
10( feeding no water
ohr—ﬁ e 5
10 feeding acetazolamide
(Y

S

8om10 12 2om4 6  8am 10 12

6 7 8 9

minimum pH

Fig 18, Urine pH
relative to a once-
daily 3 hour feed;
water ad 1ibitum,
feeding at varying
times. Note acidific-
ation during the feed-
ing period (sheep 1,

a = 14.3.66; b = 15.3.
66; ¢ = 16.3.66; d -
1703-66).
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group because of the small mumber of points; the group lay half wey between

the prefeeding line and the base line, indicating e decrease of only 50°.

The urine pH before feeding renged from pli 6,98 to 8.13, with two-
thirds of the vslues lying between pi! 7,30 end 7.80. During feoding, the
pH dropped in 40 out of 40 experiments with water provided, amd in 8 out of
10 without woter. The minimum pl! before feeding, and during feeding under

the different conditions, is ahown in the distridbution ddagrem (Fig 17).

3
ebout SO7 of days, irrespective of water aveilability. On elmost all the

The lowest pi' and HCO, excretion was seen in the third 30 minute semple on

other deys, the minimum ococurrcd in cither the preceding or following sample,

Acetazolemide, even in the lowest dose (5 mg/kg), prevented
acidification if given before feedins, or reversed it promptly if feeding
hed elready begune The highest p!’ ocourred 1}=2 hours after the injecction

in mo:t oases. Hco; exeretion was varieble.

In 2 sheep, on 7 days on vhich they did not receive acetazolamide,
the urine failed@ to become acid (Fig 1%b). A considerable reduction in
!'.co; excretion ooccurred on 3 of these occasions, although not to the very low
levels normelly seen in feeding sheep. These effects were mot related to

the availability of water.

When feed was offered at different times of the day, urine

acidification toek place during feeding, indicating that, like the antidiuresis,
urine acidification was not a diurnsl rhythm (Fig 18).

-+

Uripe Tia excretion

"hen a prefeeding diuresis ocourred, the rate of me' excretion
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fed - 6 fed Na*

a
1

( m-equiv / 30 min)
w H
T T
H [6)]

N

urine Na’

O 1 1 1 I 1 |
8am 10 12 2pm 4 6

19. Na excretion relative to a once-daily 2 or 3 hour feed;
5 gm NaCl on feed, a - water ad libitum, b - no water all day.
Note high prefeedlng Na* excretion on both days, followed by a
marked reduction during feeding; in b. Na  excretion increased
markedly during the prefeeding diuresis (a - sheep 2, 20.10.65;
b - sheep 2, 2.2.66).

= Na*
91 3- ,fed, fed,

-~ ' ' ' '

> '

2 2l

: :

£ T :

g i ]

‘qi) Ol =i L1 1 1 t ) | P S S T S S SR T S _IJ_J
5 8im10 12 2pm 4 5] 8 10 12 2am 4 6 8 10 12 2om 4

Fig 20, Na' excretion relative to a once-daily 2 hour feed; -
sal ick, water ad libitum. Note the very low prefeeding Na

gretlon w1th resulting lesser effect of feeding; significant
Na” peak in the post-prandial period (sheep 3, 22.6.65 -

23,6.65).
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Na*

6?‘ Ifed , 1fed '

L m-equiv / 30 min

urine Na~

(o] { AR P A Ll

8om10 12 2omd4 6 8 10 12 2amd 6 8 10 1

|

f acetazolamide ( Wfﬁgﬂ

~Rig 21, Na' excretion relative to a once-daily 2 hour feed; 5
gm Na on feed, water ad libitum, acetazolamide. Note increas-
ed Na excretion during feeding following acetazolamide inject-
ion; low Na before the second feed and no drop during feeding

(Sheep 3, 308065 —— 4.8.65).

a.
8- 'fed. Na*
A FI_L_
E 9 =
91 3 1
ki
% a4l E j Fig 22. Na+ excretion relestive to
£ ' a once-daily 2 or 3 hour feed; 5 gm
. 3L NaCl on feed, acetazolamide, a -
2 water ad libitum, b - no water all
g g day. Note a - natriuresis after the
5 acetazolamide, but decreased Na
1+ excretion during feeding; b - fail-
ure of acetazolamide to raise Na +
M L excretion, and no post-prandial Na

O § I 1
8m 10 12 2pm 4 6 peak (a - sheep 2, 3.11.65; b =
sheep 3, 8.6.66).

[ocetuzoramrde (250mg )[

b
fed Na*

1]’v il
Ol i Loy

8om 10 12 2om 4 6

urine No'(m - equv / 30min)

[ocetazolomide (350mg)]
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W

Na' EXCRETION (10.30-110.m.) (m-equiv,/30 min)
—_— N

Na' EXCRE TION (8.30-9.30a.m.)(m- equiv/30min)

Fig 23. Effect of the prefeeding diuresis, feeding and
acetazolamide on Na' excretion. Regression lines have been
calculated for 3 groups of points fl)x- prefeeding 2 (9,30-
10 a.m.) vs prefeeding 1 (8.30-9.30 a.m.); (2)® - feeding
(10.30-11 a.m.) vs prefeeding 1, no acetazolamide; (3)A -
feeding (10.30-11 a.m.) vs prefeeding 1, acetazolamide.
Significant lines: (1) y = =0.066 + 2.152x ( £ .001), slope
significantly different from 45° (p < .001); (2? y = 0.066 +
0.363x (gi(.001), slope significantly different from 450

(p< .001
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usmlly incrossed elso. For this ressom, the initiel rete of Na' excretion
(8.50-9,30 a.m.) bas been tdken as the mrefeedirg exmretion. ThHis
rrefeeding Na' axmretion was frequently low. On 32 daye it was less then
0«1 m=equiv/30 min, and on 17 others renged fram 0.1l to 2.37 m-equiv/30 min,
ingluding 3 values between 0«4 and 0.2 m-squiv/30 min. Low Na' exmretion
cocwzvd 6ven wen salt lick was cuntimunly evailsble (Fig 20).

The effect of feedirg wes related to the rete of Na' excretion
prior to feeding, Na' excretion dscreased on 11 of 1 days where it expeeded
01 m=oquiv/30 min priar to feeding (Fig 19), dbut in only 7 of 23 where it
was below this level (Fig 20, two feeds; 21, second feed). The lowest Na'
exxrotion was twice as cormon in the first howr of feeding as later. The
response wvas modified by the séministrstion of acwtazalemide, but not by the
vithholding of water. In individusl experiments, the response to the
diuretio was not miform., If it was injeoted before feeding, usually there
wes a large increase in 7a' axcretion, which than decreased when feeding
began (Fig 22a). Vhen scetasclamide was given as feeding started, often
Na' exaretion increesed during feeding (Fig 21). However, on other days
little chenge was evident (Fig 27b).

The effect of the prefeeding diuresis, of feeding end of
acetaszolamide can be seen from Fig 23, ommstructed in o similar wy to Pig
16 for HCU; exoretion. The resreseicn line of prefeeding 2 (9.30-10 a.s.)
on prefeatizg 1 (8.30-9.30 a.ne) lay to the left of the 45° line
(dguifiaemyy aiffvrest, p<.001), inMcating Na' exeretion increased
&uring the prefweding diuresis, on aversge to twice the initial rete, Na'
excretion during e feeding pariod (10.30-11 a.m.) was plottsd against that in

the first prefesding pariod for the untreated group, and also fer the group
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Table 8. !mmmm*muonmm
experimental conditions.

Fxperimental Prefeeding Ta' @cretion / 30 min
conditions

{ 01 meequiv > 0s1 m-equiv
Water ad 1ib. 2.3 n-equiv 47 m~equiv

(mean of 17 odbs.) (mean of 10 ods.)
Fo water 1.8 bheky
(6 ovs.) (& obs,)

'm s 4 602 -
aceta de (7 obs,)
o water + 0.8 * 6.1
acetasolemide (2 obe.) (3 obs.)

1 of these very low excretion, other 1.6 m-equiv/30 min.
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fed . K*

(m - equ v/'BOrmn)

urine K’

1 f il i
2am 4 6 8 10 12 2pm. 4

0[1;|;|k|||||1|1111 S O O | e L | 1!
8am10 12 2pm4 6 8 10 12

Fi% 24. K* excretion relative to,a once-daily 2 hour feed;
water ad libitum. Note reduced k' excretion during feeding,
maximal excretion immediately after feeding, decreesing to
the next feed (sheep 3, 22.6.65 = 23.6.65).
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K+

2 ifeq! fed,

10-

{m- equiv/ 30min)

urine K°

2+

' 0
'
L 1 L 1 1 1 1 L 1 1 1 1 L 1 1 i 1 1 ] il L 1 1 1 J

O L : 1 L L L
8am 10 12 2om 4 6 8 10 12 2a0m 4 6 8 10 12 2pm 4

[acetazolamide (200mg) |

Fig 25, K'

excretion relative to a once-daily 2 hour feed;

water ad libitum, acetazolamide Note prevention by admin-
istration of acetazolamide of K retention during feeding,

compensatory lowered excretion immediately afterwards
(Sheep 3) 3-8.65 - 4-8.65)0
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[ccetazolomide (350mg]]

Fig 26. K' excretion relative to a once-dsily 2 or 3 hour
feed; acetazolamide, a - water ad libitum, b - no water all
day. a - reversal of the K' retention of feediﬁg by the
administration of acetazolamide; b - decreased excretion
during feedirg in the presence of acetszolamide when the
prefeeding K¥ excretion was very high (sheep 3, a = 2.9.65;

b - 8.6.66).




receiving scetasolamide. From the slope of the lime for the first group,
it can be seen that Ne' excretion during feeding was reduced to an average
of 407 of the imitisl rates In the group receiving acetazolamide, Na'
«xaretion during feeding was greater, approximately that in the first
prefeedirg period, sinse the points lsy clese to the 45° lins. Te lime
oculd be drawn through these paints, sugzesting that the latter Me' excretion
was not prepartiomal to that before feedigg.

After feeding ended, single or multiple peeks of Na' exaretion, or
& continuing elevation, were seem in 47 of 49 experimenmts (Fig 19-22). The
ﬁnef.ul—ﬁa*mthn. usually between 1,30 and 4,30 peme, showed no
apperent dependence on prefeeding Na' excretion, although the magmitude wes
greater in sheep with high prefeeding excretion, and wvas increased by
ecwtazalswide (Teble 8)¢ In 32 how «xparimemts (Pig 20, 21) end om 2 other
days, lster Na' axmretion peaks were seen st s time after the exparimwmts
had normally beez Cermimmted.

S ]

Urine X _exeretion

Peoling depressed K’ exeretion. This decrease was mexked in 26
of 28 experiments where water was provided, and in all 10 where it wes not
(Pig 2, 2 feels; 25, second feed; 37, 38) The lowest K' excretion cssurred

in the first 5 feeding samples with equal freguency wvhen water was rrouvided,
but in the second half hour im 7 of 10 with no water.

Acetagolamide sdministratiom, in contrast to restricting water,
hed a promounced effect. After injectiom of the diuretic, K’ excretion was
close to, or above, that before feeding om 9 dgys (Pig 25, first feed; 26e)
but decreased on 3 dsys when prefeeding XK excretion was partioularly high
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‘Pig 27. Effect of  the prefeeding diuresis, feeding and
acetazolamide on K excretion. Regression lines have been
calculated for 3 groups of points %i)x - prefeeding 2 (9.3%0-
10 a.m.) vs prefeeding 1 (8.30-9.3%0 a.m. ?; (2)@ - feeding
(10.30-11 a.m.) vs prefeeding 1, no acetazolamide; (3)A-
feeding (10.30-11 a.m.) vs prefeeding 1, acetazolamide.
Significant lines: (1) y = 2.531 + 0.778x (p< .001), slope
not significantly different from 45° (p<.10); (2) y = 1.240 +
0.414x (p <.001), slope significantly different from 450

(p ¢.001).
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(Pig 26d, 39), Vhen acetazolamide was given after feeding hed started,
the depressed K' excretion was promptly reversed (Fig 26a).

The effect of the prefeeding diuresis, of feeding, and of acetasol-
amids sdmimistretion can be seen from Fig 27, comstructed mimilarly to Fig
16 end 23, ‘The slope of the regressiom linme of prefvelding 2 (9.30-10 2.m.)
on prefeeding 1 (8.30-9.30 sum.) shows almost comstant X' excretion in spite
of increesed urine flow (i.e. not significently different frem 45° slope).
K' amwtion 2uring foeding (10.30~11 a.2.) was plotted against that in the
firet prefeeding period, for the untreated group amd for those receiving
scetasolamide. Feeding depressed X excretion to an sversge of 407 of the
initial rete. By comtrast, the admimistretion of acetasolemide maintained
excretion mear the prefeeding rate. The latter poinmts lay close to the 45°
line, however, & significent regression line could not be fitted to them.

Tmmediately after feeding, where the sheep had access to water, K'
exoretion inareased sharply, uswually to well gbove the grefesding level, in
all experimemts but ome (Fig 24; 25, seocnd feed; 37), Vhen no wter was
availsble, X' excretion wes lower (Pig 38): in only & of 10 was it greater
than before foedirg, and in ons it remeinsd very low. On dmys when, following
the injeetion of acetasolemide, X' excretion hed incremssd during feeding,
1t usually was depressed fer 2-3 hours after feeding ended (Fig 25-26, 39).

In the 32 hour experiment (Fig 2,), X' exoretion was maximel
immedistely efter fesding, but decressed steadily to the next feed. Ina
compareble experiment, but where scetasclamide was administered (Fig 25), a
similar excretory pattern cocurred, with the exception thet X' exoretion was
greater during feeding, end was followed by depression for a few hours.
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Zsble 9. M“nnx

é‘ﬂ"] excretion during feeding under different

experimental condi
Expurimental Date Steep ane’ AN o a7
condi tions (m—equiv.) | (a-equiv.) | (m~equiv.xt0 5)
Woter E mb 16. 7065 3 +0.01 .‘007 +m.9
20, 7.65 7 0,12 107 + %07
310 8065 3 *Oom - 5.5 + 9505
19.10.65 2 =0.65 =44e5 +514..8
20.10.65 2 =1.07 -12.8 +1328.1
10. 3.66 2 =0e11 4+ 1.8 L 003
170 5066 3 =0.10 "15.0 #19701
2. 5.66 1 =0.08 - 94 + 8449
Te12.66 5 0'0073 - 6.5 4+ 307
Water 501‘065 2 420% + 205 - 602
+ mn’-dh 2¢ 9065 3 40,25 - 2.8 - 068
130‘0.65 | 4'0.30 #1602 b 2507
190 8.65 Ib ‘0015 + 502 - 5.!}
3. 8.65 3 #1.38 4+ 2.& - 703
24, 7.65 7 40482 RSN + 340
1’#. 7065 3 40,10 + 6.1 3 'Ob
15. 7465 3 +0.07 + 0.6 4+ bob
Fo water + 8. 6.66 3 0,01 - 8,8 - 0o7
acetagolamide 15. 6.66 2 22ty - 9.2 - 5.6
22. 60“ 1 40.10 + 8.2 - 5.3
Ro water 9. 3066 2 <2.88 .”.6 1.2
190. 20“ 1 +0.11 OJ 2.3 +11°1 03
1. 3.66 3 '2027 -~ 807 + 2505
80 20“ 1 ‘0007 "807 4‘5”0&
he 2,66 2 33 =114 + 25
2¢ 20“ 2 '40-0(” ""609 +259.‘
7. 6.“ ’ -0005 "’5.8 + 9‘03
20. 60“ | ‘0003 - 208 4+ 52.2
13. 6.66 2 ’0*1 . 703 = 203
10.11 065 1 40.0‘ - 9.0 &6@.5
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Table 10. Sigmfiocent multiple regression equations detween are’,AK*,
A8’ ] for 7 grouwps.

Experi{msntal Multiple regression equations Pe
oand4 tiens
Water ad 13b. ANa' = 0,0107 AK* - 0.0009 {025
AN ] + 0.2487 (n = 10)
No water
Water 2d Lib.
+ acstasnl amtide
A1l water gd am' = 0,0206 AK* - 0.0010
1id. AZ-H"'] + 04788 <{e05
AKY = 2.0334aT2’ = 0.0114
A[ﬂ’] > 0,944 (n = 18) <05
A1l no emter ]
All aostazal-
ami de
A11 groups ANa' = 0.0651AK' = 0.00007
ALE' 7 + 0.318 {405

AK' = 3.4090ama" ~ 0.0064
aL%' ] = 476 (n = 31) <01
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water no water
+ +
A K . .| bK B
__,ANa Y05~ A Na'
A[H ] P4 A[H ]
n=10 n=10
water; acetazolamide

no water; acetazolamide

A K AK
ANa’ ANa
A[H) A[H)
n=8 n=3
all water all no water
AK AK %
—I‘K'OL ANa’ %A Na
A[H*]ﬁ A[H]
n=18 n=13
all acetazolamide

A K

A Na
A[H']

n=11

all groups

Z& }<+ 6752?2t\\\9

—Ipfm %> ANa
A[H]

n=31

Fig 28. %}gnificant correlations between AK*, aNa' and
A free [F _7 during feeding under 7 experimental condit-

ions and for all groups combined.
ions in each roup (n

each relationship (p) are shown.

The number of observat-

and the level of significance of
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Relationshipe detwsen the changes in urins pH, and Na' and X*

amretion during feedirg have been examined using the caloulated values aNa',
AX', Afree [H' ] for cach experimet, The four cxpmrimemtal groups in
Tedle 9 were further grouped to give 7 im all (Tedle 10, Fig 28). The
values AWa', AK', Afree /H' ] were obtained in the following menmer:

(a)

(v)

(o)

(a)

(o)
()

Tadle 10.

Free /1’ ] for each helf-hourly urine sample was obtained from the
antilogarithm of the pi; Na' and K* values were alreely known;
The average prefuafiing rates of exmretiam (Nay, Ky, (¥’ J,) were
aaloulsated;

Expasted dotsl axrwtions (E) for the first 2 hours of feeding,
sssuning no change in rete, were obtained from 4 x Va3 & x K
xR s

Astual total excretion (A) for this period was calculated;

AR, AK', A [’ ] were odtained as E = 4, and shown in Table 9;
Nultiple regression equations using (1) y=aNa', x,ao.x‘.

x=ALK' 7, and (11) y=AK, x =AFe’, x=ALH' ] were celoulated;
By elimineting one veriable et a time, the :imple relationships
between peirs of values of AFs', AKY, A/ K’ 7 have been exmutrea,

The significent multiple regression equations obtained are showm in
It vill be seen that these are confined to experiments with water

availeble, and to the total group. The disteresticss between pairs of cations
in the various gwmpings are shown diegremmetically in Fig 28. Where there
1s & significent reletionship, Ne' was negatively related to A/ K’ ] an2
positively to AK', while AK' end A/ F' ] were negatively relatsd. Signifio-
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Toble 11. Effect of feeding on C1” exoretion under the different

experimental conditions.

Experimental Change in C1~ excretion (no. of obs.)
conditions
-
Increased Decreased Unchenged Decreased
then
increased
Vater ad 1ib. 14 12 1 2
Wo water 4 5 (o) 1
Total vithout
acetazolamide 15 V7 i 5
tcetazolamide 0 0 0 13
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?i% 29. C1™ excretion relative to a once-daily 2 hour feed;
water ad libitume Initial decline in excretion at onset of
feeding followed by a rapid increase to a post-prandial peak
(Sheep 3’ 22.6.65 - 23.6.65)0

I
10

urine CI™ ( m-equlv/30rmn)
(o))

Fig 30. C1~ excretion relative to 4 6r  teq, Ct=
a once-daily 2 hour feed; water ad - o B
libitum. (sheep 3, 31.8.65). v
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Pig 31. C1™ excretion relative to
a once-daily 3 hour feed; no water
all day. Note C1 unchanged during
feeding, and the unusual observat-
ion of no post-prandial Cl1 peak
(sheep 1, 20.6.66).
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[ocetozolomide(zoomg)]
Fig 32, C1™ excretion relative to a once-daily 2 hour feed;

weter ad libitum, acetazolamide. Note depression of Cl
excretion by acetazolamide (sheep 3, 3.8.65 - 4.8.65).
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(10.30-11.00 am)(m-equiv/30min)

ClI” EXCRETION

CI” EXCRETION (11.00-11.30am) (m-equiv/ 30min )

A
0 4 1 I ] 1 ] L 1 1

|
(0] 1 2 3 4 5 6 7 8 9 10 11 12
ClI" EXCRETION (8.30-9.30am) (m-equiv/ 30 min)

Fig 33. Effect of prefeeding diuresis, feeding and acetazol-
amide on C1™ excretion. Regression lines have been calculated
for 5 groups of points a - (1)X - prefeeding 2 (9.30-10 a.m.)
vs prefeeding 1 (8.30-=9.30 a.m.); ?2)0- feeding (10.30-11 a.m.)
vs prefeeding 1, no acetazolamide; (3)A - feeding (10.30-11
a.m.) vs prefeeding 1, ascetazolamide; b - (4)® - feeding (11-
11.30 a.m.) vs prefeeding 1, no acetazolamide; (5)A - feeding
(11-11.30 a.m.) vs prefeeding 1, acetazolamide. Significant
lines: (1) y = 0,602 + 0.817x (p< .001); (2) y = 1.133 + 0.703x
(p<.001); (4) y = 1.629 + 0.589x (p<.001); (5) y = 0.273 +
0.222x (p< «05).
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(10.30-11.00am.) (m-equiv /30min)

CI" EXCRE TION

CI” EXCRETION (11.00-11.30 am) (m -equiv/ 30 min)

CI" EXCRETION (8.30-9.30am) (m - equiv /30 min)

Fig 34, Effect of prefeeding diuresis, feeding and acetazol-
amide on C1~ excretion. Points are identical with those in

Fig 33, but those providing the greatest deviation from the

line of best fit were identified and omitted from groups (2),
(3% and (4) (see p. 74). Significant lines after recalculation:
(1) y = 0.602 + 0.817x (p< .001), slope significantly different
from 45° (p<¢.05); (2) y = 0.478 + 0.916x (p< .001), slope not
significantly different from 45° (p>.30); ?3) y = 0,332 +
0.139x (p<£.05), slope significantly different from 45° (p £
.001); (4) y = 0.983 + 0.829x (p< .001), slope not significantly
different from 45° (p>».10); (5) y = 0.273 + 0.222x (p< .05),
slope significantly different from 45° (p< .001).
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ant interactions were obtained in all groups except the acetazolamide ones
(rig 28).

Urine C1_ exgretion

Foeding had a varioble effect on C1~ exsretion (Tsble 11). Most
oamonly, there was either en increase from the start of feeding, or following
a 30~60 mimite period of deorease (Fig 29-31; 32, second feed). The
evailability of water did not affect this response. Then ecetazolemide was
administered, on all 13 days C1~ excretion wes depressed during fecding, and
usuelly for some hours afterwerds (Fig 32, 4O ).

The effect of the prefeeding diwmesis, of feedins, and of
acetazolamide on C1~ exoretion over all the experiments 18 shomn in Fig 33e,b,
conctructed in a similar menner to Fig 16, 23, 27. The prefeedins line was
caloulated as bdefore; ¢two feeding periods, not one, were used, because of
the varieble effect of feedirg on C1~ exoretion. Sigmificent regression lines
fitted 4 of the 5 ¢roups of data, but for two of thom the linc d1d not fit
the points neer the origin. These points would make a smeller relative
oormtridution to the overall osleulction than would those of higher velue.
Hence, points providing the greatest deviation from the line of best fit were
identified and omitted: (1) 3 of 33 for feeding 10.30=11 a.me va. prefeeding
1, (11) 3 of 35 for feeding 11~11.30 a.m. vs. prefesding 1, (1i1) 1 of 12 for
feeding 10.30-11 a.me vs. prefeeding 1 after acetasolamide. Theszse recalcul-
ated 1lines ahowed bdetter fit of the points near the origin, salthough & ourve
ngy well have fitted the dats in (i) and (11)s A second fiswre (Fig 34a,b)

was constructed incorporating these new lines.
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Fig 36. Urea excretion relative to a once-daily 2 hour feed;
water ad libitum, acetazolamide. Note decreased excretion
during first feed, no significant change during the second
post-prandial peaks of excretion (sheep 3, 3.8.65 = 4.8.655.
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Tt will be seen from Fig 34 that the average effect of the
prafeeding diuresis wes to lover C1™ excretisn to sppruxisotely 80P of that
in the prevefigy houre In the second end third half howrs of feeding, the
€1~ excretion did not appear different from that between £.,30 and 9,30 a.m.
The most marked effect was shown by ecetazolemide, which decreased Ci™
exoretion to 197 in the second half hour, and to 227 in the next.

On al1 but 2 dxys (both no water, Fig 31), C1™ exsretion increased
consideradbly in the post-feeding period. In a 32 hour experimemt (Pig 29),
€1~ axmretion inereassd nmarkedly over 1=-2 hours Just after feeding to a high
rete which wes mairteined for 10 hours bsfore dsareasing up to the next feed.
In a similar experiment Dut where eostasolmmide was admimdstered (Fig 32),
the dsmressed Ci™ exxxetion roas after feeding to a petk rate ovar the
period of 8-10 hours where there was a platesu on the control dxy, after
vhich there was the same declining exmretion to the mext feeding period.

Ures excretion

The predo=imant pattern of urea exaretion, scen on 21 of 25 days,
was either s decrease or no change during feeding, followed Yty a considerable
irvzrease in the postefeeding period (Fig 35, 36). The lowest exnretion
usually osgurred late in the feeding period. No effect of surtasalamide
administretion or removal of arinking water was apparente On 3 dxys when the
prafvadisg loevel of exxwtion was high, ures emmetion dacremsed all dey, and
on one day 1t immreased all day. These wmmsunl days 4id not eppear to
correlate with a particulaer treatment.

In two 32 hour experimsuts (Fig 36), lowest wea excretion ocouwrred
6=9 hours after feeding, followed by an increass over 12 hours, but fell in
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‘Fig 37. Total solute and x* .g
excretion relative to a once- < Ly 3 :
daily 3 hour feed; water ad oL T
1ibitum. Note no decrease in 8om10 12 2pm4 6
Total solutes during feeding;
frequent observation of Fig 38. Total solute, K*
parallel changes in exgretion and C1= excretion relative
of total solutes and X' except to a once-daily 3 hour feed;
during first 1%-2 hours of no water all day. Note only
feeding (sheep 3, 17.5.66). transient fall in total

solutes during feeding; tot-
al solute changes generally
parallel to those in XK' and
C1™, but the post-prandial
rise in XK' relatively less
than in total solutes (sheep
39 Teb6e66)s
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Fig 39. Total solute and k*
excretion relative to a once-
daily 3 hour feed; no water all
day, acetazolamide. Note fall
in total solutes during feeding;
the fall in XK' excretion during
feeding after acetazolamide when
the prefeeding Kt excretion was
very high; changes in total sol-
utes and K* were not parallel
(sheep 2, 15.6.66).
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Fig 40, Total solute and C1™
excretion relative to a once-
daily 3 hour feed; no water all
day, acetazolamide. Note reduced
total solute excretion during
feeding; changes in total solut-
es and C1~ not parallel (sheep 3,
8.6.66).
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the 3« hours before the next feeds

Urine Total Solute exgretion

Total solute excretion was measured on only 10 occasions: A
vater ad 1ib., 3 no water sll day, and 3 no water ell day + ecetacolamide
injeotions Without the diuretic, irrespective of vhether or not wanter wes
provided, 1t was usunl (5 of 7) for only a tremsient decrease in total solutes
to oocur upon feeding (Fig 38). On the other 2 doys there wee no drop et
8ll (Fig 37). Vhen acetazolamide wes injeoted before feeddn:, totel solute
excretion was reduced both during and after the feeding period on 2 days
(Fig 39,40), while on one dey totel solutes were elmost unchanged. Irrespect-
ive of the experimentsl oconditions, during the eerlier part of feoding total |

solute excretion lay most cammonly between 20 and 30 moam/30 mimutes.

Apparent perallel changes in total solute and K* excretion were
seen in experiments where water was provided, except dwring the first 11=2
hours of feeding (Fig 37). This was also true for the group with no weter
all day, except that af'ter feeding total solute exoretion exceeded the
prefeeding rate, whereas X' excrotion remained near the prefeeding level
(Fig 38)e When acetazolamide wes injocted, the two were not perallel (Fig
Y

Perallel excretion of total solutes and C1~ was seen in 3 of 7
experiments when the diuretic wea not riven (Fig 38), but was less evidemt
on other ocoasions. As with k', after scetasolemide, chenges in €1~

excretion were not perallel with total solute chenges (Fig 40).

On many deays, the total colute excretion early in feeding showed
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FPig 42, Urine osmolality and

specific gravity relative to a 1400
once-daily 3 hour feed; water ad
1ibitum. Note similarity of overall

5. 1200
chenges, but that specific gravity =
was not an accurate estimate of 431000
osmolality (sheep 5, 7.12.66). >
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Fig 43, Comparison of changes in urine osmolality in a sheep
relative to a once-daily 3 hour feed under 3 different exper-
imental conditions: a - water ad libitum; b - no water all day;

¢ - no water gll day, acetazolamide. Note low prefeeding 0.7P.;
steep rise during feeding, less when acetazolamide was given;
‘postprandial further increase with no water (sheep 1, a - 24.5.663;
b - 20.6.66; C - 22.6.66)0
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less of & decrease than might be expected from the individual changes in
¥e', x', c1°, RCOg and ures exeretion. Total solutes amd individual
solutes exzreted in eeach urine sample were aompared; one suwh day, when water
was provided ad 1ib., is shown in Pig 41s Typleelly, when wster was
provided, J0-40% of the 4otal salutes wes not somumted for by the mamsured
solutes tefore feeding; this inereesed during feeding to as much as 50%,
then reverted to 30-40%. ¥hen no water wmas svallsdle all dsy, the picture
@iffered in that after the foeding period the solutes not estimasted
represanted a greater fyestion (40-607). Lastly, when acetammlenide was
injected as well as no w=mter deing avallable, the unagcommtesd fraction wes
smeller in gemeral, being only 20-307 during feeding, amd 30-407 aftar feeding,
both lower than on dsys with no water dbut no diuretic.

Before feeding, wrine osmolality wes ususlly detween 300 and 600
MH?O. Omplality inmreased sharply over the first hour of feeding,
then reached a plateau, or showed mwall stepwise imavenamts (Fig %2, 43).
mmmmmxwmamusm@uwnzo, 1t
rose still further during feedirg to near 1800 mosm/kge In 3 sheep, a

comparison of wrine osmolality changes during feeding were made on 3 days, one
vhen vater was availsble, one with no water all dzy, and one no water all dey

and sdministration of ecetasglamide. Ome sheep showed the typicsl changes
described sbove under 2ll 3 experimental conditions, but in the other 2 sheep
there was 1ittle effect of restricting water, but a slowed rise in osmolality
after scetasolamide (Fig 43).

In the post-feeding period, the effeet of restriocting water was
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Fig 44, Graph of solute-free water reabsorption (T H20 )

agsinst osmolar clearance (COsm ) for all urine samples with

a midpoint blood sample, irrespective of the experimental
conditions or the relationship to feeding. @ - urine volume
less than 50 ml/ 30 min; 0 - urine volume greater than 50 ml
30 min; the former points closely fitted a straight line

y = 0.836x = 9,222 (p<L.001; n = 78),
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epperente. On 6 deys when no water was provided (with or without
scetesolamide), urine osmolality continued incressing, and on oue &gy the
maximum foeding value was mainteined (Fig 43)e Vhen water wns aveiladle
2d libitum, on 2 Aays the feeding ooncentration was meintained, but on 2
days osmolslity begen decreasing after feeding ended (Fig 42, 43).

Urine specific. grevity was not an accurmte estimete of osmolality,

although a large chnnge in osmolelity was reflected in 2 large change in
specific grawity (Fig 42).

For each urins sample with a midpoint blood sample, osmoler
cleerance (C . ) and solute-free water resbsorption (Tn;o) ware calculated,
end Tx:o ues plotted against C__o Where the urine volume exceeded 50 m1/30
min, the points were rendamly distributed, but for smaller volumos the points
clossely fitted a streight 1ine (Fig L4k) irrespective of the experimemtal
treatment. Vhere the volume exceeded 50 ml, the points lay to the right of
and below the line, inldiocating less then the maximum water was lost from

the oollecting ducts for that G onn’

Elood pii

On all 135 4sys on vhich dlood pH was measured, it decreased during
feeding irrespective of whether or not water wes offered or ascetasgolamide wes
injected. Om 6 o these days the pi meter was not reed at e fixed inmterval
after introduotion of the dlood inte the electrode assembly (as descrided under
methods), so these were not included in quantitetive comparisons.

The minimum pH was seen late in feeding on the 2 days when water
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Fig 46, Blood pH (a - jugular,
b = carotid) relative to a once-
deily 3 hour feed; a - no water all

day, b = no water durin
ad libitum after feed.

a = 8._2.6_6; b (d 10.11.65).
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Fig 45. Blood pH ( jugular) relative

to a once-daily 2 hour feed; water ad
1libitum. Note fall in pH during feed-

ing tBEeep 2, 4011065).
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Fig 47. Blood pH (a - carotid,

b - jugular) relative to a once-
daily 2 or 3 hour feed; acetazol-
amide, a - water ad libitum, b - no
water during feed, water ad libitum
after feed. Note in both the drop in
pH after injection of the diuretic
before feeding began (a - sheep 1,
13.10.65; b - sheep 8, 11.11.65).
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carotid) relative to a once-
daily 2 hour feed; water ad
1ibitum, acetazolamide. Note
large decrease during feeding
(a - Sheep 4, 1908065; b -
sheep 1, 13.10.65).
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(jugular) relative to azonce-daily
2 or 3 hour feed;
um, b,c - no water all day. Note the
decrease during feeding in a,b but not
gsecond decrease in the post-
prandial period in a
31.8.65; b - sheep 1, 10.2.66; c -
sheep 2, 4.2.66).

70
60
50
40

30

content

a - water ad 1ibit-

(a - sheep 3,

CO,

, fed,

[ocetazolomide (150 mg)]

60|-  fed, ©.

50+ :

40}

30+

20i__1‘._i__1.._i_1_z I N R O

8am 10

12 2om4 6 8 10

[ocetazolarmde (500 mg)]




79

was provided, repressmiing a &op of 0,15 wmits., This ecomved In botd

the ertarial aad the venous (Fig 45) semples. On the 3 days vhen vater was
not offered, the maximum dsaresss wes a little less, 0.1 pH wnits (Fig Afas,
b), and in 2 this scocurred early in feeding (Fig A6e). Again there was nmo
spparent difference in the megnitude of changes in arterial and venous blood.

After acetasclamide aduird strutiom, on only 1 of 3 occasioms 414
the dsaresse appear larger than om other dsym:: 0.2 pH wnits in a series of
Jugular blood samples (Fig 47)e The lowest pH casurred late in fweding,
and the return to the prefeafng pf was more prutrastsd than when the Huretic
was not injectsd. Onm 3 dxys when scetazolamide was injected in the
prefeeding perisd, within 15 mimutes a &rwp in arterial or venous blood pH
ocourred, even before feeding bagan (Fig 47).

Blood total CO,

mmwcozmmwwom%rwmyamnmam
the middle of, or lats in, feeding on 7 & the 9 occasions measured (Fig
48a, b)e On 2 days no conaistert chenge ocourred (Pig 48¢)s There wes mo
appaent effvet of water restriction. In one series of arterial ssmples the
dscreass wss mare prolonged than usual, and on 3 days a second decrease was

seen ofter feeding (Fig 48e).

After acetasolamide adninistrstion, blood total CO, imvarisbly
deaoreassd during feeding, and by & greet® smount than on other dgys. On
& of 6 ccosaions a drop s3 large as 15-20 vel ¥ was seen (Fig 4%, b). The
effect of feeding wac more prolonged; umllyﬁilwceeyqrnhtdmul
foelding finished. Comparzble changes were seem in arbderisl and vemous blood.
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Fig 50. Graph of the
plasma volume calculated

from the change in
plasma protein_/

the time of the minimum
relative plasma volume
against the minimum rel-
ative plasma volume. The
points fit the straight
line y = 0.592 + 0.358x
(p< .01, n = 29); correl-
ation coeff. (r) = 0.47

(p<.01, n = 29).
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Pig 51, [/ Plasma protein_/, PCV, [/ Ib_/

and relative plasma volume relative to a
once-daily 3 hour feed; water ad libitun.
Note the maximum protein_7, PCV and

/ Hb_/ and the minimum volume after 15
minutes feeding; the first three paramet-
ers were lower and the volume greater
than before feeding in the post-prandial
period (sheep 1, 24.5.66),
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Fig 52, [/ Plasma protein_/ and relative plasme volume relative
to a once-daily 3 hour feed; no water all day. Note maximum
[_protein_7 and minimum volume after 15 minutes feeding, a
lower minimum volume in b, followed by lower volumes in the
pogtgggandial period (a - sheep 2, 13.6.66; b - sheep 3,
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Fig 54, [/ Plaswa protein_/

Fig 53, / Plasma protein_7 and nd relative plasma volume
relative plagma volume relative relative to a once-daily 3
to a once-daily 3 hour feed; no hour feed; no water all day,
water all day, acetazolamide. acetazolamide. Note unusual
Note changes similar to those in observation of unchaneed
other experimental conditions volume during feeding: but
(sheep 2, 15.6.66). the usual changes in /rprot-

ein_/ (sheep 1, 22.6.86).
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Fig 55, [ Hb_7/ relative to a once-daily 3 hour feed; water ad

llbltum. Note the maximum value after 15 minutes of feedlng, “the
minimum about half way between feeds (sheep 3, 27.6.66).
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Fig 56,
minipum relative plasma volume during feeding.
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Graph of relative plasma volume at 1 p.m. against the

The points fit

the straight line y = 0.378 + 0.73%x (p< .001, n = 33),
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Flasma volume

Changes in plasma volume were inferred from two independent
indices: plessa protein conasntrestion, and a calculated value in terms of
the 9.15 a.m. semple using / Wb_/ and PCV. Changes in / plasme protein /
were smller thun changes in the relative voluwe calculsted fram /b 7
and PCV, but the two were aorrelatsd (r = 0.7, p < 0.01) (Pig 50). The
caloulated relative volumes were used for quantitative comparison of
trextaerts in Tadles 12 and 13.

Qualitatively similar changes in plasme volume were seen during
end after feeding under the different experimemtal conditions, dut on
individual days the magnitude and rate of change veried (compare Fig 51-53).
Similer changes ccowrred in arterial and vemous bdlood. The plasma volume was
lowest at 10.15 a.m. on 30 of 34 days, them graduslly increased so that by
4.15 pame it was as much as 30K greeter than befare feeding. On &4 ooccasioms
the volume remained low for en hour before bagimming %o rise. Of the &
unusual days, 1 had a alightly lower volume at 11.15 a.ms, 1 had a constant
calculated plama velume in spite of mormal chemges in / plesma protein /
(Pig SA), =nd om 2 days the volume mever fell below that before feeding.

Similar varietions in /¥b 7 were seen in 3 sheep cbserved for 2,
boars (Pig 55). If this can be considered a close epproximation of the
inverse of plasma volume changes, then the minimum plesma volume oceurred
early in feeding, and the maximum volume half way between feeding periods or
a little eariier. |

It would eppear that neither the removal of drinking water nor the
admind stration of acetasolamide changed the average minimum plasma volume, or
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Table 12. nolmvapls—wlm‘ under different experimental

conditions during a 3 hour feed.

Experimental No. of Ave mine Range Av. Range
oonditions odbs. volume volume
during at 1 pem.
feeding
Veter ad 1ib. 9 0.87 0.81<0,%% 1.05 0.2+ 415
No water 12 0.89 0.79-1 o0y 1 003 O.%—*l of6
Vater -
+ m‘& 3 0082 0.75-0.89 0097 0093" om
emide
il ooy s 9 0.90 0,761 .02 1.02 | 0.90-4.17
soetasolamide ¢ - y y ’ -
Combined water
12 0.86 O. . 1. 0.93=1 o4
| 2d 1ib. T5=0.9% 03 93-1.45
Combined no
i oo 2 0.90 0761 .0, 1.02 0:50=1.17
Total 33 0.88 1.03

¢

Ralative t0 9.15 a.m.
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ZIgble 43.

Relative plasms volume 3° hours after the end of &

3 hour feed (4.15 pem. ) under different experimental
conditions.

Exporimwtal conditions Average Roe. of Range
volume at obs.

During feeding After feoding be15 pome

VWater m. wvatar M. 1.22 9 1151 30
Yo water no waler 118 8 1,034 05!&
Fo water wvater ad 1ib. 1.20 3 115125
Yeter wo + wvater wa | 0‘6 3 1 007"1 022
acetasalamide

Ko water + no water 1.4% 5 1.05+1,22
acetazolanide

Yo water + water M. 122 5 119-1 2
acetazolamide

A1l water gd lib. after fesding 1.4 19 1.07=1.30
A1l no water after feeding 1.16 13 1:03+1 30
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ZToble the Average minimm relative plasma volume dwring feeding, ani average
feed intake in the first 30 mimutes in 3 sheep.

Sheep Av, mintsrem No. of Ave 30 min feed No. of
volume & S.De obse intake & S.D. obse
(en)
9 0490 3 +O7 10 230 4 78 10
2 0.90 + 05 " 255475 9
3 0.84 &+ 06 10 3145 » 67 10

Table 15+ Flasma volume from Evan's Plue dilution defore feeding and 7
hours after feeding.

Sheep
2 3 9
Body waight (kg) i3 38 29
PCV 10 a.m, 3% 26¢ 2%
8 peme 2% a7 267
Plasma volume (ml)
10 a.m. 15,0 1610 1,30
8 peme 1650 1730 1530
irrense 10 120 100
(7 (7%) ()
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that et 1 pen. (Tedle 12), Only the group of 3 water g lib., axparimmts
vhere acetazolamide was injected sppeared to te dMfTeremt. Comparison of
the two groups fed without water showed mo indspendert effect of acetasolaxdde.
Simler ommparison ef the cambined groups with, and without water, revealed
1i¢ttle difference im the minismm plasme volume or that at 1 peme The
reasan for the apparent discrepancy in the amal) groap of 3 deomes clearer
after exmmining the relationahip of the plasme volume et the end of feeding
and the wirimm volume (Fig 56)c The lowest volumes at 1 p.m. vere seez in
sheep with the lowest minimal volumes. The smmple of 3, by chanmce, all
o9 days whan large decreases in volume ococurred, and consequently there
were lower volumes at the end of feeding.

The magnituds of the dscremss in plamms volume appaared to be
related to the ramidity of feeding over the same periods Of 3 aheep fer which
most data ere svaileble, one usually ate more in the first 30 mimutes of
feeding and showed larger decreases in plesme volume than 3id the other 2
axdmals (Tsble 14). Sinoe the two sets of mmsuremsnts were made on different
days, the twe camnnot be correlated inddvideally,

The pla==s volume at Ae15 pem. in the 6 groups is ahown in Tedle
13, Since fyum Teble 12 1t was seen that the everage plesms volume at 1 p.a.
was 1,053 irrespective «f the conditions dwring feeding, the data has also
been grouped according to whether or not drinking water was availsble aftsr
feeding. A 8lightly grester expenxian of plasms volume was seen in the
group with drinking wter: 1.2 compered with 1,16 The 415 peu. volume
was only releted to the mimimum plesme volume at the 107 level (r = <339,
p < ¢10, n = 32),
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Teble 16. Pleesma osmolality during feeding umder the different
experimental oonditions.

Experimental Av. paximum Q.P. Fo. of Range

conditions during feeding obs. (moam/kg)
(mosxy/ks)

Vater gd 1ib. 307 8 298=314

No water 306 3 300=312

e g A 305 i 298-309
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2 320~ . fed . fed
\E\ 1] '
o -
£
s 300k
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Pig 57,

hour feed; water ad 1ibitum.

Plasma osmolality relative to a once-daily 3

Note the rapid rise in

0.P. to a maximum late in feeding, followed by a slow
decline to the next feed (sheep 3, 27.6.66).

O.P.

N _ fed
§~:no_
£ i Tig 58, Plasma osmolality relat-
s . ive to a once-daily 3 hour feed;
S 590l water ad libitum. Note the
2 maximum O.P. late in feeding and
a i a slow fall in the post-prandial
a period (sheep 3,19.5.66).

o b { )| O e Y R L O O S L, O

8am. 10 12 2pm. 4 6

320,
Pig 59, Plasma osmolality relative < Il
to a once-daily 3 hour feed; no 5
water all day. Note the further £ 300k
increase in 0O0.P. in the post- a
prandial period (sheep 2, 13.6.66). °© |
E
ggeolll;llail

8om 1

I
o

12

2om. 4

6
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O.P.
_ 320 ' ted
; Fig 60. Plasma osmolality relative
£ 300L To a once-daily 3 hour feed; no
g water all day, acetazolamide. Note
o o the further small rise in 0.P. after
5 ; feeding (sheep 2, 15.6.66).
a ggol | I O O S (D | (|

]
8uom. 10 12 2pm. 4 6

¢

[ocetazolomide (300mg]]

B $10~
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reiative plasma volume after 15 min

FPig 61. Graph of the change in plasma osmolality from 9.15
to 10.15 a.m. (45 minutes before to 15 minutes after the
start of feeding) against the relative plasma volume at 10.15
a.m. The points fit a straight line y = -47.68 + 56.28x

(p 005, n= 12).
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A third indspendent method, that of Fvan's Plue dilution, was
used to estimate plesma volume at 10 a.m. (before feeding), onmd ot 8 pem.
vhen the plassma volume would be expeoted to be grestest and fairly constant
(Tedi= 15)e In 3 sheep, the plasma volume at 8 pem, was 100-120 ml
grecter than that before foeding.

Dlospa Osmolelity

Prefeeding pleama osmolality was in the range 280-290 nosm/kg 1,04
Muring feeding, plasma oamolality increassed rapidly at {irst, then more slowly
to maximel values lste in the foeding period (Fig 57-G0)e Toble 16 shows
the averege marimum osmolelity during feeding under the different experimentel
conditions. 1o effect of either restricted water or asetazolamide
edninistration was apparent during feeding, although the numbers were small.

The osmolality of the plasme 15 mimutes ef'ter feeding begen, when
plasma volume was lowest, was compered vith that 45 minutes before feeding
(9415 2eme) on the 11 dnys when no diuretic was edministered. There appeared
to be no chenge in the avermge plasme osmolality: thet bBefore foeding was
286s 1 mosm/kg, compared with 287: 7 momm/kg after feeding hnd begun. The
chenge in oamolality from 9.15 to 10.15 a.m. (heving regard to the direction
of chenge) wes plotted against the plasme volume at 10.15 aeme (Fig 61);

A 0.Pe was linearly related to the plasma valume. Although cnly a small
mmber of paired observations (12) were made, they would appeer to be
representative, ainoce for a plasme volume of 0.38, the overall mean, the AO.P.
was +2 mosm/kg, the mean for the smaller group.

In the post=feeding period, the sbsence of drinking water caused &
differert pattern in plasma osmolality. Vhen water wes availedle, on 6 of 8
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= +
2 Pig 62. Plasma / Na _/ relative
£ to a once-daily 3 hour feed; water
— ad libitum (plasma separated under
= paraffin). Note the rise during
g . : feeding, a fall afterwards (sheep
5 | . : 1, 24.5.66).

o Y e O [ =il =

|
8om. 10 12 2pm. 4 6

+ 2 140~ 0 ted Na

Rig 63. Plasma / Na _/ relative z :

to a once-daily 3 hour feed; no s |

water all day (plasma separated £

under paraffin). Note rise dur- 2 130f

ing feeding, further increase in o

the post-prandial period (sheep 5 i

2, 13.6.66). 5

120 L1 L1 g 4

L L
8am 10 12 2om 4 6

145 -
-~ 135~ +
ES Iig 64. Plasma /[ Na _/ relative to
H - a once-daily 3 hour feed; no water
€ all day, acetazolamide (plasma

125 separated under paraffin). Note a -
"o’ usual observation of rise during
= (ocetazoiomide (350 mg)] feeding and further incresse after
° it; b - atypical day (a - sheep 3,
a ;25‘_ fed

115*1

| S XS] ) O L (LY [P |

8om. 10 12 2om. 4

|ocetazolomide (350 mg) |
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days plasme osmolality began dacreasing at the end of feeding (Fig 57, 58),
while on 6 of 7 with no water further increases oocurred (Fig 59, 60). The
pettern in sheep which had received ascetasolamide appeared no different from
that in the others denied water.

Odservetions were made for 34 hours in 3 sheep with water gd 1ib.
Plasme osmalality changes were aimilar in all 3 (Pig 57): the camolality was
maximal at the end of feeding, amd dscremsed steadily umtil the next feed.

Plama /e’ 7

Before feeding, plasma [Ha"' ] vas 120-130 m~equiv/4 on nearly
every day. In 12 of 35 axperiments the plasms was separated under paraffin.
Campared with samples exposed to the atmosphere, anserobically prepared semples
consistently gave increments in plasme /Na' ] aurirg and after feedirg of
an order predictedle from the concurrent change in osmolality, a closer pair
of prefeeding values and smoother graphs.

In generel, plasma /Fa' ] changes followed those in plama ommolality.
Plame /Ta'_/ imreased during feeding on every day, irrespective of the
experimental oanditions (Fig 62-64). When no water was providsd after feeding,
the plasma /Ne'_/ remained elevated more frequently then on days when
drinking water was evailsble, although some of the latter growp elso showed
elevated /Ma' 7. Mo independent effect of acetazolamide edministration was

apparent. Atypicel days were seen occasionally (Fig 64b).

Plasme /C1” 7

Prefeeding plasma / C1~_/ ranged from 90-110 meequiv/4i. The
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ZTgble 17. Camperison of the plasme /C1™_/ imcrease during feeding
with the different experimental conditions end with two
methods of plasma preparation.
Plasme separation method
cand tions
Annerobic Open tube
Av. max [C17 ] No. of | Av. nax /C1” ] | Koeof
4 odbse. {norense obs.
(»equiv/1) (2~oquiv/1)
No water 6.0 3 9.6 8
o vater +
sanslinitd 6.0 'S 1%4.0 &
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Fig 66. Plasma Z-Cl _J/ relative to
a once-=daily 3 hour feed; no water
all day (plasma separated under
paraffin). Note_rige_during feed-
ing; elevated / C1 _/ until late
in the post-prandial period (sheep
2, 13.6.66).

120

plasma [Ci"}(m~equiv/|)

Plasma Z—CI _7 relative to
a once-daily 3 hour feed; water ad
1ibitum (plasma separated under.
paraffin). Note the increase during
larger in b than a, follow-
R -] ed by a fall after feeding (sheep 3,

110 r;//,,éxﬁﬁ// a = 19.5.66; b = 17.5.66).

130 Cl

v fed

O
T

> 100 Fig 67. Plasma / C1 _/ relative

& to a once-daily 3 hour feed; no

é [ocetazolamide (350 mg )] water all day, acetazolamide

il (plasma separated under paraffin).

O, Note the increased concentration

° 110 . fed | b. during feeding, larger in a,

2 A : remaining high after feeding &nd

a \J,,—#f’/” even increasing further (a - sheep
' , 2, 15.6.66; b - sheep 1, 22.6.66),

oLl IR G s e O

8om 10 12 2om 4 6

¢
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second prefeeding sample was 1«7 m-equiv/{ (usually 3-5 m~equiv/1) lower
than the first in 23 of 27 experiments. The mean of the two samples was
oonsidered the pr«feoeding value,.

On 38 days, under all experimenmtal conditions, plasma /C1~ /7
inareased during feeding, usuzlly to a maximm late in feeding, The method
of plasma preparation had a major effect on the magnitule of the changes and
the effects of the treatnents. Table 17 shows the aversge maximum increase with
each experimental treatment, with 2 methods of plasma preparatiom anssrobic
end in open tudes. It can De seen that increases were twice as great in the
samples exposed to the air. The method of preperation also influenced the
apparent effect of the diuwretic. On days when open tubes were used, there
was no difference when water was not provided, but greater increases were
soen after socetasolamide administration. On the other hend, in the 12
experiments where the plasma wes separated under paraffin, the renmge of
increments of /C1~_/ was similar with all treatmants (Fig 65-67); there was
certainly no demonstrable effect of the diuretiec.

After feeding, asccording to the availebility of water to the animal,
plasma /C1~_/ either dscressed again or remairsd elevated for some hours.
In anserobically prepered plasma, if water was eveilable, all showed a dscrease
(Fig 65), whereas if water was not provided, only 1 of 7 dccreased. In
contrast, in the semples exposed to the air, half of the experiments showed
a decrease irrespective of the availability of water.

Plasma /K’ 7

As with Na* and C1~, the method of seperation of plesma hed a marked
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2, 15.6.66; b - sheep 1, 22.6.66).

plasma [K‘] (mequ.v/l)

S ] T R Y S R

1
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8om. 10 12 2pm. 4

|ocetozolamide (500mg)|

6

Fig 70. Plasma Z—K+_7 relative to a

fed

= 4 ; : once-daily 3 hour feed; no water all

2 \/\\/\ day (@ - plasma separated under vnara-

o ' ) ffin, b - open tubes). Note in a

€ 3000011, ., (enaerobic) a trsnsient drop over the

— first 15 minutes of feeding, and a

ot b tendency to decrease over the whole

2 5 Cfed | feed;.ip b (aerobic) a higher prefeed-

g ) ing K and an increase during

) I;a//,j\\/// feeding (a - sheep 3, 7.6.66; b -

, j sheep 2, 2.2.66).
4 1 | | | 1 I i 1 J
8aom. 10 12 2pm. 4 6
+
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4 ~ , fed |
+ > /X\//ﬁfA\V)

Rig 71. Plesma / K _/ relative to - FEE T TE Y
a once-daily 3 hour feed; no water £ {
all dayv acetazolamide ( lasma = [acetazoiomide (300 mg)]
separated under paraffin? Note in =,
both a and b a fall during feeding o
increasing agaein to a peak just " 4
after the end of feeding (a - sheep o

1
8am. 10 12 2pm. 4 6

&

{ocetazolomide (350mg)]

Pig 72, Plesmna Z-K+_7 relative to

a once-dagily 2 hour feed; water ad
libitum, ecetazolamide (carotld
©l00d, plasma separated in open
tubes). Note decreased /—K _/ efter
acetazolamide, even before feeding
began (sheep 1, 13.10.65).
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Fig 68. Distribution diagram of prefeeding Z_K+_7
with two methods of plasma separation, in open

tubes and under paraffin. The concentration has been
taken as the mean of the two nrefeeding samples
(open tubes - 23 observations; under psraffin - 12
observations).
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influsnce on the levels of K found, This is shown by the distribution of
prefeeding plesms /K _J with the two methods of seperstion (Fig 68): higher
ocorowntrations were seen in samples axpoasd to the air. In gensral, the
magmtude of the plasma [ x’ ] fluctuations was amaller in the enasrobically
prepared scries. Sinoce the differences seen with the two methods of
preparetion may refleoct changes ooourring in vitro, results obtained in
ansarcbically prepared samples should de oonsidered the more reliable.

In enserobic samples, feeding had little effect on plasma /K'_7
in 5 ebeep with water gd 1ib., dbut /XK' _/ Gecreased in & of 5 in the post-
feeding period (Pig 69). 1In3 sheep without water a1l day, plasma /K ]
thowed a trenasient drop of 0,2 m~equiv/i within 15 minutes of feed being
offered in e11; /X' ] hod returred to the prefeeding value by the next hour,
butin2th¢re'asnd.ighttvmm[x‘]wm“mrthoﬂxolo
feeding period (Fig 70s). In the post-feeding period thet fallowed, none of
the 3 showed the deareased plemme / K'_/ seen in sheep with water. Where
open tubes were used for plamms proparstion (13 experiments), larger plasme
[ X' changes were scen during and after feedirg. During feeding, in sheep
with water, in 3 /K’ 7 increased and in 2 it decreased, while in sheep fed
without water, in 6 there was an increase end 2 were unchanged (Fig 70b).

Vhen scetazolamide was administered end plasma was seperanted under
paraffin, plasma / K'_] decreased immedietely after feeding degan, the maximum
drop being 1.0 m-equiv/4 in ome sheep, 0.5 m=equiv/1 in 2, and omly O.4
meequiv/i in the fourth. Fullowing this minimm, [ K'_/ increased egein to
a peak just after feeding, then dsareassd again (Fig Ma, b). The effects of
the method of plasma preparstior appeered less when acetasolamide wes
administered. The seme pesttern was seen in all 11 experiments where open
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VOLUME
a.
34~ ' fed
Pig 73. Erythrocyte volume relat- _ 32k
ive to a once-daily 3 hour feed; a = 5
water ad libitum, b - no water all = 30
day. Note the usual observation under &7
all experimental conditions of an Sl & g oa G G .
increase in volume over the first 15 g
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rocyte shrinkage over the next 6 hours >
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VOLUME _ .
~ 30. ' fed ¢ FPig 74. Erythrocyte volume
2 ' ' relative to a once-daily 3 hour
T 28l feed; no water all day. Note the
& occasional observation of failure
£ gl of the cells to swell over the
3 first 15 minutes of feeding
5 B ., (sheep 3, 7.6.66).
o 8om. 1 6

VOLUME

Fig 75, Erythrocyte volume
relative to a once-daily 3 hour
feed; no water all day, acetazol-
amide. Note atypical changes in
erythrocyte volume (there were also
unusual changes in plasma volune,
0.P. and Z‘Né*d7 on this day)

(sheep 1, 22.6.66).,

RBC volume (PCV/[Hb])
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= =nl
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tubes were used, and the maximum drop was 0.5 m-equiv/{ in most. The
changes were similar in erterial and vemous blood (Fig 72).

Erythrocyte volume

The red cells increased in volume within 15 mimutes of the start
of feeding. Thereaf'ter they began to shrink, at first repidly then more
slowly, throughout the observation period which terminated 3 hours after the
end of feeding. Within 1-2 hours, the volume was below that before feeding,
and the minimum volume reached averaged7?’ less than that in the prefeeding
period (Fig 73a,b). These changes were seen on 26 of 32 occasions under all
feeding canditions; ¢there was no apparent effect either of injecting
acetazolanide or removing the sheep®s drinking water,

On 5 out of 32 days, the initial increase in volume did not occwr
(Fig 7). On 1 aay of 32 a completely different pattern was shown, there
being almost no change in erythrooyts volume (Fig 75). This was associated
with a mmber of other unusun) patterns - plasma 0.P. and /Wa' 7 inaressea
less then usual, end the plasma volume 3id not decrease during feeding.

The retio of Na'1K' in the erythruoytes of sheep £all into two
main groups: those with = high Fe* and low x* (m":x* 7=8:1) and those with
& relatively high K* cantert (Na*:X' 1:2-3). In these experiments, only 9
sheep out of 9 examined was in the latter growp.

There was no consistent pettern of changes in erythroeyte /Wa' 7
or /X' ] with eny trestment (Fig 76-79), however, on individual days lerge
inoreases and descrwacses frequently occurred. Both Na' and E' content tended
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Fig 76. grythrocyte ZFK._7, Z-Na _7,
K and Na content relative to a
once-=daily 3 hour feed; water ad
libitum. On this day, Na
content both increased in the first
15 minutes of feeding but overall tend-
ed to decline (sheep 3, 17.5.66).
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to dscline over the 7 hours of cbeerwvation under all experimerrtal conditions
(¥ig 76, 78) although exveptions to this were seen (Fig 77, 75). Transient
fluctuations mede recagnition ef trends difficult.

In contrast tc the variability of the overall changes, there sppeared
to be an important reletionship betveen chmges in Na' and X' content in the
first 15 minotes after feed hed been given and the changes ir red oell valums:
unless the (Na® + k') content increased, the red colls failed to swell. This
relationsitdp wes evident in esch of the following situations:

(1) where both cations {nareassd (4 of 5 aayz with water gd 1ib.), the
red cell volume inareased (Fig 76),

(11) where both eations deareased (1 of 5 dxys with waver 24 1id., 1 of
4 after acetasolamide) the cells shrunk (Fig 78),

(111) where ae cation inareased and the other dscrea=ed such that there
was an almost negligidle change in the totel crtians (3 dsys with
no 4rinking water, 1 of 4 after acetasclamids), the cell volume
change was negligible (Fig 77); bdut where the net result sas an
increase (2 of 4 with acetasolemide) the cells immressed a little
in velume (Fig 79).

DISCUSSION

The principal eim of these experimemts was to obtain information
about the shifts of water and electrolyte between the dody fluild compartmmnts,
i.e. between the FCF and the ICF, gut contents and urine, induced by once
daily feeding. Such movements can be stulied only indirectly dy experiments
such as these where changes only in uripe exaretion and in plesme volume and
composition esre determined. Sampling the ICF presents practicel problems,
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since the only accessidle oells, without a tissue dicpsy, are the dlood

cells. Lysed aryRizoqayte:s heve been exmmined in these expericmnts, although
thsy cannot be regarded as cells representative of the gemoral oell population
because of their highly specislized nature. It is this heterogeneity of
cells which makes the aancept of an ICF a theaxwtical one, aince individual
cell types msy show differing weter and electrolyte shifts in the one

situation.

A confounding influsnce in experiments of the kind carried out here
wvould be pain or fright. Por this resson there must be a truining period
when the enimals become acrwstomed to their cages, the feed, the experimental
routine end to handling. The undesirable espeoct of treining is the .
develomment of conditiorsd responses, such as evidenoced in the prefeeding
diuresis, and in a few cases of reduced feed intake immediately after removal
of the drinking water. The use of jugular canmlas for blood sampling, and
the callepsed vacoine bags st the end of the clamped oatheter for collection
of urine samples, enabled the experiments to be performed without apparemt
rain or disturdance to the sheep.

In nearly all cases both urine and blood semples were collected
anserobically; ummm-pﬂmmo;ammw. The importamce of
not exposing blood to the eir before measuring pf and CO, content is gemerally
acoepted; however, poseidle effeocts on plasma electrolyte concentretions
are frequently overlooked. When plasma samples were senaratad wnder parsffin,
(X' 7, [Ma’ ] and [C1” ] showed differences from semples in open tubes. |
Purther, the difference was not consistent across the various experimental
treatments. The shift of electrolytes into and out of the erythrocytes on
exposure to sir appesred to be different after acetazolemide edministration,
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anhydrase inhibition.

It hes been posaidbls in these experiments to provide a better
definition than hitherto published of the shifts of weter and electrulytes
assccisted with fweding in sheep. These observations confirm and extend
those of Stacy aml Broak (1964, 1965), Stacy and Warner (1966) and Ternouth
(1967) that, durirg a single daily feed, sheep show wrinary concemtretion
end acidification and reduced Na' and X' exoretion, a transient
hyperproteinsemia, increased plasme osmolality amd /Wa’ 7. However, the
attempts mads to odtain further insight into the mechanimms irwolved by
variation of the experimarndal conditions have deen diasppuinting. In
particular, the effect of restriction of the drinking water on water
aetabalism was less than might have bdeen axpected. The primipal effect of
this trestment sppeared to be a small redustion of feed intake (else
reported in ruminents by Balch, Balch, Johnson end Turmer (1953) end by
Naofarlane et al. (1961)), resulting in slightly =mallcr changes in urine
PH, blood pif and C0, comtent, and in a reduced K’ emmrvtion in the post-
feeding period. When, in addition, water was not returned after feedirg,
smaeller increases in wrine flow and in plasme volume were seen, and the
plasma electrolytes and urine 0.P. remsined elevated, Thus water deprivation
for one d4ay hed a relatively mmall effect. It is prodasdle thet more marked
effects wuld have been obtainsd Af, es well, these experimwnts had been

sreceded by e period of water deprivation.

The use of acetaszolemide has underlined two festwres: firstly,
thet usuelly during foeding there is increased secretion of H'; ond secondly,
thet forced kaliuresis ot the prefeeding rate lowers plasma /K 7,



suggesting k' retention during feeding is of segulmtary arigin. In

genaral, the effects of acetazolemide were similar to those reparted in

the literature for othsr species (Berliner gt al., 1951; Leaf, Scheurts and
Relman, 1954; Maren et al., 1954; Counthan gt al., 1954). Thus, in

the cow, 5 mg/kg of acetazolamide, given intravenously, incressed the urine
flow, total electrolyte, Ha', X' emd mo; excretion, inareased the wrine pH,
had 1ittle effect on the C1~ axaretion, and lowered plesma / K _/ by up to

1 »~equiv/1 (Andsrson end Plokering, 1964). The marimm effect was at

30 minutea, In the sheep, acetaszolamide had only e modest action as a
dlaretic. This may be related to the dose rate, or perhaps to its asetion in
creating an osmotic dluresis through increased Hco; excretion, which may be
less effective where the urine is usually rich umo;. In contrast to the
usual observation, Ci excretion was very low. Weinstein (1968) prodused
low C1~ excretion in the rat af'ter ecetaszoleamide, and concluded that the
inareassd C1~ reabsorption allowed some Ne' to be reabsarbed along with Ci~
rather than in cation exchange. In these experiments, when the prefeeding
Na' exeretion wes low, Tla' oxcretion was mot invariably reised by the diuretic.
Tt has beer noted in men and the dog that whether Va' or X' is the prineipsl
cation excreted with mo;a.pm on the previous dietary imtake: in K
deficiency ValiCO, is exureted (Evans gt gl., 1954), and in Na' deficiency,
K%0, (Counihen gt al., 1954)s It is dowbtful if the use of larger doses
of asetesolemide would have provided edditional useful information. The
interpretation of the results would be even more difficult since, as well as
the reduped GFR associsted with intravemous ecetazolemide (Berliner et al.,
195; Wedsen, 195h; Maven et al., 1954; Anderson and Pinlwrivg, 1964) the
larger dcses would be more likely to have extrurenal actions in erythrocytes
(Tumeabefaki, Chinn and Clark, 1954; Cranston, Senderson end Stapletom, 1955),
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gestric muwoose (Jenowits, Colcher amd Hollander, 1952), the pancrees
(Pirmbaum end Tollender, 1953; Rawls, Wistrand and Mavem, 1963), salivary
glands, ciliary dody and choroid plexus.

A prumipent festure of this study wes the high day to day variation
in the prefeeding excretion pattern and the respanses to feedings This was
such thet it necescitated the enalysis of the results not on & controle
treatment bdasis, but on the dasis of e comparison of the whole group of
replicates for eacl experimental condition with the other groups. Undoubtedly,
some pait of this verietion was due to variation in the foed and water intelce,
but the origin of the great pert could not be defined. The physiological
status was not comstant, but wes not easy to dctemine, s2 evidenced by the
Ma* status. The prefeeding Ya' excretion lovels fell into two groups = high
en low= but was not cleerly irndicotive of met deficiency and Ma* repletion,
£inos low excretion oecwrred in sheap with contimiovs noosss to salt liok,
ond in animcle with feed supplemented with MaCl, end pesks of Ma' excretion
were scen in the post-feeding periods The prefecding rete of Na' exeretion,
however, had o subsequent effect on the degree of Ma' retention during the

feeding period.

21though & constant emount of feed wes offered each day for the
ceme time, neither the pattern of intake, nor the totel amount consumed wes
uniform. Tho water inteke, deing releted to the feed intoke, also varied in
time course and emount, There were two basic foeding patterns, end the
seme two patterns in weter inteke plus a third which was the inverse of onme
of theme The association of these feed cnd woter inteke petterns is likely
to be of signifiicance in the sensation of thiret and satiations Such
variation in the feed and water consumption would he axpeoted to be related



to some of the variation sseen in the other responses. No attempt was made
to oorrelaste these in the present experimemts since it was found that the
removal of the feed tin for weighing caused great excitement. Feed and
water intake patterns were therefore observed on days vhen urine emd dblood
samples were not being collected. Vater intake was almost entirely confinsd
to the feedirg period (Tsble 2). This was also noted by Hogan (1964) end
Ternouth (1967). The feed and uster intakes on each day were aignificantly
correlated in 4 of 5 sheep (Table 2), the exveption being the enimal with the
lowest water:feed ratio. The water:feed ratio ranged from 1% to 3.62
ml/gn, similar to that evident in the results of English (1966) amd to 2.8
nl/zm far a high plane of mtrition reported by Riek gt al. (1950), but
oonsiderably lower than the 9.1 ml/gm for sheep on a low plane of nutrition.
VWhen water was offered st 1 p.m., the ahsep drank mesrly as mueh as during

a2 normal feeding period, most being consumed in 1-2 minutes. If the water
vwes not offered until 4¢30 p.m., the amount drunk was less. Thirst had
apparently been partinlly satisfied by internal redistridbution of fluid.

In the successive phases of the axperimesmt - before, during amd
after the feeding period - the water loss in the wine appeared to be determined

by different principal fectorse Before feedirg there was & prufuse diuresis
of epparent psychie arigin; &uming feeding, the marked antidiuresis seamed
to be related to ADH release and possibly reduned GFR; in the post-feeding
period, under maxisam antiddwetioc oonditions urine flow wes probadbly
determined by the solute loed.

The prefeeding diuresis observed in these experiments would appear
to be a consequence of recognition by the sheep that feeding was immipent.

It could be prolonged by portparming feeding, and was less pronounced when an
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experiment continusd through the might and staff were clways present. The
prefeeding diuresis was alsc seen by Deshurst and Harrisom (1966), amd the
urine flows recurded by Stacy and Brook (1964) suggested 1t olso ocourred in
their animals. In the present study, end that of Dewhurst and Harrison
(1966), the prefeeding diuresis provided the largest change in urine flow
over the 2 howrs.

Feeding produced a marieed reduotion in the wrine flow, and an inarease
in ozmolality, both of which appeared more prominent if a prefeecing diuresis
was estadlished amd large volumes of dilute wrine (300-600 moam/kg) were being
excreted. The volume was minimal et the 30 or 60 mimute semple after feed
was given, and from the observations in 32 hour experiments would appear to
be camparsble to those in the 8«42 hours before the prefeeding diuresis. The
onset of this antidiwresis was rapid, reaching an almoct minimal flow rate
in 20 mimutes (Fig 9, and Staoy and Broak, 1964).

Stagy and Broak (1965) reparted that release of ADH was responsible
for the antidiuresis of feeding, since they ooculd detect antidiuretic ectivity
in the urine of fed, but not unfed, shesp. Their easgy appeared to have low
sensitivity, since they were unsble to detect activity even in concentrated
urine before feeding. In their experiments, and in these, it would be very
likely thet the tremsition from dilute to comcentrated urine would involve the
release of ADH, However, ADH is unlikely to be the sole determinant of urine
flow on every day. On 25’ of all occasions, the prefeedirg urime volume did
not exceed 50 ml/ 30 mimrtes. Inmhuuatb'!'n:o: C gy Te1ationship
was the same as in smmples oollected during feeding (Pig 44), suggesting thbat
ADH secretion was adequate to allow equilibration of collecting duet fluid
with the medullary interstitium. It would seem unlikely that the reduced
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urine flow early in feeding on these days was the result only of ADH

release.

An additional factor mgy well be a hmmmmdynamic clange, probadly
reduced GFR. Stacy and Broak (1964), in their cbservations in 5 sheep,
alaimed that no change in GFR toek place, however, a redused G'R, at least
during the first 30-60 mimites, would not de exoluded by their results.
Inspestion of their results showed that, although there was grest variability
from one sample to the next, in 21l cases the inulin clearance decreased from
the last prefeeding period of 15=30 mirutes to the firat feedirg period. As
they point out, clearunse measurements during dsclining urine flov tend to
undsrestimate the true valuses It was for this reasan, as well as that of
the undesiradility of an infusien awrring this peried, that no imulin or PAH
clearence measurements were undertaken in the present experiments. Other
observations during feeding also sugzest that a change in GFR cammot be ruled
out. A reduped CFR ocould well occur as a consequence of the rapid dsarease
(averaging 12%) in plesms volume within 15 mimutes of begimming to feed. As
well, /plemme protein / inoreased over this period (Fig 51, and Stecy and
Broak (1964)).

Vhatever other factors are imwolved, increased ADI secretion would
appear to be associated with the feeding amtidiuresis on most days. The
commonly recogrised stimili for vasopreesin relsass are inoreased ECP
osmolality (Verney, 1947; lLeaf and Mamby, 1952a) and reduced ECF volume
(Leaf and Memby, 1952b; Lemaire et gl., 1959; Dyball, 1966). In the
present experimenmts, it wuld seem that both may be involved in the initial
stimulus to ADA hypmreamretion, but thet 1ts maintenance wes due to the
riaing plesma osmolality. If they are the stimuli, the relative oontributions



of redused volume and rsised tomicity to the inttial AT release would

vary from dey to dxy. Fifteen minutes after feeding commenced, the grestest
dsoreeses in plasma volume were assooiacted with lower oamolnlity, but only
saall drops in volume with reised 0.P. (Fig 61).

Changes in plasma volume end tonmicity were not inverse, indicstirg
imispendant sovemmt of water end solute. The extenmt of the initial plasme
volume canmtraction (and prodadly thsrefare ECF), which appeared to be related
to the smount of feed consumed when it was first offered (Table 14), influenced
plasma velume for the rest of the feeding period: the greater the imitiel
drop, the lower the valume at 1 p.m. In the inmediate post-feedirg period the
inorease in plama volume ebovoe the prefesding value became dissociated to a
large extent fram the carly feeding ahifts of water. The plasma volume
inaressed steedily over the 6 hours of observation after feed was offered.
Over the first 3 hours of this re==xpansion, the gain of solute exceedsd
water gain in the ECF, while in the next 3 hours the concentration degan
falling, i.e. mater galn exvoedsd solute.

The plamma volums estimstions used here dspend upon the walidity
of two basio assumptions: the total quamtity of circulating merker (red cells
or plasma protein) remains constant, and the bdlood semple is 2 representative
one. A fector which oould have affupted the estimetions is splemic
cootrection; this can be produced by disturbance of the aumimals end would
increase the totel erythrooyte mass (Turner end Hodgetts, 1959). Bwery effort
was made to svoid this. It might be considered that the incremssd PCV and
[ ™_7 15 minutes after feed was offered could be attributed to this phenam-
enon end not to decreased plasma volume. This would not appear to be the
case since the / plasma protein / elso imreased, and sinoe the minimum plasme
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volume using the two merkers was correlated (Fig 50). Leakage of plasme
protein into the interstitiel fluid or chenge in the total emount could not

be controlled; movement of nlasm- protein between the plesma and interstitial
fluid probably explains the smaller increases end decreases in [ plasme protein _7
than in PCV and [ 1] ]. “van's Plue dilution oonfirmed the expanaion of the
plasme volume after feedings Tt wes attempted to collect representaiive blood
samples by the use of long jucsuler vein camnulae reeching almost to the

heert,

Over the first 1% minutes of feeding tnere was ususlly an increase
in erythrocyte volume (PW/ /i ]). This appeared to be secondary to solute
movenment, principelly Na+; when the (Na+ + K‘) content of the red cells
did not increase, the inoreese in volume wes small or absent. After this
initia) inoresze in volume, the erythrocytes showed osmometric behoviow in
shrinkcing for some hours as the plesma 0.”. rose. However, as pointed out

earljier, other cells may or mey not show the same electrolyte an® water shifts,

The reason for the movement of Ma' into the erythrooytes in the
first 15 minutes of feeding was not exemined, but it is possidly hormwonal in
origine Should thiz shift elso involve other cells, particularly muscle
tissue, a substantisl part of the Na' lost by the ECF in the early period may
be gained by the ICF and not emter the gut in digestive secretionses Over
the remainder of the 8 hours studied, in general the erythrooytes lost Na
and shrank, This may de similer to the net Wa movememt with wuter moverment
from 1solsted retina as the externsl osmolality insreased (Ames gt el., 1965),
but on the other hand it may be ¢ diuwrnal trend simge similar shifts occurred
in sheep fed ad libitum (es deseribed in the next chapter; Fig 86=88).
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The mechanisn of the urimary Na' retention &uring feeding has
not been sstisfactorily established. Stacy and Brook (196)) felt that it
was not due to edremal steraid secretion, hypsryroteinsamis nor reduded
GFR. The repid onset of the reduwed Na' exoretion would certainly seem to
eliminste the participation of adremal steroids in view of the 30-60 mimute
time lag observed in the exporiments cn doge of Barger et al. (1957).
Hyperproteinsenia ocould affect Na' excretion through the filtration fraction
or through the tubuler resbsorption, however, the effeoct of an increase in
[ plasss protein ] cammot be distinguished in these experirments frum the
simultaneous effect of reduced plasma volums. Its effect on the proximal
tubule water and Na' readsarption has not oun positively established, since
roveraal of the normal plasme protein gredient alters reabsorption little
("hittenbury et el., 1959; Giebisch et al., 1964). The reduoed plasma
volume could have two actions: via reduced GFR, or increased fractional
reebearption of Na'. As pointod out in Chapter 1, a decrease of 1% in GFR
could produce a significent effect on Na' excretion (Pitts, 1963); redwed
GCFR was neither demonstrated nor excluded by thes experiments of Staoy and
Prook (196;). Varistion im tubular reabsorption can be produced through
the astivity of "vaolums receptors" believed stimuleted by aaline loeding
(Cartney ot al., 1965; Dirks ot al., 1965) amd in the opposite direction
dy haemorrhage and quiet standing (Epstein, 1956; Carpenter, Davis, Holman,
Ayers end Bahm, 1960), The rapid elrirkage of the plesma volume at the
onset of feeding may yrovi® a similer stimulus to that of 2 mild haemorrhage,
resulting in antidiuresis end Na' retemticn.

mn‘mmwm feeding had a marked effect on Na'
excretion later in the day. Amimals with a high prefeeding rate (over 0.1
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m-equiv/30 min) slmost inverisbly showed decreased excretion during feeding,
vhereas sheep in the "low” group did 80 only on one=third of the occasions
studied, and, in addition, the peaks of Na' exmretion seen after feeding

were zmaller im magrituds {n this group. It should be pointed out that

the figure of 607 for the average depression of Na' exuretion during feeding
(sce Pig 23) 1s beavily weighted towards the high exaretory group. The

sheep of Steoy end Brook (196)) appeared %o be exareting more Na' shan the
shsep used here, nsvertheless, in their animals alsoc there was a wide varistion
in the prefeeding urine Na' excretion, so that the fall in Fa' excretion wes
marked in some animals, but less in others,

In contrast to the latter situation, the prefeeding urine K'
axcretion rate, whigh was alwys high, had no pruninent effect on subsequent
changes. After feeding, exaretion rose to a peak in the immediate post-
prandel period, then dsclined steadily to the next feed, apprarimg to reflect
the sbsorption of dietary K'. Towever, during the early part of feeding,
the X' excretion decreesed by an average of 607c The most cbvious cause of
this K* retention would be competition with A* for seeretion in the face
of reduced Ne' excretion. This was accepted by Stecy end Brooik (1964).
However, threc okservations in the present experiments would indicate that
this 1s not the sole explenation. First, the lowest k' excretion precedsd
the lowest urine pH. Secondly, the plesma / K'_/ aid not increase during
feeding; if the rate of X' secretion were depressed, not in accordance with
the body XK' status, but by increased eeid exmretion, this would be expected,
particularly ss the plasme volume decreesed. Thirdly, plomma /X' 7 fel1
Mx’mmm&doaoumwﬁwuuwmama,
probebly because of the failure to conserve X' during feeding, rether than
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from a shift of X' into cells. In the slight plasma acidosis, net K~
movement would more likely be from the cells imto the FCF (Abrams gt al.,
1951; Darrow et al., 1953; Swan and Pitts, 1955). Thir is further
supparted by the cbservetion that the plasma /X' 7 fell only an insignifio-
ant esount on a day when, elthough acetezolemide iizd been administered, K'
exeretion fell during feeding (Fig 26b). It would thus eppear that the

k' retention mey be primery, not secondary.

In general, total solute excretion perulleled thet of K' exvept
during feeding. About 3040 of the total urine solutes wore not accounted
for by Na', X', nco;, C1~ and urea, but this fracti on increased during feeding
when total solutes did not dscrease as much as predicted from the changes in
individum) solutes. The 1demtity of the remaining solutes is not known,
but they ere unlikely to be strong electrolytes, simoe phnsphnte is low in
the urine of sheep (Tomes, Moir and Scmers, 1967), as are Ca‘' and ug**,
both of which show a transient increase during the winary acidification
(Stacy, 1967)s This unestimated frection does not remein oonstent under the
different experimental oconditions: when no water was gvailable after feeding,
it inmreessd to 6073 and after acetazolamide it was less than 30-4Q7.

A prominent feature of the response to feeding was the marked fall

3
amretion was not accompanied by an acid pH, suggesting urinary pil alome is

not an adequate index of seid exoretion im all cases. 41-1! hours after the

in urine pH from the alksline prefesding atate. On a few days, reduvoed HCO

mwm.mo;mnonmomyabomw;ormmmnu
and the pH was close to 5.0. This urinary acidificetion during feeding
appesred adequate to prevent large changes in blood acid-base balance; only
a-ﬂl&opmpﬂ-nteﬂﬂaﬁm-alﬂblmdtﬂﬁlcozm
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lete in feeding. Whereas the sbsence of drinking water appeared to have
only & small quantitative effect on acid-base balence, acetazolemide had a
marked effect on both wrins end Blood oamposition. Acidificetion of the
urine was prevemted, and nco; excretion fell by 50%, mot 907, dwring
feeding. As a result of the suppressed azcid exaretion, in bdoth carotid
arterial and jugular blood a greater and more preolonged fall in blood total

C0,, corurred, although the change in bdblood pH was no greeter because of the

2
buffer activity. Thus acstazolamide administrution proved useful in

elucidating the mechanism of raised acid exoretion.

Acidification and almost complete HCO3 reasdbsarption oould be
hrought about either by increased H' secretion or redured filtered lced of
nco;. or possibly both. Increansd H' secretion is very likaly irmvolved,
since the acidificetion was prevented by escetasolemide administretion. There

3
was often reduced ladte in feeding, and GFR may docresse early in feeding.

may als0 be reduced filtered HCO; sinoe blood totel CO, (plama /[HC0; 7 )

Observations on urine and plesma C4™ changes in gersral showed e
degree of variadility expected frum its role in dalanacing changes in total
cations, end shifts with pfl. During 1-1} houwrs of feeding, on individual
days C1™ excretion increased or decreased, but overall was unchanged. In
contrast to this diversity, a consistent pattern was seen in two situations.
During the prefeeding duresis, although nco; exxretion was unchanged, there
was a 207 decrease in CY{ excretion on aversge, vhile at the seme time plemma
[C1" ] fell in most cases 35 m-equiv/1. The basis of these changes in
C1~ is not clear. The second consistent pattern was the merked depression
of C1~ excretion after eccetazolamide, which may reflect o greater loss of
HCO; than of the eations va' ema X',
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Sinee H' exaretion is believed to be influenced by both K' emd
¥a' excretion (Pitts and Alexender, 1545; Berlimer gt al., 1951 and others),
al¥' ], ave', AK' over the first 2 hours of feeding were related for the
different experimental groups, using & multiple regression calculation and
elimination of veriebles (Teble 10, Fig 28). The estimates of the overall
change in exmretion of Na' and of K as made here would be expected to be
reasonably accurate. Howover, the change in H® secretion is difficult to
caleulate. Secreted H' can have three fates: it may resct with NICO; which

is later reabsorbed as CO, and water; it may be exoreted as titretadle ecidity;

2
or, it may de exmxreted with m:lanlm;:. Thns, the best measuwrensmt of
H' seeretion would be the umarmo;mbaorbea, ammonia excreted end
titrutadble socidity. However, in practice, measurement of the lattar poses
some problems, especially in the selection of the endpoaint at blood pH of
7+4 since the urine pl! varies from 5.0 to 8.5. The pi of the sample would
be expected to reflect the ecid content, but how precisely is unocertain. The
results of Pitts ot al. (1948) suggest that /H'_/ (or pil) might be
correlated with H' ssaretiam, since they found little titratable scidity or
emmonie was excreted at high urime pH, mmuzyn1mo;mm-oma
before urine pH began falling, It is possidle that in the preseamt calcul-
ations the use of A/ 1’ ] rether than Asecrvted H' resulted in greater
varietion in the estimation, and hemce failed to reveel significenmt relation-

ships with ANe' amd AK'.

Where significant relationships detween the pairs of iams were seen,
tboywt‘oomim:AﬁfanﬂAx*mpouﬁmrdMaaﬁA[H’]
was negatively related to both ANae' and to AK'. In any particulsr case,
& Na' was related to either AK' or o/ H'_J, not to both. Further, vhen
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drivking water was provided, A Ne' amd A/ H' ] were carrelated, but rhen
no water was availsble, the oorrelation wes between ANa' and AK'. The
failure to find a sigmficant relatiocnship in such mmnll groups may pot
ipdicate that the treatment has disrupted such a relationship, but may be
caused by the mmall sumbders.

The calculated relationahips in overall excretion may refleot
purely remal intersotions, and so would be likely to be indicative of similar
ocozrrelations in the distal tudule, since this latter segment is ixnwolved in
regulation of the cemposition of final urine. Application of these
observations to the distal tubule, therefore, depends on the validity of final
urine being e reflection of events in that segment. On the other hemd, the
oorrelations of change of overall excretion of the three ioms may stem from
the essociation of net changes in the ECP content of these ions as a result
of movements imto the gut, and not primarily be associated with renal events.

The negative correlation of A/ W' 7 and AK' 1s not umexpected,
singe ths transport of these two ions is inversely relsted scross cell membranes
in geperal, and those of the distal twbule in particular, If the correletion
is of remal origin, it ooculd be the result of either coampetition for a
carrier system, or a negative correlstion of resal oell /¥’ 7 and /X' 7
vhere the excretion of cach ion is dependent on its concentration in remal
cells. In contrest, tie carrelation of ANa' with AK' end A/ '] eppears
to de of extraremal origin rather than equally likely resulting from e remal
or extrarumal intaractione If the carrelation were of distal tubule origin,
then, acaording to doth the ion exchange and electrical coupling hypotheses,
O Na* should be megetively related to both A/ H' 7 amd AK* if Ne' exeretion
18 regulated by distal twbule resbsorption, and positively related to doth if
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the amount of Na' reaching the distal tubule is altered more praximmlly,
suck as by CFR. The negative correlation of ANa' with one and positive
with the other prodadbly reflects their association in digestive searetions.

Changes in urinary excretion and blood camposition associated with
feeding would reflect redistribution of water and electrolytes between ECF
and ICP on the ore hand, and ECF and gut contents on the other. While,
as pointed cut above, the extent of the first of these, that between ECF and
ICF cannot at present be gauged, the second, that between the ECF and the
gut, 1is a well reccgrdsed ocowrreme of major dimensions. Feeding for only
a limited time of the day would be expeoted to scoentuade these shifts.
After a 24 hour fast, the not effect of feeding om the rate of Algestive
searetions, and on passage through the digestive tract, expoaing the contents
to regions of differing adsorptive properties and rates of trensfer directly
across the gut wall, would be seen firstly in a predominantly secretory
phase, and leter in an sbsarptive phase. Individuel aspects of this whole
process have deen exasmined by different groups of warkers, however, all
parameters have not deen reasured in the ome experiment, so that the relative
importance of one to amother has not been examined directlye.

¥hile the observed changes in blood and wine composition will be
the sum of the transfers between the gut amd ECF, it would eppear that of all
the glandular secretions there is a Aamimmting influence of the inareased
salivary secretions This would seem to be so decsuse, not only is the time
sequence appropriste, but also the volume amd composition are such that loases
in saliva spparwntly ocutweigh losses in the other glandular secretions -
gastrie juloce, parmrestio juloe or bile. In cantrast to the situatiom in the
monogestric, from the ECPF acilosis during feeding, gastric secretion would
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the amount of Na' reaching the &istal tubule is oltsred more prartmmlly,
such as by GFR. The negative correlation of A%a' with ume end positive
with the other prodadly reflects their samncistion in digestive secretions.

Changes in urinary excretion amd dlood camposition associated with
fveding would reflsut redistridution of veter and electrolytes between ECP
end ICF on the ome hand, and CF and gut comtents on the other, While,
as pointed cut above, the extent of the first of these, that between ECF and
ICF cannot at preseut bo ganged, the seocond, that between the ECF and the
gut, is a well recagrised awuense of mejor dimensions. Foeding for only
a limited time of the dgy would be expected to accentuate these shifts.
After a 29 hour fast, the net effect of feeding om the rate of digestive
secretions, and on passage through the digestive trest, axpoaing the contents
to regions of Aiffering sbecrptive properties and rates of tremsfer directly
amross e gut wall, vould be seen firstly in a mredaximntly seoretory
phase, and leter in en shosorptive phese. Individual aspects of this whole
process have been exemined dy differemt groups of workers, however, all
perameters have not been measured in the ome experiment, so that the relative
importance of ome to anothor has not been examined directly.

While the observed chanmges in blood and wine composition will de
the sun of the trensfuse between the gut and ECF, it would appear thet of all
the glaninler secretions there is a &amimtirg influence of the increased
saliveary secretion. This would sesm to be so because, not only is the time
sequence eppropriste, but clso the volume and composition are such thet losses
in salive apparently cutweigh loeses im the other glandulor secretions -
gastrie juice, pemcrectic juice or bile. Tn comtrast to the situation in the
nonogestric, from the ICP seidosis during feeding, gestric secretion would
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appear to be of less significance than is salivery secretions However,
gastric secretion does increase during a short daily period of feeding, the
rise becoming evident within 15 minutes of starting to ecat, and reaching a
meximm 1-4} hours later (R411, 1960; Mcleay, 1967). It wvould seem
unlikely thet bile and pentreatic julce would comtribute significamtly to

the changes seen since both are seareted continuoualy in the sheep fed
once~daily, and although the camposition alters auring feeding, little change
in volume occurs (Taylor, 1962; Barrison, 1962).

Feeding evokes profuse secretion of saliva, particularly from the
parotid and submaxillary glands. Parotid end mixed saliva are similar in
campasition, having /Na' 7 of 160480 m-equiv/i, /K’ ] of 7-40 mequiv/i,
emd [0 ] of 100140 mequiv/y (Denton, 1957; Somers, 1957; Kay, 1960;
Bailey anl Balch, 19é1a,b). During rapid secretion, the concentrations of

3
inteke, the rate of salivation is high in the first howr amd declines by

Na' and HCO] rise, and those of PO, K* and C1~ fall. ¥ith a limited feed
half over the second hour (Wilsom, 1963), emd is low immedictely after the
feeding period (Bailey and Balch, 1961b; Wilsen, 1963). The high rate of
salivation &uring feeding would result in Na', BCO,, X' end water loss from
the ECF, end would explain the ECF acidosis, decrease in volume and increase
in tomieity, and in the urinary retention of water, Na', HCO, and X', and

3
acidification.

The second form of trumsfer across the gut mall, thet Adirectly
across the epithelium, is of uricmown magnitude. The amount of direct water
and electrolyte transfer would depend not only om the gradients established,
but also on the degree of permeability of the mucosas Since this varies in
different regions, the rate of pessqge of contents domm the gut will affect



105.

the overall net transfer as the contents will be exposed to areas of
differing ebsorptive capacity. The increased outflow from the reticulo-
ruren (Baleh, 1958) and abamasum (Phillipson, 1952) during feeding would
imrease ths amounmt of digesta presented to the cmasum and small intestine
far absorption. This effect is lessened in more distal areas of the gut,
end, sccording to Goodall amd Kay (1965a), the feeding rhythm has been lost
by the time the contents have reached the large intestine.

The reticulo-rumen contents represent a large proportion of the
%otal gut contents. Tranzfers between the reticulo-nmen and the ECF are
potentially important, but the magnituds is at present unknown under physiol-
ogical oconditions, Tt is known that Na' 1s eotively taken up from rumen
contents, and thet in certain experimentel situatioms K', mo;. C1” and
water distribute themselves according to the existing gradients, The changes
in vater and electrulytss in rumen liquer have been followed in sheep and
cattle under restricted feeding conditiomns. During feeding, / Na'_7 falls
and /X' ] rises in rumen liquor (Reid, 1965; Warmer and Stasy, 1965;
Ternouth, 1967), although the total emount of doth increases (Reid, 1965).
In the early post-feeding period, /K'_] begims to fall befere / Na' 7
rises (Wermer and Stacy, 1965; Termouth, 1967). Staey and ¥Warner (1966)
inferred the osmotic stimulation of Na' ebsorption after feeding from their
calouletions, while Soott (1967) Amm-metreted increased Ma' uptaks fram the
runen resulting from raised rumen /X'_/ more direstly. An osmotioc gredienmt
is greated at the onset of feeding as the rumen contents become hypertonic
(Re1d, 1965; Varner end Stacy, 1965; Termouth, 1967), which may draw water
into the rumen. Termouth (1967) found that the rumen volume increased 2
howrs after feeding commenced by 5-6 litres in sheep. A proportionately



106.

similer inorease was seen in a cow (Reid, 1965). A secomd peak of rumen
volume wes observed 5-6 hours after feeding dy Termouth (1967), but mey

be an artefact (¥arner and Stacy, 1968a).

Water gained by the rumen, other than thet ingested, enters in the
selive, end across the rumen wall to an unknown extent. ¥arner and Staoy
(1965) and Termouth (1967) have attompted to partition ECF fluid tremsfer
during restrioted feediny into transruminal flow and salivary flowe. Ternouth
(1967) ooncluded that osmotic water movement durirng feedin: was sismifiocant,
while Varner and Stecy (1965) concluded it was mot. Howover, in bLoth cases

the assumptions used in making their calouletions were not entirely Jjustified.

The present experiments suggest that transruminnl flow may not de
large from a cemparison of the estimated FCF fluid loss and predicted salivary
losss The relative importence of the two fluid contridbutions may very {rom
day to day even with the seme experimental conditions. In Fig 64, Aplasme
0.P. was linsarly releted to the ninimum plasme volume. For small deoreases
in volume the plasma 0.F. inoreased; for large decreascs in volume the
0.7 fell, Such a relationship mould require the simultencous loss in
varying proportions of at least one hypertonmic eml onme hypotonio fluid;
isotomic transfere would have no effects These three would correspond
respectively with : alive, fluid entering the rumen across tho woll, cnd
fluid plus zolute entering the red cells (ond perhaps other cells). The
essential parameter is not the absolute volume, but the amount of solute involv-
ed in the devigtion fram isotonloity. At slowor feeding ratec, when the loss
from the FCF wns smaller, tho hypotonic loss msde a relatively smeller
contribution than the hypertomic loss. This would susgest thet water entry

eaross the rumen wall was of greater importance et lower rates of feeding
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than at higher omes.

Experimamts such as these widch attempt to ovalunts water and
electrolyte shifts between Vody fluld compartments by examination of changes
in the plasma, urine and erythrocytes sre limited by thsir indirect nature.
In particular, events in the gut are dstected only by their systemic effects.
However, there appears to bde still a place for imlirect experiments becauss
of the difficulty in following directly net movememts between the ECP and
rumsn oontents under physioclogical conditions. The pitfalls can be seen
fram such experimemts of Stany anmd Warmer (1966) and Termouth (1967) where the
essumptions used mullify the conscluations reached. The major defeot in
indirect studies is the unknown movements across the cell memlwrwmns, since
the ICF makes up over half of the total dbody water.

The effects of feeding have been exnggerated in these experiments
by feeding for only a short period each dgy. Possible confounding
influences are diurnel and envirommental feotors, which, if praminent, would
elther reinforce or reduce the feeding effects. An attempt hes deen made
to sain some indication of the importance of diurnal factors in a short
series of prelimipary experimants §{n which sheep had comtimwus access to
feed, deserided in Chepter 3.
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CHAPTER O

CHATGES IN URINE AND BLOOD COMPOSITION DURING AD LIBITUM FEEDING

In the previcus chapber, profound changes in wrine excretion and
in blood composition were shown to ccour in sheep fed for onme 2-3 hour period
a day. This feeding pattern is not the usual ome; it must be imposed on
the sheep by traiming. A single, shart deily feed would be expected to
accentuate the changes associsted with feeding, compresaing thec into a
short period, end probehly imreaaing their msgnitude. By contrest, the
changes would bde expected to de less marked the shorter the intervals between
fesds and the more comstant the envirommemt. This 18 confirmed dy the finding
of Minson and Cowper (1966), that variation in faecal &ry matter, urine volure,
S.G. and nitrogen excretion was almost elirineted when sheep kept in a
constant envircment were fed '/, of their daily ration every hour, esch meal
being entirely consumed before the next was given. An intermediste situation
betwasn these extremes is 1likely to exist in the animnl with contimuous

24 1ibitum access to feed.

Urine excretion anml dlood oawposition are also affected by Circadimn
rhytims and envirammmtal stizmuli as well as by feeding. Partitioming of the
several factors is not easy. Lindan, Baker, Greemsmy, King, Piesza and
Reswick (1965) evaluated the comtributions of the Ciroadian rhythm, of eating
and of envirvmmental stimuli (alteration of body position) to the dsily
excretory pattern in the quedriplegic human. Their study involved long term
observetions of the excretory pattern under random feeding ond turning
schedules to determinme the Circadien rhythm, end esting at regular 19 hour
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irmdorvels, as wall as "nibdlirg” and "gobbling"”, to dstermine the effect

of a meal. Such a time-consuming investigetiom in sheep was mot feasidle
here. Instead, a short series of experimsnts was carried cut in animels
given contimwus gd libitum ecoess to feed to establish the pattern of

changes occurring under thece feeding conditions. Some evidence was obtained
for the existence of diwrnal chenges as well as feeding components.

NATFRIALS AND MPTHODS

Ixperimental design

Urine and Y1004 wes examined in 4 sheep, 3 Rammey ewes end 1
Ramey~Cheviot cross owe, during ad libitum feeding. Obscrvotions were made
on 6 deys. The sheep hed deen accustomed to this feeding regims and hed
not at any time deen treined far the restricted feeding regime used in
Chapter 2.

Other than the different feeding regime, the sheep were housed,
handled and aampled in en identical manmer to those in the omve-~dally feeding
experinents. The ocowrreme of feeding and rumimmtion was determined from
records of jaw movenents (sce delow).

Feed ond feeding

The lucarne fed in these axperimmnts was from a differemt batch,
end was offered in the form of hgy as it was unsuiteble for ochaffing. On
p—xporinantal days, a quantity of bey im excess of their daily imtake wes
offered to the sheep at 10 a.me On the 6 axparirental days, at 6 howrly
intervals extra feed was added to thet given at 10 ame to cnsure palatable
feed was always evailable. Vater was freely available at all times., A
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Fig 80. Kymograph tracing of jaw movements showing the
characteristic patterns of feeding and rumination. A one-
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supplement of 5 gm of NaC1i was given with the feed at 10 a.me. on 311 non-
experimental deys and on 3 of the 6 experimental daga.

Sempling and methods

Sampling and analytical procedures vere identical with those in
the previous feeding experiments, except PCV estimations. Urine was callected
in 30 minute samples (60 mimute samples on ome day), and blood each hour.
All dlood samples were cemtriftuged amerodically.

PCV estimation: Blood was drmwn up into capillary tubes which were heat
sealed at one end, then centrifiyged for 10 mimutes in an Intermational
Hicrocapillary oentrifuge, Model M6, The PCV was dstermined with the aid
of an International circular aspillary resder.

Jaw movements: The apparatus used %o record jeaw movements cansisted of a
balloon held under the cheep's lower Jaw by a head halter and commscted by
tuding to a tamdowr and writing lever. Feeding and rumination wsre identified
from the charucteristic patterns treced out on & amaksd peper on a kymogrsph
(Fig 80)e The time spent ruminstirg, feeding end resting each half hoar

was measured.

RESULTS

The feeding and ruminating time for each haelf howr on 3 days is
shown in Pig 81, The pattern of activity wes not regular. Of the 4 sheep,
the dehaviour of ahesp 11 appeared differemt in having only one period of
runinetion for 2-) howrs between noon and 4 pe.m.; the other 3 alternated
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Teble 18. Average percentage of time spent feeding, ruminating
and resting on 6 days under 2d 1ibitum feeding conditions.
Sheep Duration of Feoding Ruminating Resting
obearvation (2) (%) (7)
(hours)
5 21 3700 2507 3703
5 15 L3 27.0 28.7
14 15 373 10,0 52.3
1 15 373 be? 58,0
12 13 377 2.3 38.0
13 13 413 2.0 3560
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between feoling and ruminating through the period of observation. The
proportion of time spent feeding, rumimating and resting by the ) sheep on
the 6 days is shown in Tadle 18, It will be seen that sheep 11 aspent

rather less time ruminating during the experimental period than did the other
tizee.

The eddition of fresh feed to that in the tin usually, but not
inverisbly, was followed by o period of increased intake or resumption of
feeding. The total imteke in these emimals vas 1.5 - 2.0 times that in the
once~-daily fed sheep.

Urine exgretion

(1) Constancy of exeretion. Urime excretion was not constant frum
hour to bour, amd except for pH, showed quite large fluctumtions (Fig 82-84).
At no time was the urine pM below 7.5.

(14) Diurpsl veristion. Patterns suggestive of & diurmal rhytim
were observed., These were:

(a) e decrease in pH eround 10 a.nm. (5 out of € dxys); en
increase over the following 12 hours (ell days) (Pig 82-84);

(b) an increese in K’ excretion from noon to midmight (5 days);
on 3 of these it was a steady imsrease (Fig 82), on 2 the
increase was rapid around moom, but slower thereaf'ter (Fig
a);

(o) the cccurrence of a large pesk of Na' exoretion around 1 pem.
(all dzys); earlier and later peaks were also seen;
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(d) the oocuryence of a peak of C1~ axcretion at 1.30 p.m.
(5 aayes).

(111) Effect of feeding. There appesred to be a & hour cyale in
the excretory pattern of urine volume, total solutes, mo; and to a lesser

utcutf.thnlmrmtimmtuinnstmamwﬂngttthom
of a feeding peried (Fig 82-84). The individual excretory patterns for

urine volume, total solutes end Hco; were commonly similar,

There was no apparent correlation between the occurrence of peeks
#Na’mtionmﬁﬂthuwmt”im%mmw
dlyc

Dlaspe electrolytes

Campaxed vith sheep on the 3 hour feeding schedule, in sheep fed
23 1ibitum plasma 0.Pe, /Ta' /] and /[X* 7 were higher at 9-10 a.m. by
appruxinataly 10 mosm/i@, 5 m-equiv/4 and 0.5 m-equiv/i respectively.

The plamma volume, O.P., elevtralytes and blood total CO, during 3
of the 6 Aays are shown in Pig 85-87. The magnitude of the flustustions im
electrolyte concentrations was in gensrel within the limits of the normal
renge seen in most mammmls» (Spector, 1956). A 6 hour cyclic pattern was
apparent on many deys for most of the elestrulytass.

Exythrocyte electrolytes

Red oel)l changes were suggestive of o diurnel varistion (Fig 88-90).
The general trend wes for Ma' and XK' content to decrease from 9 a.m. to &
ninimum at 6-8 p.m, then to increase sgain. Superimposed on this, transient
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libitum access to feed and water. (Sheep 11,
8.11.66).



I'acing page 113.

301 VOLUME

{ PC v’["ul )

HBC vo ume

RBC [m;']

(m-ecuv/
o
]

15

roc [«
(meequiv/il

11

content

300+

funits 1

RBC Ng

260 |

451

urits)

35~

RBC K content

QSL 1 A1 1 1 1 1 1 1 1 q 1 1 1 1 1 i 1 1 Il 1 L J
Bam 10 12 2pm 4 6 8 10 12 2aom 4 6

+ + +
Fig 29, Erythrocyte volune, ZFNa 7, Z~K 7, Na content
and XK content in a sheep with ad libitum access to feed
and water. (Sheep 5, 25.10.66).




FPecing page 113.

g, SOp VOLUME
A
U‘%.. m‘
g e 26 1 Il L 1 L i 1 1 L 1 1 1 1 )
+
i Na

ReC [NoT]
( m-equiv /1)
w
wm
I ]

as 1 L L 1 1 L L L L L 1 L 1 J
— < ’
é} 12 K
o 2 [ -
| E 10 e Rrmaan . e R I 1 1 i 1 1 = |

R3C No content
(umits)

(units)

RBC K content

8am 10 12 2pm 4 6 8 10

Pig 90. Erythrocyte volume, /Na _7, /X _7,
Nat content and ¥* content in a sheep with ad
libitum access to feed and water. (Sheep 13,
8.2.67)0



113.

peeks occurred st different times of the dgy. A similer general pattern
was seen for erythrocyte volume and / Ta' /], end for /K'_] on half of the
days.

DISCUSSTION

Experiments such as those described here can at best only give o
general indicetion of the existence of comtributions of Cireadian rhythms,
feeding, drinking end enviromental stimuli to the axaretary patterns and
bdlood camposition. Only the grossest relatiocaships will be apparent.
Correlations of smsller magnitude would reqguire a large seriss of detailed
experiments followed dy suto-correlation and power density speotral amalysis
as used by Lindan gt al. (1965).

The plasma velues and emcretary rates in sheep receiving one 2-3
hour feed a day were lower immediately before feeding then in the gd libitum
fed animals, and frequsntly higher afterwards. The lower levels were
undoubtedly a reflection of the 21-22 hour fast simce the previous meal. The
higher values after feeding prodadly reflect a greater rate of inteke enforoed
by this short period; they may also be associasted with the diurnal changes

seen in the gd libitum feeding experimerts,

In these gd libitun fed animals, the merked prandial end post-
rrandial chnnges in the omce-daily fed animals gave way to cyclic peaks and
troughs in which ssal ocarpansrs were not conspicuous. This in itself is
significant in demonstratirg that the changes wrugght by crme—daily feeding
ere of a magnitude far greatsr than pruduced bty the periodio feeding in sheep
with constant ecoess to feed.
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The plasme anl urine patterns in the ad lidbitum fed sheep were
suggestive of a feeding component resulting in decreased exaretion of water,
%', nco; and probadly k*, and inoressed plasme 0.P. during periods of
imtensive feedirg. Tlowever, the plasma electruolyts peaks were out of phase
with the periods of feeding. Diurnal componemts were Suggesbed in Fa', C1~
end K* exuretion end in urine pf, am in erythruvayte Ne and K  content.

Urinary changes such as these sre seen in man.

In quadriplegios, Lindan et el. (1965) identified components in the
deily excretory pattern caused by feeding, body position and diurmal effects.
Fxoretion of creatinine was depressed by large meals, volume by even small
meals. Urimry Na*, K*, C1” ond mitrogen wers highest 10 bours after 19
hourly meels. Less water azd Na' anmd more X' were exorcted when sitting
compared with the supime position. Diurmal periodicity wes presenmt in Na',
K' amd C1” excretion, beirg low ot mght, rising frum 7 sem., ond reaching e
peximm at moon. The diurnsl rhythm was weaker for Na', but stromger for K',
than the periodicity induced by 19 hourly feeding. INo diwrmel cycles were
seon in wine volume , creatinine or nitrogen excretion.

The experiments doscribed in this en® the previous chapter, together
with the observations of Hinson and Cowper (1966), have indicated the
existence of both feeding and diwrmal fectors in urine excretion and blood
composition in aheep. It would sppear that in eheep the contridbution of
feeding to the excretory pettern is greatest with once-daily feeding, present
to some extent with ad libitum feeding, but almost eliminated by 24 emall meals.
Minson and Cowper (1966) have eliminnted envirommenmtal stimuli in their study
by providing constant conditioms. Ad libitum feeding has indicated the
existence of diurmal changes; it elso suggests that, in Chapter 2, because
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of tie time chosen for the amm=dally feeding (10 a.ms to 1 penia) the

ohsnges in urine excretion with feeding, particularly the post-prendial

rise in slevtrulyte excrotion, would probably be reinforced by diurnal
charges. Clearly, precise evaluation of the contributions of feeding,
envirommuntal apd diurnal companents to the excretnry pattern under different
axperimerntal conmditions is nseded, and must be taken into eccount when
deaigning experiments on woter and electiolyte metadolisz and redistributions,.
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INFUSICN INTO THE RUICW OF WATER AMD ELFCTROLYTT COLUTIORS

The changes in rensl excretion end plasms composition chserved in
Chapter 2 in sheep given a single daily feed were interpreted eas reflecting
a phase of diversion of extrecelluler water and elestrulytes into the rumen,
follomed by e phase of not edbeorption. Further information on the interection
of the rumen water and electralyte content with that of the ECF might be
obtained by following the absorptiom and excretion of solutions infused into

the rumen.

In man and non-ruminests, a large mumber of studies of the effects
of orsl admimstration of water, Na' and K' salts have besn mnde over many
years, The responses have becen diverse, and would eppear to indioste that
species differemoes, the dose rate, physiologlcal status, posture and diurpal
faotore may influence the effect of the infusion.

Reports of the short-term changes in urine and plasma composition
induced by intreruminel water and electrolyte infusions in domestic ruminants
arc few in nusdber. Sellers and Roepke (1951) cumpared two=hourly urine
samples before and after the admimistration over 45-50 mimites into the
terminel oesophagus of lactating or pregnant cows either 10 gellons of
water alone, or containing 0.5 gm of Nall or EC1 per 1b body weight. The
water slone increased the wrine volume, reduned its S.G., and increased the

excretion of Na’, x",

po;: and often of C1-. After the admimistration of
either of the NeCl or KC1 solutions, the excretion of both W' end K' was

increased, suggesting that the cation infused displeced the second eation
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fros the ICP. There was & creater rise in Na' excretion then in K’ in

the 2 hours after the XC1 infusion, suggesting it was increased eerlier,

or to a greater extent. The Nalfl infusions were less effective in reising
the exoretion of the two catiomse Poth electrolyte infusions increased the
plasma conoemtretion of Ne', X', C1” emnd imorgemic phosphorus; only the
increase in /X' ] was greater after the KCl. Interpretation of such
experinental results is made difficult dy the small number of samples.

Veter diureses have been produced im goats (Andersson, 1955) end
in sheep (Lysov, 1960) by intreruminel infusion. In the gosts, doses of
water of 5/ litres amd 7-8 litres resulted in a diuresis of cimilar time
oourses In both cases there wes fairly constant flow for 6 hours ef 400
ml/hr after the smaller dose, amd 1200 nl/br (maximum diuresis) after the
lerger, which returned to the preinfusion volume by 13 hours. Andersson
suggerted that the constant urine flow resulted from water absorption after
passage to the sbomesums The small decreese in plasma / Na' / amd /C17 7,
end in the exeretion of C1~, and sometimes in K', he sttributed not to the
water infusion, but to the prolonged fast during the experiment. In the
sheep, the responses observed were morkedly differemt. Thus, vhen 2-5 litres
were infused, urine flow increased in 10-15 mimtes, wes maximal aroumnd the
end of the second hour, then fell gradually; 907 of the dose wes recovered
in the urime within 5-7 hours.

Since the present experiments were commensed in Jily, 1966,
Dewhurst anmd Herrison (1966), Keynes and Harrison (1967) and Dewhurst,
Herrison and Keymes (1968) have reported results of a series of intraruminal
and intrevenous infusions in sheep. Their intraruminal infusions, 1 litre
of weter, 250 mif KC1, 250 mi X acetate, 125 mi Nall or 125 mif Ne mscetate,
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were mads just after the sheep were offered their feed; hence, changes due
to the infusion were superimposed upon changes due to feeding, lesding to
diffioculties in interpretation. Urins flow was highsr after XCl than
after water or NaCl. In 2% hours, 80 of administered XK' and 257 of
admirdstered Na' was excreted in the urime. K' acetate geve a smaller ) of
response than d1d KC1, but both solutions caused an earlier rise in K'
excretion after the feeding depression; Na' excretion was also higher, the
Na' peak preceding the X' pesk with soetate, aml fallowing it with C1™.
Following Ne' infusions, there was a slower and less intense® increase in the

rate of excretion of Na', K’ apd C1™ than after the X' infusions.

In the series of experiments described here, the infusions were
made 15 hours after e 3 hour feed, at a time when changes in urine and plasma
paraneters were relatively small aml consistent from day to dey. Comparisoms
were made between infusions of 3 1itres of water - equal to the largest
water consumption during feeding - and the same volume of NaCl or KC1l almost
isotonic vith blood plasma (0.15 ). A further comparison was made between
these salt zolutions and solutions containing the same emount of soclute in
one~tenth the volume of water, i1.e. having an 0.P. ten times that of pleaama.

MWTIRIALS AND METHODS

Experimeptel design

There were six experimental treatments, imwolving six sheep. The
enimals were used for one week, then usually rested for three. Two
experiments were carried out on the experimental week, with one day between.
The overall number of replicates amd infusions for each animal depemded upon
its contimuing availability, and as a result, not all treatments were nede
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Toble 19, Intraruminal infusions: volume, comcentration, sheep
used and dates.

Infusion Volume & Sheep Date
comsnitration
Comntral 1 ao 8066
2 1. 8466
3 20. 7.66
12 17. he67
13 1. 567
1 1’8 1841066
Veter 3 litres 1 22, 84,66
2 1. 966
2 22.11.66
3 '80 70“
Mall 3 litres 19 25, 7.“
015 X 2 30e 8+66
2 011,66
3 46. B.66
1aCl 0.3 litres 1 26. 7.66
1.5 X 1 We 9466
2 2. Be66
2 24. 9.66
KC1 3 1litres 1 12. 9066
0.15 % 2 19. 9.66
12 27. 2467
13 20, 2.67
KC1 0e3 litres 2 30. 3467
1.5 12 19. 467
13 2o ho67
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in each animal. The details of the intreruminal infusions for each sheep
are shown in Tadble 19, and the camplete infusion history in Appendix 1.

A1l infusions were made et 10 a.m., and during the experimental
period (8.30 a.m. ~ 430 p.m.) neither water nor feed was availsble. Feed
was lest offered at 4L~7 pe.m. on the dzy prior to an experiment, and water
up to 8,30 a.m. on the day of the experiment.

Animels and Feed

The sheep were Romney ewes with weights of 32-40 kg. Each had a
permancat fistula in the “orsal rumen, and two animals (412, 13) had also
duodenal ocanmulae,

The snimals were housed as described in Chapter 2. They were fed
chaffed lucerne hay for 3 hours in the afternoon, detween 2=5 p.m., except
on the dsy preceding en experiment. On the experimental dsy itself, the
feed wes offered between 5-8 p.me The amount offered each day was a little
more than the 8d libitum intake (around 1000-1200 gm), and included 5 gm of

NaCl. Twvo batches of lucerns were used,

Infusion technique

On the evening prior to an infusion, the normal rumen stopper was
replaced by a rubder cstopper through which a short glass tube projected to
the outside dut not into the ramem. A ehort lemgth of rubber tubing with a
screv clamp was attagched to the glass tube, and the whole tied securely to the

rusen cannula.

The solution was wermed to near body temperature in & glass aspiretor
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bottle fitted with a tap and o length of polythene tuding. At the time of
the infusion, this palythene tube was aanneoted to the rubber tude on the
cammula, and the solution run into the rumen by graevity in 2«3 mimites.
Care was taken in manipulating the tep, clamp and tubing not to lose gaes or
runen centents amd to give 2 complete infusion. The animal was not upset
by the procedure as long as ths skin was not touched nor the rumen cannule

pulled.

Blood samples were teken through a jugular conmule, and urine samples
through a self-pretaining wethral c-theter as previously described. Both
were inserted prior to the oxpcrimental day.

Urine was collected as 30 minute samples (occasionelly 60 mimutes)
into collepsed vaccine bags. Blood samples were collected ot L5 amd 15
nimtes before the infusion, 15 minutes after, and at houwrly intervals after
that.

Analytical methods

The method of handling samples and the chemicel methods are identical
with those deseribed in Chapters 2 amd 3.

For PCV both Wintrobe tubes amd the microchaematocrit method were
used, the former method being replaced dy the latter for sdout half of the
experiments. The results obteined from the two methods agreed olosely.

Lalculation of results

The new calculations were introduced:
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Reletive plesme electrolyte content was obtained by multiplication of the
relative plasma volume by the appropriate electrolyte concentration.

7 change in exgretion: the overall change in excretionm over the experimental
period (8 hours) for each treatment, ineluding controls,for esch urisery
perameter was calculeted using a prediction of the excretion based on the
preinfusion rate, averaged over the 90 min before infusion.

The expected excretion, assuming no change in rate, was calculated as
F = 16 x average 30 min preinfusion rate
The actual excretion (A) was obtained by adding the total 8 hour excretion

“ change in exeretion = A;E x 100

7 _regovery: for admiydstered water and slectrolyte, the 55 of the losd excreted
vas caloulated teking into sccount the changes om the control daye:

% recovery = A -E 4+ Ad - C x 100
Ad

where A and ¥ are as above
£d = administered water or electrolyte
C = average 7 change in excretion on control days. This was not
elways sero; for Ma' and X* the average oontrol change was used
to correct the expected base line.

RESULTS
Urine excretion

(1) Yolume

On 5 of the 6 control deys, the urine volume shoved minor fluctuations
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Tgble 20. Exocretion of weter following intreruminal infusiom,
«apressad as € of the 1load for the 3 litre infumiars,
and as ml of the 300 ml water load retained after oarrection
for the basal rete far the hypertonis infusioms.

Inf\sion % load excreted Averege
Tater 85
3 1itres 7] S
Np)
L
KTl 65
3 1itres Sl 52%
0.5 S0
38
NaCl 40
3 litree by 294
Q45 3
24
Infusion Vater retention (ml)
.3 | 133
0.3 litre 205
1.5 625
NaCl 31
0.3 litre 124
1.5 K65
124
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IPig 91. Urine volume following intraruminal infusions: a -
control; b,c = 3 1 water; 4 - ¥C1 (3 1, 0.15M); e,f,g = NaCl

(3 1, 0.15H); h = KC1 (0.3 1, 1.5M); i = NaCl (0.3 1, 1.5m3.
Note particularly type (a) water diuresis in b and type (b
diuresis in c; d - after XCl1l (3 1, 0.15M) a pattern similar to
type (b) water diuresis; varisble effect of NaCl (3 1, 0.15M)
in e-g. (a - sheep 1, 24.8.66; b - sheep 1, 22.8.66; c -
sheep 2, 22.11.66; d - sheep 1, 12.9.66; e - sheep 2, 24.11.66;
f - sheep 1, 25.7.66; g - sheep 2, 30.8.66; h - sheep 12,
1904.67; i —_— sheep 1, 1409.66).
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and no consistent trend, (Fig 91a), on the sixth day the changes in flow

weze larger. Overall, for the 8 hours, the volume excreted was + 107 of the
predicted emount on 5 days, but 15" less on one. On L of the 6 days, urine
total solutes charnged a similar emount to that of the volume. For purposes
of prediction, the base line was taken as the averege flor/30 min observed

over the first 90 mimites.

Two types of response to the water infusion were sean, each twice.
Type (a) urine flow approximstely doubled in the first 30 minutes, rapidly
reached a maximum of near 350 ml/30 minm between 1} end 2! hours, then declined
slonly (Fig 91b); in type (b) there was a delay of 30 mimutes before the urine
flow also reached a peak ot +1-2! hours, fellowing vhich the {low usually
remeined between 100-200 ml/30 min (Fig 91¢). The form of the response was
not an individual characteristic, as one sheep showed both kinds of response.
There appesred to be no difference in the efficiency of the diuresis: the
peek flows were ocmpersble, while the fraction of the load excreted was 857
and 79% for the farmer, and 8f% and 547 for the latter (Table 20). Type (a)
diuresis was associated with lower preinfuasion urine osmolality than was type
(b) - 600-1000 momy/Xg campered with 13501950 moma/kg.

After KC1 (3 1, 0.15), the petterm of urine flow qualitatively
resenbled type (b) water diuresies (Fig 914). The response wes cuantitatively
less: the peak flow reached 250-300 ml/30 min, then comtimmed ot eround
100 m1/30 min. The fraction of wmter excreted was also lower, aversging
527" (Table 20). The onset of diuresis cocurred in less than 30 minutes on
2 days with lower preimfusion urine oamolality, and in greater then 30 minutes
on the other two. There appeared to be no relationship between the frections

of the loads of water end of ¥ excreted.
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After NaCl (3 1, 0.1%), the pattern of urine flow was more
varisble. On 2 days, urine flow reached only a low peak in the {irst
1}=2 hours, then incressed progressively (Fig 9e). On the other 2 days,
the urine volumes vere much greater in the first hours after the infusion,
remaining high on one day (Fig 91f), and decreasing on the other (Fig 91g).
The freaction of the wetar load excreted was much lower than after either water
or KC1, aversging 29° (Table 20). The omset of the diuresis ccourred in
under 30 minutes on one dgsy, end in over 30 mimstes on three. As in the
case of K’ after KU1, the '’ excretion of the loads of weter and Na' were

independent.

Following KC1 (0.3 1, 1.5%’), urine flow 4id not exceed €0 m1/30 min
(Fig 91h), and appeared to be determined by total solute excretion. On 211
three days, the water excretion wes less than the besal excretion + 300 ml

(Table 20).

When NaCl (0.3 1, 1.5’) was infused, urine flow paralleled Na'
excretion, over the experimenmtel period approximeting 5 ml per m-ecquiv ra’,
Cver the 13=2. hours before the development of the natriuresis, the urine
volume remained unchanced, or, if initially high, decreased (Fig 91i);
thereafter it increased rapidly. On one day, the urine volume wes greater
than the basal rate + 300 ml, on the remaining three days, it was less then

that (Table 20).

(2) N’

Op the 6 oontro: days, 3 different patterns of "a’' ezaretion
occurred: (a) on 3 days Na' excretion was imitially O.1~0.2 m-equiv/30 min,

rnd remeined low (Fig 92a), verying less tham 1 m-eguiv from constant
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Piz 92. Urine Nat excretion following intraruminal infusions:
a,b,c = control; d,e -= 3 1 water. Note 3 types of control
response, a - commonly seen when the preinfusion Ha't was low,
¢ - when it was higher; two types of natriuresis during a
water diuresis, d - single peak, e - two peaks. (a - sheep 1,
24.8.66; b - sheep 14, 18.10.66; ¢ - sheep 2, 1.8.66; d =
sheep 2, 1.9.66; e - sheep 2, 22.11.66).
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Fig 93, Urine [-Naf_7 following intrarumifal infusion of 3 1 of
water. Ilote a = unusual pattern where Z-Na _7 remained high 5
during peak diuresis then fell; b,c - more common fall in Z-Na A4

during peak diuresis followed by an increase for a variable time,
(a - sheep 3, 18.7.66; b - sheep 2, 22.11.66; ¢ - sheep 2, 1.9.66).



12,

excretion; (b) on 1 day with the same initial excretion, a peak ocourred
around noon (Fig 97b) resulting in an extra 8 m-equiv of Na' being lost;

() on 2 days, the initiel excretion was 1-2 m=equiv/30 min, began dsoreesing
at 10.30-11 a.»., and over the 8 hours declined 50-60° (Fig 92¢). 1Im
predicting the basal excretion for the infusions, a low excretion was assumed
to remain low, dut higher rates to decrease by 50° over the 8 hours; it was
not poasidble to take peeks into acecount.

Water infusion inoreased Na' exoretion - the greater the diuresis,
the greater the Ma' loes. Preinfusion Na' execretion was high on all 4 days,
end assuming a 507 decline as a basal excretion rate, there was an extra
loss of 34, 49, 52 and 53 m-equiv of Wa's The natriuresis showed a single
peak at sbout 2 hours on 2 days (Pig 92d), but diphasic chenges with peaks
around 1 and b bours on the other 2 days (Fig 92¢). One sheep showed both
kinds of natriuresis on different days. Na' excretion depends on factors
other than the water diwresis. Wa execretion petterns were mot assooisted
with the two patterns of water execretion descrided above. Fuxther, urine
[ Fe' ] aiffered markzdly on one day frum the pattern secn on the other 3
days, (compare Fig 93a with Fig 95b, ¢). On 3 out of the 4 days, wrine
/[ Na' 7 aropped to eround 10 meequiv/)l during the peek dluresis; 2-3 hours
later it hed returned to the preinfuasion 30-40 m-equiv/l (Fig 9%b,c),
resulting in a single peak on 1 day, and two peaks on 2 days. On the fourth,
urine /Na* 7 remained high (2040 m-equiv/1) for &4 hours, then fell to
5=10 m-equiv/)l for the mext 2! hours (Pig 9%a).

For both NaCl solutions the pattern of Na' excretion was
gualitatively similar, consisting of two phases. The natriuresis wes
delayed for 1-2! hours after the infusion. At the Degirming of the
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Infusion| Freection | Sbheep & | Delgy Pretnftus- A.p!ru: No. of prev-
excreted | aate in iop Na' Ne® rate | iocus infusians
(<) onset aoreticn | 5rd=4th | & interval
(hours) | (m-eguly/ | bhowr since last
30 min) | (s-equiv/| (aays)
30 min)
Nall 15 46. 8.66| 2% 0.13 10 o
3 1itres 3
D150
19 25. 7.66 2 1.07 10 o]
1
26 2he14.66| 2 0.410 20 3
2 64 dsys
36 30. 8.66| ¢ Oh2 20 1
2 28 é&ays
NaCl 20 2. 8.66 2 0412 20 o
03 18t~ 2
Tes 1.5
3 26, 7.66 1’% Te7 20 |
1 1 Gay
&0 21. 966 | ¢+ 0.17 30 2
2 22 days
40 We 9.66 | 1 Oetl 30 2
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FPig 94. TUrine Nat excretion following intraruminal
infusions: a - NaCl (3 1, 0.15M); b - NaCl (0.3 1,
1.511); ¢,d = KC1 (3 1, 0.15M); e,f - KC1 (0.3 1, 1.5l).
Iiote delay in onset of the natriuresis after both NaCl
solutions (a,b) but not in all cases after XKCl (c,e);
after 0.1511 KC1l, the largest netriuresis is shown in c,
the smallest in d; after 1.5l KCl, the natriuresis was
small and at a variable time after the infusion (e,f).
(a - sheep 2, 24.11.66; b = sheep 2, 21.9.66; ¢ - sheep
13, 20.2.67; @ - gheep 2, 19.9.66; e = sheep 13, 24.4.67;
f - sheep 12, 19.4.67).
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natriuresis, Ma' exorstion increased rapidly, usually reached a peak in the
next 1'=-2 hours, following which it frequently continued ot a high level
(Fiz 9%a). On occesions, however, a' excretion contimued to increasse for
up to 4 hours (Fig 94db), particularly with the 1.7 NaCl. Table 21 shows
for each day the fraction of the load excreted, together with the delay in
onset, the sverage excretion during the third apd fourth hours of the
natriuresis, the preimfusion Ne' excretion rato, the mumbor of previous NaCl
infusions and the time interval since the previous one. The number of
replicates precludes any conclusions concerning significent reletiomships.
As might be expected, the fraction excreted appears greater the shorter the
delay in onset amd the higher the level of Na' excretion. Tt might appeer
that Na' excretion was higher after the more comoentreted infusion; it

might also appear that prior infusions hed & priming effect.

Tnfusion of “C1 (3 1, 0.154) increased Na' emcretion: by 11, 25, 38
an? 108 a~equiv over the following 6% hours (Fig S4c,d). Cn onms day, the
natriuresis preceded the increass in urire flow. The temparml relationship
betveen the natriuresis ond the kaliuresis varied. On two days, the onset
and peak of the Na' exnretion precedsd that for K', and or two days they
coincided. In all cases, Na excretion was decreasing again after 2 hours,
at o time when K' exeretion was increasinge During the peak of this
natriuresis, urine [Hf] was greater tham that ocourring during peak water
diuresis.

In comparison with that produassd by the more dilute KC1, the
netriuresis after KC1 (0.3 1, 1.5¢) was infused was only alight. Over the
6% hours only 10, 6 and 0.5 meequiv of Me' extra were excreted. The amounts
were cuantitatively aimiler to those on some contrel days, but because of
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Pig 95, Urine Kt excretion following intraruminel infusions:
2,b — control; ¢ - 3 1 water; d,e - KC1 (3 1, 0.15M); f,g - KC1l
(C.3 1, 1.5M)3 h - NaCl (3 1, 0.15l); i - NaCl (0.3 1, 1.5M).
Note the usual control pattern in a, atypical day in b; small
keliuresis during the water diuresis in c; delay in onset, but
merked kaliuresis after 0.151: KC1l (d,e); earlier onset but
lesser increase in XK' excretion after 1.5M KC1l (f,g); veriable
pattern after NaCl infusions. (a - sheep 12, 17.4.67; b -
sheep 13, 1.5.67; ¢ - sheep 1, 22.8.66; 4@ - sheep 13, 20.2.67;
e - sheep 1, 12.9.66; f - sheep 12, 19.4.67; g - sheep 13,
24.4.67; h - sheep 2, 30.8.66; i - sheep 2, 21.9.66).
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their timing would sppear attributable to the infusion. In each case, the
Ma' peak ocourred et the time of the K' peak, which on one Aay was over the
first 90 minutes (Fig 9%4e) and on tvo days was sfter L hours (Fig 94f).

) x'

On 5 of the 6 comtrol dsys, K' excretion decreased contirmously
over the 8 hours of observation, with only smell peaks and troughs (Fig 95a);
the overall decline was 13-29%. On the sixth day, K' axcretion immreassd for
3 hours before decliming (Fig 95b), so that overall 2% more than the predicted
amourt was excreted. For the infumions, the basal X' excretion was predicted
on the assumption that the initis]l rate would decrease by 16, the average
for the 6 control days.

+

Vhen water wes edministered, K excretion inareased a2 mmall smount
during the pesk water diuresis, then dsareased (Fig 95¢). Over the
experimenmtal period, total K' expretion appeared little different fram that on
the comtrol days: declines from initial excretory rates were k-, 10%, 19%

and 217, averaging 147,

Infusion of RC1 (3 1, 0.19¢) was followed by a kaliuresis which
began after a delgy of 30 minutes on 2 days, and of 90 minutes on 2 dgys. The
kaliuresis reached a2 maximm in the third hour in ell experiments, coinciding
with the highest plasme / K'_J, then declined slowly (Fig 954,8). The
frection of the infused K losd excreted in the urine evereged 30 (21, 27/,

317 end 407), allowing for a basal rate of 167 decline.

After the concermtrated XC1 (0.3 1, 1.5"), the knliuresis cormenced

eerlier; thus some increase in K’ excretion was evident in the first 20
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Table 22. K' exeretion following intrerumine) WeCl infusion, expremsed
es ¥ change from the preinfuxion rate; the extre m-equiv
of k' exoreted relstive to & bessl exurwtion of 167 declinme;
mﬁﬁemeﬁoulatimwmaMMM..

Infusion 8 bour @mretion | meequiv of K' extre (or less) with
relative to thet besal rete dselinming by
predicted from
preinfurion rate 167 o0

aCl - 29% - 8 - 9

3 1litres

Q.45 - % + 9 + 13

- % + + W%
+ 1% + 40 + &6

TaCl - 107 + 9 + W

0.3 litre

.57 - 9% + 9 + 17

+ 67 + 38 + O,
+ 307 + 3% + 57

¢ 207 is the averege decline in the 5 similar control experiments.
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Fig 96, Urine C1™ excretion following intrsruminal infusions:
z,b0 - control; c,d - 3 1 water; e - KC1 (3 1, 0.15M); £ - KC1

(0.3 1, 1.5M); g - NaCl (3 1, 0.15M); h - NaCl (0.3 1, 1.5K).
Note the variable control changes in 2 and b; a small or large
increase in C1~ excretion during = water diuresis (c,d); after
XCl gnd NaCl infusions a marked increase in C1~ excretion,
usuzlly with little delay in onset (e-h). (a - sheep 2,
1.8.66; b - sheep 12, 17.4.67; ¢ - sheep 2, 22.11.66; d - sheep
1, 22.8.66; e - sheep 13, 20.2.67; £ - sheep 2, 30.3.67; g =
sheep 2, 30.8.66; h - sheep 2, 2.8.66).
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minutes in 8ll. Over the early post-infusion period, K* exaretion increesed
to 12«14 m-equiv/30 minutes, thereafter, in two cases excretion rete
continued to inorease to the end of the experimental period (Fig 95f) while
in the third, excretion fell ond was mainteined st a lower, almost constant
rate. The preinfusion level was lower on this dey (Fig 95g). The

fraction of the K' load excreted was 167, 18" and 297, overazing 18%.

After each of the el infusicns, on 2 of the 4 days X' excretion
decreased over the experimentel period (Fig 95h), while on the other 2 days,
2 ' peak lasting 3-4 hours preceded the Na' peak (Fig 95i). The overall
charges in K' excretion for the 8 days are shown in Teble 22. C(usntitatively,

the arount of Ma' and of XK' exoreted did not appear to be releted.

(%) 5 g

On the control deys, C1~ excretion was varieble, both quantitatively
and qualitatively (Fig 96e,b). On two cocasions there was a progressive
fall, amounting to 177 and 3147, On 4 oceasions there were successive peaks
end troughs, the overall changes being decreases of 117 and 19 on 2 days,

no chenge on one, and an incroase of 317 on one.

¥hen water wes administered, a szmall or large increase in C1~
excretion occurred during the maximum water diuresis on each of the 4 days.
Over the whole experimental peried, the excreted amount was not obviocusly
different from on control days: 3 decreased 11-22° and one increased 25

After the NeCl amd RKC1 infusions, in gemaral, C1  excretion
paralleled that of the cation (compere Fig 96e=h with Fig 94, 95). Increased
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Zsble 23, Intrarudiml infusions: 7 ahange in HCO; exoretion from
the preinfuzion rate.

Infusion Fo. of < change in mo; excretion
observaticns
Control A - g
- 19
- 2%
- 34
Vater 3 + %
3 1litres + 500
+
Hall 3 + 597
3 litres + 0%
O.15ﬂ + ’ﬂ
RaCl 2 + 1%
003 lim + 92(‘}
1.5M
RC1 'y - 387
3 litres + L
0.451 + 5%
+ 687
KC1 3 - 3%
0¢3 1itre + 3%
1.5 + 597
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Fig 97, Urine HCO% excretion following intraruminal

infusions: a - control; b - 3 1 water; c - NaCl (3 1,
0.15k); 4 - NaCl (0.3 1, 1.5M); e - KC1 (3 1, 0.15k);

f - XC1 (0.3 1, 1.511)s Note the usual control

pattern of an overall decline, particularly during

the latter 3-4 hours; increased HCO3 excretion after
all types of infusion. (a - sheep 14, 18.10.66; b =
sheep 2, 1.9.66; ¢ - sheep 3, 16.8.66; d - sheep 1,
14.9.66; e = sheep 13, 20.2.67; £ = sheep 13, 24.4.67).
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C1” excretion began soon efter the infusion although excretion of the
administered cetion was delayed: where Na® preceded X' after RKC1 (3 1, 0.15K),
some C1” wes exoreted with the Ma'; furthermore, o mmall amount of C1~ was
excreted before the Te' after both NeCl infusions. The everage frection

of the C1~ loed exoreted wes similar to that for the sdministered cation

when the dilute solutions were infused., For the two more concentrated

solutions, C1™ loss was e 1ittle less than the cetion freotion.

(s) Hc_ltf'

The exoretion of HCO, wvas not estimated on every deys On 3 control

days, Hco; exoretion droreased over the experimental period by 15-34%; the

changes were nct uniform, the mein decreess occurring during the last 3=

hours (Fig 97a)s On one dsy of low mo; sxoretion, overall there was no trend.

A1l types of infusion inoreased Eco; axoretion (Fig 97b=f), but

not on every occasion (Table 23). nco; exoretion scoampanied that of Na*

as frequently as it d1a that of X',

Vhen weter was administered, the maximum mo; output oocourred
af'ter the peak of water diuresis and appeared to be related to Na' rether

then to water exorstion. Nore Hco; was exoreted over the 8 hours them on

control days (Toble 23).

Following MaCl (3 1, 0.,15M), there was a small mo; peak preceding

the Fa' excretion, and such larger excretion acoompanying the natriuresis

(F1g 97c). When concentreted NaCl (0.3 1, 1.54) was administered, ﬂco;

excretion was roised during the matriuresis. For both solutions, Hco;

excretion was consideradbly grester than for the controls (Table 23).
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UREA
25+ a. b
20k F'ig 98, Urine urea excret-
4 ion following intraruminal
1.5+ infusions: a - control; b -
ol F KC1 (3 1, 0,15M); ¢ - 3 1
e water; d - NaCl (3 1, 0.15).
£ os} Note abrupt increase in urea
' Y B R excretion in controls snd
: e 3 after infusions. (a - sheep
- — 3, 2007.66; b - Sheep 2,
i - d 19.9.66; ¢ - sheep 2, 1.9.66;
v 25~ C. . d - Sheep 3, 16.8.665-
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Fig 99, Urine pH following intraruminal infusions:
a - control; b = 3 1 water; ¢ - KC1 (3 1, 0.15l);

d = NaC1 (3 1, 0.151); e = KC1 (0.3 1, 1.5M); f -
NaCl (0.3 1, 1.5Y). Note small decline in pH on
control days; more marked fall during the diuresis
following water or 0.15M NaCl or KC1l (b-d); slight
increase in pH after the 1.5V infusions (e,f).

(a -— sheep 12, 17.4.67; b - sheep 3, 18.7.66; c -
sheep 12, 27.2.67; d - sheep 1, 25.7.66; e - sheep
2, 30.3.67; £ = sheep 1, 26.7.66).
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3
progressively over the postinfusion period, but on the other oocasions

On ons day after each of the KCl imfumiomns, FCUCO, excretion decreased

nco; exocretion was reised (Table 23). Y¥hen the more dilute KC1 solution

wag infused, FCO

3

level (Fig 97e). Quantitatively, the extra mo; was related to the sum of

the extra Na' end K* 1ost, rather than to K' slone. After the XC1 (0.3 1,

reacted an carly peak, then returmed to the preinfusion

1.5¢), the increase in moj and in K* excretion ocourred nt nearly the seme

time (Fig 97f).

(6) Ures

Urea was not estimated on #ll days. On esch of the 4 comtrol
days on which it was measured, urea was found to inarease, frequently
discontinuously, over the experimemtal period (Fig 98a). In one cese the
increase over the initial rate was 20, in the others it was 75-100".
Similer increases ocourred after the infusions (Fig 98b). The grestest
losses were observed after the water load and the dilute FNaCl (up to 2007)

(Fig 980,2).

(7) P

pfl was not estimated on all days. 1In general, chenges in urine
pH paralleled those of /| Hco;]. On the 4 control days on which pH was
measured, it did not charge until the last 3-4 howre of the experiment when
a steady decrease occurred. On nome of these days did the pH fall below
740 (Fig 99a). TWhen the urine flow started to increase after infusion of
water (1 day), dilute X1 (2 days) amd dilute NeCl (1 day), the urine pH
decreased 0.5-1.0 units, and remained at that lower pH except after the KC1,
when there was a later small rise (Fig 99>-d). After onme of the XCl
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iz 100. Relative plasma volume following intra-
ruminal infusions: a,b - control; c,d - 3 1 water;
e -= NaCl (3 1, 0.1511); £ = NaCl (0.3 1, 1.5M);
g - KC1 (3 1, 0.1511); h = KC1 (0.3 1, 1.5l5). Note
the variable changes in controls and after water
infusion, slightly greater in d than on control
days; considerable increase in plasma volume after
both NaCl solutions, reaching a peak around 3
hours (e,f); decreased volume for 2-3 hours after
. 0.15M ¥C1 (g) but no change after 1.5l KC1 (h),
followed by an increase in volume with both.
(2 - sheep 12, 17.4.67; b = sheep 14, 18.10.66;
¢ - sheep 2, 22.11.66; d - sheep 2, 1.2.66; e -
sheep 2, 24.11.66; f - sheep 1, 26.7.66; g - sheep
1, 12.9.66; h - sheep 12, 19.4.67).
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infusions, when the [ mo;] fell to 2-10 me-equiv/1, the urine became aecid.

The urine pH inoreased alightly efter the concentrated NaCl emd

KC1 (0.3 1, 1.5¥) (Fig 9%e,f).

(8) Jotal Solutes

On all 6 control days, total sclute excretion fluctuated little
over the experimental period, decreasing by 2-10% on 5, and by 15% on one.
The water diuresis increased solute excvretiom, particularly during the early
period; the increase over the whole experimental period was 10~30°. All
infusions of electrolytes inareased the total solute exaretion, usually in
parallel with the excretion of the infused eleotrolyte. The average 7
recovered compared with the 900 mosm administered was 37" for the dilute
KC1l, 157 for the compertrnted KC1l, 27, for the dilute Nall, and 30 for the
conoentrated NeCl. The basal exaretion was not corrected for ths amall

control decrease.

The relative plamna volume on oontrol days was variable, with no
consistent trends as a group, (Fig 100e,b). Changss which cocurred cften
seemed adrupt, dut overall trends rerely exceeded : 87 of the 9.15 s.m.
volume. The / plasms protein ] remained more nearly constent; the mmall
changes that did ocour were ususlly parallel to those oaxurring in the
calculated relative plasme volume. Plasma 0.P. decreased a little over
each day, to a greater extemt when the initisl 0.P. was higher. On 5 of the
€ days, et the end of the period the 0.P. lay between 283~286 momm/kg



Facing page 131.

O.P.
290[ '\0/‘\'— ( > \’i_\
[ Jr_ W\_\]gll LA_A_AAAA_/
27001 1 1 { S L] i S | | B 1) LS
[oter 37
290~ d. e. f.
‘:‘ I W
£ |
gz?olllllllllllillllllll T T N T T . 4 |
€ 8am 10 12 2om 4 6 8am 10 12 2om 4 8am.10 12 2om 4
. Iwmerjl- (woter 31 woter 31
© g. h

290 .«/_._\—\

plosma

py L | MOMERRY S0 W E (e U L
Fec 310757 COEERED)
3oor i [ J.
i w//HV*\\F- I \/”_Fr’ﬂﬁ
2soga;1o 12 Zom 4 Bom 10 12 2om 4
EQ?TEEE oM

Fiz 101. Plasma osmolality following intraruminal infusions:
a,b = control; c-f - 3 1 water; g - NaCl (3 1, 0.15M); h - NaCl
(0.3 1, 1.5l); i = KC1 (3 1, 0.15M); j - KC1 (0.3 1, 1.5M).
Note the overall declining O.P. on control days and after water
infusion; no fall in O0.P. over the first 1% hours after water
infusion in c¢,d but a prominent drop in e; a greater rise in
O.P. after 1.5l NaCl than after 0.15M NaCl (g,h); one of the
variable effects of 0.15M KC1 (i); a steady increase in O.P.
after the 1.5M XC1 (j)e (a - sheep 2, 1.8.66; b - sheep 3,
20.7.66; ¢ - sheep 2, 22.11.66; d - sheep 2, 1.9.66; e - sheep
1, 22.8.66; £ - sheep 3, 18.7.66; g — sheep 2, 24.11.66; h -
sheep 1, 26.7.66; i - sheep 12, 27.2.67; j - sheep 13, 24.4.67).
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Fig 102, Plasma total solutes following intraruminal infusions:
a - control; b - 3 1 water; ¢ - NaCl (3 1, 0.15lk); 4 - NaCl
(0.3 1, 1.5Li); e = KC1 (3 1, 0.15M); £ = KC1 (0.3 1, 1.5M).
(a - - sheep 1, 24. 8.66 b - - sheep 2, 1. 9.66
- sheep 3, 20. 7.66 - sheep 1, 22. 8.66
sheep 2, 1l. 8.66 - sheep 3, 18. 7.66
sheep 14, 18.10.66 - sheep 2, 22.,11.66
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c - - sheep 2, 24.11.66 d - O - sheep 1, 1l4. 9.66
- sheep 2, 30. 8.66 © - sheep 1, 26. 7.66
- sheep 1, 25. 7.66 X = sheep 2, 21. 9.66
A - sheep 2, 2. 8.66
e = O - sheep 2, 19. 9.66 f = O - sheep 2, 30.3.67
© - sheep 12, 27. 2.67 © - sheep 13, 24.4.67
X - sheep 1, 12. 9 26 X - sheep 12, 19.4.67
AN 2.67

sheep 13, 20.
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(Fig 101e,b)s Wo consistent trend in plasma totel solutes ocourred from
day to day; changes appeared to be related to chenges in plasme volume, end
were of a similar magnituds (Fig 102a).

DPuring & water diuresis, plasma volume, 0.P. and total solute
changes did not appear different from those om comtral dsyse The changes in
0.P. on all 4 éays are shown in Fig 1010-f. On 2 days, the O.F. had not
dropped below the preinfusion value after 1) hours (Fig 101¢,d) at a time
when the urine flow had increased to over 300 ml/30 min. On tho other 2
days drops 4id oceccur, however, in only one oase was it prominent, On none
of the 4 dsys did the plasme volume inorease immediately efter the infusion;
on 2 it decreeseds, The chsnge in volume 6 hours after the infusion had
been given was on 2 oconsions similar to that ocourring on control days,
i.e. within 8% of the 9.15 a.m. volume, (Fig 100c). Ob the other 2 days
there was a slightly grester incresse, 8% and 14’ (Fig 100d4). Changes in
total solute comtemt (Fig 107b) aid not appesr to differ fram those seen in
the controls, with the poszidble exception of one animal,

Both NaCl infusions resulted in considerable expansion of the
Plasma volume and inarease in its total solute content. However, the
changes in 0.P. were considerably greater after the conmsotrated Nall than
after the 0.15M NaCl, Plasme volume changes were similer for both selutions,
recshing 2 maximum after 3 hours, when Na' exaretion wes inereasing repidly,
then declining (Fig 10Ce,f; Teoble 24). After the dilute Hall, plesme
0.P. increased 1ittle far the first 2-3 hours, then fell (Fig 101g). The
{mmresse was far greater after the concentrated NaCl: in 3 of the 4 it reached
a plateau 3 hours after the infusion (Fig 101h). Total solutes reflected
this difference in 0.P. Over the first 3«4 hours post-infusion, total
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Toble 24+ Plasma volume and total solute ocontent relative to the

9¢15 aeme velue after intrerumimml infusion of NaCl solutions.

Tmfusion Plasma volume relative to Totel solute ocontent
the 9.15 aeme volume reletive to 9,15 aenm.
Haximum After 6 Heaximum After 6
(after 3! bours (after 3- hours
hours 4 howrs)
NaCl zw-m% 206-11&;‘5 213-128% 1074107
3 litres av 8 : e
0.151 120%; 109% 11%; 1087
NaCl 1(1&-11&! 1(08-11&% 218-1%% 210—423”
0.3 litre a ) ave
1.5M 11& g 11¢7 1%5 1467




solutes reached s maximmm, then declined (Fig 102¢,d), however, the

changes were quantitatively greater after NaCl (0.3 1, 1.54) than after the
dilute infusion, particularly efter 6 hours (Tsble 2,). For both selutions
there was an apparent inverse relationship between tlie imoresse in plasma
volume and total solute comtemt on the one hani, and the rate ef Ma'
excretion on the other, i.e. the greater the ra' retention, the larger the

increase in plasma volte end totel solutes.

Following XC1 (3 1, 0,15") there wes an initial drop in plasma
volupe to 23 low a3 93  of the 9.15 a«m. value during the first 2«3 hours;
there followed a rapid incresse to 110-1207 on 3 days, and to 105" on the
fourth (Fig 100g)s CoP. changes were variasble: on 2 days there wes en
increase for 3 hours af'ter tho infusion followed by e retwrn to the preinfusion
level (Fig 1011); on onme Acy the 0.P. remairmd elevated; on the fourth day
there was sn initisl decrease before the incresse, Totel solutes did not
change over the first 2-3 hours on 2 days, but decreesed a little on the
other 2 days when Na' excretion was high. After this initial period, a1l

4 increased to 105-1207 (Fig 102e).

After infusion of KC1 (0.3 1, 1.5¥), plasme volume remained
unchanged for the first 2=3 hours, and then increased to 10%’, 115: enmd 12G%
after 6 hours (Fig 100h). Over the whole period, 0.P. increased steadily
by 7-10 mesm/kg (Fig 101J)e Total solutes were almost unchanged far 2-3
hours, then rose to 1077, 1187 amd 1217 6 hours efter the infusien (Fig 102f).

For all infusions, / plasma protein_/ changes parulleled those of
the caloulsted relative plasma volume.
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Pig 104. Plasme / C1 _/
following intraruminel infusions:
a8 - control; b - 3 1 water; c -
aCl (0.3 1, 1.511); 4 - KC1

(0'3 1, 1051\"’-[)0 (a I’ Sheep 2,
1.8.66; b - sheep 2, 1.9.66; c -
sheep 1, 26.7.66; d - sheep 13,
24.4.675
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Fig 105, Plasma K content followin intraruminal infusions:
a - control; b = 3 1 water; ¢ - KC1l %3 1, 0.15M); 4 - KC1 (0.3 1,
1.5M); e - NaCl (0.3 1, 1. 51.1), f - NaCl (3 1, 0.15l).

a -

( O - sheep 1, 1. 8.66 M- o - cheep 2, 1l. 9.66
O - sheep 3%, 20. 7.66 O - sheep 1, 22. 8.66
X - sheep 2, 1. 8.66 X -~ sheep 3, 18. 7.66
A - sheep 14, 18.10.66 A - sheep 2, 22.11.66
LH - Sheep 13, 1. 5067
v - sheep 12, 17. 4.67
¢c = O - sheep 2, 19. 9.66 d = O - sheep 2, 30. 3.67
Q - sheep 12, 27. 2.67 O - sheep 13, 24. 4.67
X = sheep 1, 12. 9.66 % - cheep 12, 19. 4.67
A - sheep 13, 20. 2.67
e = O - sheep 1, 14. 9.6 f - O - sheep 2, 24.11.66
© - sheep 1, 26. 7.66 © - sheep 2, 30. 8.66
X - sheep 2, 21l. 9.6 X - sheep 1, 25. 7.66
A - sheep 2, 2. 8. 66 A - sheep 3, 16. 8.66).
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(2) (e’ ] ema [C17 7

Plasma /Ma' ] charges (Fig 103) 3id not always parallel those
of 0.P. and at times were consideysbly greater, particularly after water
infusion and in the controls, in both of whioch cases the clanges in 0.P.
were amall. FHowever, after the electrolyte infusians, / Na' ] and 0.P. in
general showed a similar trend, although there vere greeter anmi more ebrupt
changes in the /s’ / (Fig 103¢). With KC1 (3 1, 0.45H) there was slower
increase of / Na' ] compered with 0.P. over the first 2 hours, when /K'_7
incressed markedly (Fig 103d); however, the difference was greater than
the increass in /X' /.

Plasma /C1”_/ (Fig 104) remained slmost unchanged on control days,
but after a water irfuaion, dscreased slightly. Following infusion of the
electrolytes, in general / C1~_/ and 0.P. were similar, but not precisely so.
An exception was after XC1 (0.3 1, 1.5), (Fig 1044), where /C1™_/ increased

to a peak, then decreased widle 0.P. kept increaaing.

(3) (X' 7 enda X' content

On control days and after water inmfusion, the trends in plasma
[x’] and K* content were varieble. For the controls, on 2 days there was
an inoresse in /K'_7 (Pig 106s), on one there was a dscreess amd on 3 there
was no change (Fig 106b), while for the water infusion, 2 irmxreased and 2
deareased (Fig 106c). There was a similar lack of pattarn for K’ content

(Fig 105e,b).

The two KC1 infusions produced chenges in /X' 7 end X' contenmt
of quite different time course and magritude. After KC1 (3 1, 0.1548), the
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Fic 106. Plasma /¥ _J following intraruminesl infusions:

a,b - econtrol; ¢ - 3 1 water; & - XC1 (3 1, 0.15!); e-g - KC1

(0.3 1, 1.511); h - HaCl (0.3 1, 1.511); i - NaCl (3 1, 0.15M).

Note varlable changes in controls and a2fter water 1nfus1on (a—c),

a large increase in /¥ _/ efter 0.151 KC1 (d), less after 1.5l

YCl +g} and with a vdriable time course in the latter; a fall
after both MaCl infusions. (a - sheep 13, 1.5.67;

b - sheep 1, 24.8.66; ¢ - sheep 2, 22.11.66; d - sheep 13,.

20.2.67; e - sheep 12, 19.4.67; f - sheep 2, 30.3.67; g - sheep

13, 24.4.67; h = sheep 2, 2.8.66 i - sheep 2, 24.11.66).
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plezma /K’ ] was unohnnged for 15 mimstes, but immresssd steeply over the

next 2 hours to a maximum of 5.5-7.4 m-equiv/l, corresponding to zn incresse

of 1.1, 15, 2.2 and 3.1 moquiv/l. Subsequently, the concemtration decreased
et & verisble rate, but not to the original level (Fig 1063). Chaenges in K’
content were similar, remaining constamt for 15 minutes, but inareasing to
130-140" of the initiel level over the next 2-3 hours (Fig 105¢). Thereafter
on 2 4sys when K' excretion was lower amd the plasma total solute content
imreased, X' content fell to 125%; but on the other 2 there wes a further

small inorease to 140-1507,

After KC1 (0.3 1, 1.5), the changes in plasms /K’ 7 and X' content
started earlier as shown by rises, altbhough amall on 2 days, during the first
15 minutes. The pattern of [K+_7 changes differed on the 3 days. On one
any, /[~ k' _/ showed no substantial change ell day (Fig 106e), on a second, a
second increese ocourred after 3 hours (Fig 106f); while on the third day,
there was & maximm imorease of 1.8 meequiv/l at 15 minutes, followed by a
decline (FPig 106g). X' conmtont foilowed /K*' ] over the first 2 hours efter
the infuaion, dbut for the latter 4 howurs there was & more uniform slow
ingrease (Fig 105d). At 6 hours, the X' oontent was 1187, 1277 and 13§ of
the initial velue, the smeller increase occurring on a day of lower increase

in plasma total seolutes.

Both NeCl infusions oaused marksd drops inm plasma /X' /. Nell
(0.3 1, 1.5¢) lowered /X' 7 on 3 of the 4 2ays for up to 4 hours by 0.5-1.0
m-equiv/l (Fig 106h); on the fourth it was unchanged 21l dsy. Since plasma
volume increased considerably onm all days, the chemge in K’ comtent was more
variable, (Fig 1056). On the day of comstant /X' 7, K' content increased
inmediately end remained eleveted all day; on 2 days there was a decrease to
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950-957 for 1-2 hours; momdqx‘untentimdoﬂyatthonﬂof
the pertod.

On ell 4 dmys, 8eCl (3 1, 0.15¢) reduced the /K’ /] over the first
bslf of the post-infusion period by up to 0.8 m—equiv/l (Pig 1061). ¥with
the concurrent increase in plasma volume, X' comtemt incressed on 3 days by
ebout 1G%, but on the fourth, a day on which urimary K' excretion declined
as in the controls, there was an increase in K' comtent of 107 (Fig 105¢).
Over the lest 3 hours of the experiment, / K'_/ increesed again to the
originel preinfusion level, Over this time, X' content incressed on 3 days
to 1187, 1217 amd 1267, but returned to the initial level on one day.

DISCUSSION

Interpretation of experiments of this type is hindered by the
limitations of the techmiques. An exmample of this i1s the lack of parallelism
in changes in plasma 0.P. and [ﬁa‘] vhere these are relatively amall. O0.P.
dsterminations were vory accurate, to 1 momm/kg, wteareas the zoallest
detectabdble increment in [ Ha' ] was 2,5 m-equiv/l, end the estimetions mede to
5.0 meequiv/l with confidence.

The second problem was the lack of constancy in the control
experinents, and the variation between days. If the results are to de
analysed, some compromise is necessary, and a base line for the infusions
hes to be chosen from the control experiments. In the case of Na' excretion,
there appeared to be two types of response depending on the initial rate.
In the case of K , the other impertent cation, on 5 of 6 control days K~
declined steadily by 13-297, but on the sixth increased by 2’. The average
would be a decline of 167 for all 6, but of 20 for the 5 similar days. Of
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the two, 167 was chosen, being the overall average. For the NaCl infusions,
the effeet on the urinary K* excretion in excess of the oomtrols of using a
dase line of 167 dscline end not of 207 is shown in Table 22.

These limitations must be borne in mind in the following discussion
in which the treatments will be considered as entities.

1) Control

All the expuriments reported in this chapter were perforasd during
the last 8 hours of a 2 hour day which started with a 3 hour feed detween
Le=7 pame Thus, they were commenced after a fast of approximately 13 hours,
and the control experiment was, in fact, observetion of the changes associated
with a fast of 13}=-2¢! howrs. The omwe—daily feeding experiments had ahown
that this period was one of the most constant for wrine excretion end plasma
composition for the day, and that infusions performed arouni feeding time,
such as those of Keynes end Harrison (1967), weuld be difficult to interpret.

Plasma changes were small and followed no tremd exvept for 0.P.
which decrecsed slowly. Although urimery excretion was not constant, the
veriation was systematic. Urine volume varied less than ; 107 of that
predicted. MNa' excretion followed one of three patterns, ome for high
excretion and two for low excretion. Tetal solutes showed aimilsr changes
to those in urine flow on 4 of the days; K' mmo;mmmmum
13=29% and 15-34% respectively. Urea increassd 75-100%. pH decreased a
1little towerds the end of the observation period. Although exnretion was not
constant, the chenges were small compared with the infusions, and interpretation
of the infusion results was not usually &iffiocult.
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(2) Hater infusion

Excretion of water and of electrolytes after water loading is
influenced bty species differences, the state of hydxration, diurmal factors,
temperature and by the magmtude of the losd. Blood dilutiom occurs with
the slower excretion of moderate loeds given at night (Blamhert, Gerbdrandy,
Nolhuysen, Nevries amd Rorst, 1951), after large loeds (Chanutin, Smith amd
Hendsl, 1924; Gross, 1948), or after inhibition of the diuwresis with
pitressin (Smirk, 19330). Specios differences are apparent in the height
and spread of the water excretion curve in the experiments of Smirk (Heller
snd Smirk, 1952e,b; Samirk, 1932; Smirk, 1933a,b,0), and the diuresis was
increased by cold, and reduced hy wvarmth and previous water depletion. A
water diuresis can be inhibited by isotonic reduction of the ECF volume
(Cort, 19%.). The effect on urine excretion of an imtreruminal infusion of
3 1litres of water 18 hours after feeding contzests sharply with that of
consuption of a aimilar volume during feeding, whem no large diuresis results,
Keynes and Harrison (1967) infused 1 litre at feeding time in sheep witbout
producing 8 diuresis, however, the animals hoad acoeas to drinking eater, amd
the noraal praniial intake was depressede.

In the present exparimemts, an average of 7, of the losd was
excreted in 6 hours. The fraction excreted fram this relstively large
loed (7986 ml/kg) oampares with that reported by others in ruminants and
in gertain studies in man end the doge. Moderate loads (2 litres and 50 ml/kg
in man end dog respectively) were completely excreted in 4 hours during the
day (Chemutin et 8l.,192h; Klisiecki, Piokford, Rothechild end Vermey, 1933;
Verney, 1945, 1947; Blombwrt gt al., 1951), vhile large loeds (100 ml/kg
in the dog) were more slowly excreted and caused expansion of the ECF volume.
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In goats, Andersson (1955) produced e meximum water diuresis of 1200 ml/
hour with 7-8 litres of nater, anmd a flow of 400 ml/hour with §' litres.
In the present experiments, 3 litres produced a diuresis of up to 600=-700
nl/dour. Lysov (1960) infused 2-5 litres of water in sheep, and recovered
9% in 5=7 bours.

The time course of the diuresis followed one of two patterms,
both of which have been described by other workers: type (a) in which there
wes a steedy dealine after the peak, and type (b) in which there was a
fairly constant flow after the peak, The sheep in Lysov'!s experiments
shoved type (a), while Andersson's goets showed a pstterm similar to type
(b)e The cause of the differing form of the diuresis was not establiahed,
but was not en individual charscteristio. It mgy dbe related to the state
of hydration since type (a) diuresis was associsted with lower preinfusion

urine 0O.P.

In non-ruminants, in the first hours of a water diuresis some
extre Na*, K* end C1” were axrwwted (Chamrtin et al., 192h; Kliselecki et al.,
1933; “ggleton, 1943; Verney, 1946, 1947; Gross, 1948; Blombert et al.,
1951; Redd amd Hills, 1965). In the oow, Sellers and Roepke (1951)
found increased Na' excretion and a small rise in k', c1'anapo;m2
hours after water loading. Andarsaon (1955) descrided a fall in K* amd C1°
excretion in goats undergoing a water diuresis, but believed fasting could
account for some of these observations. In the present experiments, total
salute excretion inoreased 10=307, compered with a small decrease on comtrol
days. Urea excretion was about doubled over the controls. Uree recycling
from the collecting duct to the loop of lenle cesses during water diuresis,

hence urea loss in the wrine is usually grester (Ullrich, 1960; Gottschalk,



13%.

1961). Smell increases in the excretion of K’ end C1~ occurred &uring

the maximun diuresis, but overmll differed 1little from the controls. It is
not clear why Andersson failed to observe the transient increase in K" and
C1™ excretion since there was & similar overall decrease in both as in these
sheep. He also failed to note any immresse in Na' exarction, which
contrasts with the prominent charges in Na' as well as in mo; excretion
seen in these experiments: an extra 34-53 meequiv, everaging 47 m-equiv, and

30 m=equiv respectively.

Puring the water diuresis there was an accompenying metriuresis
which might have been sclely of remel origin, but could also have resulted
from increased Ma' sbsorption from the gut elong with the water. The
measurements mede in these experiments were imadequate to differentiate between
the two. The greater the urine volume, the greater the fa' loss; +this does
not differentiate between absorption together from the gut, or remesl
exsretion togetber. This could be determinred by examination of the flow
and camposition of fluid leaving the rumen emd that entering the duodenum.

In the initial phase, duwring tho peak diuresis, the natriuresis would appear
to be of remal origin since on 3 of the 4 days urine / Ma' ] fell as the flow
ingressed, but overall the rate of Na' excretion inoressed. On the fourth
day there was a failure to lower / Na'_/ at this time, howover, it did fall
later. Less expected was the high Na' exeretion efter the pesk diuvesis
when on 3 days /Wa' ] rose to the preinfusion level although the flow rate
was still elevated. This could reflect a failure of the remal tubules to
reabsord Na® from very low concentrations after 2-3 hours, possibly through

e weakened stimulus. On the other hand, it may be excretion of Na' absorbed
from the gut. This is not negated by the cbservation of separation of the
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woter and Na' peeks since this also ocours after infusion of 0.15% NaCl.
The reason for the different [Na’] pettern on the fourth day is not known.

Normelly in men the anion accompanying the increased cation excretion
during a water diuresis is predominantly C1-. In the shsep, however, the rise
in mo; was much greater end sppeared to follow the Ne' excretion rather
than the water excretion. lowever, in man initially exmreting a Hco;-ueh
urine, Reid and Rills (1965) noted inareased excretion of Hco; along with
va' and X’ &uring marimal weter diuresis. They suggest the lower luminal
[aco;] might reduce ' searetion, or passive nco; resbscrption, hence
lower Ma' and X* resbsarption in the distal mephron, and irmrease the
exaretion of el three ioms. On the other hend, mo; BRy pessively follow
the inarease in cation excretion, so that the overall rate of H* secretion
nay not be altered, pert of the H' previously reacting with mo; being
excreted es increased titretedle acidity snmd emmomie. Urinc pH fell during
the water diuresis (also after KaCl and KC1 (3 1, 0.1%¢)), an observation
elso made in man by others when there was initially a high pi! (Zggleton,

1946; Barclay, Cooke, Kenney and Nutt, 1947; Knudsen, 1960; Reid and

Aills, 1965).

The stimulus to the diuresis is usunlly believed to be the
dscreased plasma 0.P. (Vernmey, 1946; 1947). Up to 2} litres of water were
aebsorbed and axureted without any change in plasme volume or composition
odvicualy different frum those on control days. Particularly noteworthy
wes the failure to observe reduced plasme osmolality as the stimulus for
the diuresis, except perhaps on one day. On another day, the drep in 0.P.
was no greater than on a control day, end on two days there was no decrease

at all. For 213 an increase in plasma volume appear to be the stimulus
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for the diuresis. Others have reparted only a small change in plasma
volume and O.P. after a moderate water loed (Chanutin gt al., 1924; Blomhert
et al., 1951). Yoreover, Cordova and Lococo (1964) repart & diuresis in
men after 1 litre of wmter, deginning after 1520 mimnntes, and reeching peak
flows of 214 and 11.9 ml/min et 4LO-G0 minutes, with no detectadle change

in PCV, /[ plasme protein_/, plesma 0.P,, Na', K and C17; the only decrease
was in the aldumin : globulin retio. Thus the present experiments are not
alone in failing to Aswmstruts clearly that reduced plasma osmolality ias
the stimulus for ADH inhibition. Nevertheless, reports that oamrecsptors
in the portal system may play a part in triggering the dduresis after water
loading (Maberich, Asis and lowacki, 1964, 1965, 1966; Asiz, Fowaoki amd
Haberich, 1966; Heberich, Agiz and Oham, 1967; Haberich, 1968) may explein
the diuresis in spite of lack of detectudble systemic effects,

(3) KC1_infusion

Little ocomparison is possidle with other reports of the effect of
k' infusion since these are largely restricted to intrevenous infusion in
monogestrics, and to intraruminal infusion when the aheep were being fed. In
the latter experiments (Keynes and Harrison, 1967; Dewhurst, Harrison amd
Keynes, 1968), the effects on Na' end XK' excretion were superimposed on the
already large changes associated with feeding.

The excretion of the extra water after both the concemtrated and
dilute KC1 was less than might have beenm expected. After KC1 (0.3 1, 1.5K)
the X' was eliminated with 1ittle increase in urine volume, and even in the
case of XC1 (3 1, 0.151) the water excreted averagwd 527 whigh is lower than
the fraction excreted after water (747). Nevertheless, a greater 7 of the
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water load than that of X' was execreted during the experimental period,
possibly beceuse some XK' was temporarily ebsorbed into the intrecelluler
pool rather than being excretsd. The difference in water recovery from
d41lute KC1 compared with water infusion is in the range 0.7~1.0 litre.
Fowever, after the KC1 there was a 10-207 expansion of the plesma volume by
the end of the eaxperirental periocd. If the TCF is expamled to the same
extent, this accounts for most of the adbove difference in water excretion.
The time course of the diuresis wes similar to type (b) wanter dluresis - that
with a peak feollowed by a feirly constant flew - dut in both phases the flow

rete was lower,

If water wore absorbed directly from the rumen, ome rdight expect
sbsorption following a water load would be grester and ecarlier thanm following
dilute KC1 infusion since the water would be expevted to lower the rumen 0.P.
by sbout 120-140 mosm/kg, while the 0,15 KC1 would raise it a very emall
eamount. In fact, the observed patterns of water abaorption and exaretion
were similer following both types of infusion if ellowance were mede for
the expansion of the ECF volume by KCl infusion Conseguently, if water is
sigrificantly ebsorbed in the rumen, the rate must de imdspendent of the
osmmotic gradiemt. It would appear more likely that the mmen is relatively
impermeadle to water, and that adbsarptiom ocours lower in the digestive tract
where osmotic differences have a smaller effect on the rate of water sbsorption.
This could occur either by modification of the composition of the digesta
leaving the rumen before resching the sbsorbing region, or by absorption imn
the amall imtestine fallowing equilibration to isotonicity in the duodenum
(Rinfle amd Code, 1962; Crim, 1962; Fordtran et el., 1965). The similarity
in water cbsorption from the twu solutions would depend on their stimulation
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of rumen outflow to & camparahle extent, 2s would be likely when the
volume infused is the same (Ash, 1962). Furthar evidence of the low rumen
permeadbility is the lack of shrinknge of the plaeama volume during the
{nitial 2-3 hours after the concantrated KU1, even though K' absorption was

low, suggesting water cannot readily pass inmto the rumesn.

Of partiocular interest is the differemt absarption and excaretion
of K* efter the two IT1 infusions. In the period imuedietely following
infusion, absorptien and the omnset of excretion were more rapid with the
more concentrated KC1, uwbomnﬁmﬂnurlyrioeinplamf content
and in K’ exeretion. On the other hand, over the next 2-3 hours absorption
and excretion from the dilute KC]l were much greater. Towards the end of
the observation period both of these parameters were incressing steadily in
the case of the 1.5 FKC1l, dbut had reached their peak and were declining in
the case of the “ilute XCl. At the end of the experimental period, the rise
in plasma K' conmtent was about one=—third less in the group receiving the
concentrated KC1 and the average K' execretion was aimilarly lower (1687
cowpared with 307 of the infused load).

Some cheracteristics of the permesbility of the rumen to X can be
inferred from the sbove observetions. Tt would seem that direct K' absorption
through the rumen wall is lgas than thet fram other areas of the gut, deing
small unless there is a considersble inorease in rumen /K'_J as would occur
inmedietely after the infusion of the 1.5 KC1. The whole cuestion of the
permeability of the rumen wall to water and electrolytes will be discussed
further in Chapter 7, the general discussion.

m;mwmmoummmthtthnmﬂmoff
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is inlependent of plasma / K _/, since increases in the former frequently
cocur with no Agtectable chenge in [ X’_J, or even & decrease. The role
of intracellular determinants of K exeretion cammot be assessed from these
experiments but may be of major significance.

Tnereased Ne' exeretion occurred st the time of peek K* exeretion
after both KC1 infusions, but especially efter the dllute iCl. Indeed, the
natriuresis after KC1 (0.3 1, 1.54) was similar in magnitude to peaks on
curtrol dsys, but the coincidence with the K' pesk suggested it was an effect
of the infusiom. Six hours after either infusion, the plasme total solute
content imoreased to 105-1217, hence some Ne', the major ECF cation, must
heve accumulsted in the FCF at the expense of Na' in the gut or ICF.

There are 5 possidble ex;ianations for the increased Na' exeretion

following KC1 infusion:

(a) The inereased Na' exeretion could erise from release of ICF Na'
by X (Sellers and Roepke, 1951; Liddle, Bemmett end Forshas,
19533 TLaragh amd Capeci, 1955).

(v) The extra Na' could be derived from anhanced Me' absorption from
the rumen in the presence of ruud['k*] (Stacy and Warner,
1966; Secott, 1967),

(o) The excreted Wa' may result fram inmreased cutflow of ruminal fluid
to more distal areas where Na' might be sbscrded, perticularly
for the dilute infusion, when the volume was increased.

(a) For the seme infusion, the Ne' might be of remel origin, secondary
to the diuresis.

(e) The Tia® might be the result of K'-induced inhibitiom of the
renal Na'-H' exchange (Berlirer et al., 195; Liafle gt sl., 1953;
Anderson and Pickering, 1962).
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In the present experiments, it would seem unlikely that the
natriuresis wes purely of remsl origin (d,3) decsuse of the simultemeous
increass in the FCF Ne® contemt. There mey, howswver, be some loss during
the maximm urine flow, sinoe on 2 days of large early natriuresis the
plasea total solute content decreased for 2-3 hours. On the other hand,
there 1s a dissocietion between Na' loss end the urins flow: the / Na' ]
in the urine did not fall to the low levels seen during the peak water
diuresis; on one day, the Fe' excretion rose before the urine flow. DMirect
evidenoce that K'-H' competition cam reduoe Na' reebsorption is not evailsble,
end Liddle et al. (1953) shoved titratsble scidity end smmonia inareased
along with the natriuresis and kaliuresis following K phosphate administration.

Nor 18 it likely that &)1 the Ma' originated in the gut (b,o).
Even when the gut is bypassed by intravemous infusion (see Chapter 6) e
natriuresis is prodwoed, comfirring reports im a number of species, inoluding
sheep ond cettle (Anderson aml Pickering, 1962; Keymes and Harrison, 1967).
The possidility of enmhanced absorption cannct be eliminnted in the dilute
infusions, but vas delqyed oconsidersbly, if it oocurred, after KC1 (0.3 1,
1.5), sinoe the plasma total solute content remairsd almost uncharged for

2=3 hours.

A large oomtribution of ICF Ma' appears to be occwrring. In
genaral, the larger the ingroase in plamma x* ocontent, the lergor the increase
in total solute content, which would be principally Ma' emd C1~ increase,
mmmmo;. This would be campatible with part of the absarbded
x* entering the ICF in exchenge for Na'. The displacement of either Na'
or K' from the ICF by infusion of the other cation has been cbserved in

other speeies (Flkington =nd Winkler, 1944; Gemble, 1947; Flkington et al.,
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19,8; Laregh and Capeci, 1955; Irvine gt sl., 1960; Reinhsrdt and
Behrenbeck, 1967).

C1™ excretion differed little from K’ excretion except where
there was a large natriuresis: the overall aversge C1  excretion for the
0+15% KC1 was 317 (the samp as the K ), but on individual days it exceeded
tho K* when Na' was high. After KC1 (0.3 1, 1.8), C1~ excretion wes s
1ittle lower then K' en 2 days, and considerably lower on one day of low
preinfusion C1~ exeretion, perhaps related to an altered ascid-base status.

Urins pH appeaaved to depend on the [T!co;]. During the diuresis
following the 3 1itres of dilute KC1, both /70, 7 end pif of the urine
decreased, the latter becoming acid on one day when the ['nco;] fell to
2410 mequiv/l. After the concentrated KC1, both urine pH and /X0, 7
irreased a little.

Irrespective of the change in /| HCO',_?, mo; exoretion increased
40-707 on 3 of the 4 days after RC1 (3 1, 0.15%), and on 2 of 3 days after
XC1 (0e3 1, 1.5), but on the other two days it was indistinguisheble from
the oontrols. The increase could result frum inareased filtered loed of

3
cations without overull charge in the secretios of n*. Campsetition between

nco;. reduosd U* secretion, or excretion of HCO, in company with the extrs
' ema 0" 1s frequently invoked as the cause of the 1mmdmo;oxmtion
efter K’ loading (Berliner et al., 19513 Roderts gt gl., 1953; Anderson
and Pickering, 1962). However, in the presenmt expurinents three obssrvations
do not support this hypothesis: inacreased nco; did not invariedly oocur;

the rise in HCO, exeretion did not parellel that of K', but rather the extra

3
Na' + X*; mmmmmmmmumimmogmm
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rise in K'. It would appear, therefors, that the nco; excretion 1is
depenient on the oxcretion of either cation rether than the searetion rate
of H'e Measurement of changes in R secretion rete efter irfustion would
help tec distinguish between the relative impartance of the two t'ectors.

(%) HaCl infusion

The only studies of irtaaruminel ealine infusion in rumirents
involving sequentisl sempling were cearried out during feeding (Keymes and
Harrison, 1967; Dewhurst gt sl., 1968) so thet the effects of the saline
infusion alone cannot be visualiged. Oral saline loads in monogestric
animals were excreted more slowly than similer velumes of weter (Adeolph,
1923; Gross, 1948; Blomhert gt gl., 1951; Kellogg, Bureck and Isselbecher,
1954; lNcCance emd ¥iddowson, 1963), so that plaszma volume expanaion was
greater and the oonstituents were diluted more (Haldane and Priestley,

1916; Chemutin gt al., 192%; Lyons, Jacobson and Avery, 1%); FPlamhert
et al., 1951; Farkley, Rocanegre, Moreles anl Chiappari, 1957)e The dog
ani rat exereted most of the Na® and water together after a delsy of sbout
one hour (Gross, 1948; FKellogg ¢t al., 1954), but man hod a variedle
pattern of excretion according to diurnal an) postwal factorse During the
day, s hypotonic urine was formed for the first 1} hours, followed by a
mild, protracted saline diuresis, but at night there was merely a bdrief
water diuresis (Blomhert gt al., 1951). Warkley gt al. (1957) also moted
a 8iwral variation in response, and thet a saline diuresis oceurred in
recumbent subjects. Compared with isotoniec saline, solid NaCl or hypertonic
seline was excreted more slowly in the dog (Gross, 1948), end extra water

was loste.
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In the present experiments, water excretion following the two
NeCl infusions was merkedly different. After the NaCl (0.3 1, 1.5M) there
was an osmotic diuresis of ebout 5 ml of urime for esch m-equiv of Ne'. The
urine flow 4id not inaresss until Na' excretion began. On the other hand,
solute and water were independently excreted from the WeCl (3 1, 0.154);
either eculd show the larger fractionsl excretion. The excretion of a
dllute urine for 2-3 howrs, followed dy a mild saline diurecsis, as seen in
these intre-ruminal infusions of isotomic NaCl, is similar to the response
following an orcl saline loed in mam during the day (Blomhert gt el., 1951).
The time course of the diuresis was very varisble - 3 patterns on 4 Jdeys -~
but in each case the onset was delayed around 30 minutes, as for the other
two 3 litre infusions.

Vater excreted from ths dilute NaCl was considsrably less than
from a similer volume of water: an average of 297 ocmpared with 747,
confirming the observations in severel species (Adolph, 1923; Cross, 1948;
Blomhert et 8l., 19513 Kellogg ot gl., 1954; MoCanoo ond Widdowsom, 1963).
Furthermore, in agreement with Adolph (1923), it was alsc less than from the
dilute KC1 infusiome Over the first 3' hours after the NaCl infusion, the
time of peak diuresis after water and KC1 (3 1, 0.157), the extra weter
excretion was 200-400 ml on 3 days, and 800 ml on the fourth. However, this
need not indicate water absorption any more slowly from the NaCl than from
the other infusions since over this period the plessme volume was expanded to
113-1297 of the preinfusion level; if equally distributed through the ECF,
this would accoumt for O.B-1.3 litres of water. Over this period of time,
the water excreted in excess of the basal amount, plus the water accumulated
in the ECF, renged from 1200-1900 ml, approximeting the woter excreted during
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the same tim from a water diuresis (1000-1750 ml). Over the whole 6}
hour post-infusion period, the water excreted together with the increase

in ECF volume also were in the same range (1500-2500 ml) as the water
excreted from a 3 litre water loade It seems, therefore, that the
difference in the extent of the diuresis after dilute NaCl compared with
water or dilute KC1l is due to a difference in renal response rather than in
absorption from the gut. The above evidence further supports the
conclusion made earlier from the KC1l infusion that water absorption from the

gut after the 3 litre infusions seems independent of the osmotic gradient.

Although the patterm of Na' excretion was very similar from day
to day, and with both NaCl infusions, the number of variables possibly
involved made difficult accurate quentitative comparison of the effects of
the two concentrations of NaCl (Table 21). Two variables in particular -
the preinfusion Na' exoretion rate and adaptation after repeated infusions
of Na* - mey be of importance in influencing the excretion of infused Na'.
The importance of each of these needs to be examined so that it can be taken
into account in comparing the response to the two NaCl infusions. In the
present experimemnts, the picture is oomplioated by there being in the group
receiving NaCl (0.3 1, 1.5M) three dsys when the sheep had previously been
exposed to a Na* load compared with two such dasys in the other group, however,
one of the three was only one day after the previous infusion, probably
too soon for any adaptive changes to have oocurred. Overall, it appeared

that the NaCl (0.3 1, 1.58) resulted in slightly greater elimination of Na'.

Over the first 3 hours, before Na' excretion had reached its
maximum, the plasma total solute content increased to a peak; it then

declined after excretion had reached its height. The NaCl (0.3 1, 1.5K)
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caused a marked inocrease in plaasme 0.P,, but only the same expension of

the volume as the other NaCl infusion; <the plasma total solute content wes
greater following the concentrated NaCl bBoth during the pre-natriwresis
veriod and also at the ard of the experimentel periode ¥ith this more
oonoentreted imfusion, both adeorption and exoretion appeared to bde

greater than with the MaCl (3 1, 0.15M). This is in comtrast with the
situstion over the 10 hours after Wall sdministration in dogs (Gréss, 1948) .

Na' excretion can be increased by an imcrease in GFR, or a
dscrease in tubulaer reedbscrption, or bothe There i8 a species difference
in the lability of the GFR, amd Potter (1966, 1968) has indicated that
there may even be a breed difference in sheep during intrevencus NaCl
infusion The GFR may have ingreased with such a large inorease in the
Plasma volume; bowever, the size of the natriuresis is such that e decrease

in fractional tubuler reasbsorption prodbably also is irwolvede

The stimulus for the decreased tubular reabsorption could be
related either to the axpansion of the plasma volume or to reduction in the
rate of aldosterone secretion, Isosmotic expansion of the ECF has been
shown to indupe natriuresis vie a humorul substamce which decreases the
proximal tubular Na' resdsorption (Mills gt al., 1961; de Verdemer gt al.,
1961; Levinaky and Lalone, 1963; Cortnmey et gl., 1965; Cirksema ot gl.,
1965; Dirks et el., 1965; Watson, 1966; Lenfwehr et al., 1967). Although
aldosterone secretion appears to be more concermed with long term
adJustments to sltered Na' status (see Chepter 1), a dearesse in its
secretion in these experiments cannot be ruled out, since the strongest

stimuli to its secretion are of haemodynamic origin (e.g. haemorrhage).

The mature of the stimulus for the release of any of these humorsl
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faotors has nmot been clearly estahlished, but they appear related to the
circulation. The sensitivity of the receptor mechanism seems to vary with
the physiologioal status. The pre-existing level of Na' excretion may
alter the semsitivity of the receptxs to changing ECF volume, since
Fspiner, Tuooi, Jagger, Pauk and Lauler (1967) observed a smmller increase
in aldosterons secretion in persons om a low Na' dlet compared with those on
e high Na' diet after contrection of the plasme volume with etheerynic acid.
The current work suggests that, if expansion of the plesme volume is the
stimulus, the receptor mechanism is of low sensitivity since this volume
increased up to 29" before excretion of absorbed Na' was under way. An
alternative for the receptor ocould be a parameter of flow, possibly in the
oertrel vemous pool (see Chapter 7).

Changes in the distribution of K' were more varicble. On 7 of
the 8 agys, K* excrction over the experimental period exceeded that on
control dsys, by 9=40 m=equive As well, a rise in plasma K* content was
observed on all but ome dey. FExtra K' of either cell or gut origin must
be expetsd or acounulated in the ECF, or both, Oral NaCl-imluced
kaliuresis or displacement of ICF K~ into the ECF has been reported in man
(Cezdle, 1947), the cow (Sellers and Roepke, 1951), the rat (Kellogg et al.,
195,) and the dog (Reinhardt and Behrembeck, 1967). Thus, at least part
of the extra XK' is 1ikely to be of gell origin. The comtribution of gut
K* cannct be geuged in these experiments but is more probably of significance
after the 3 litre infusions.

mau-nutoaunawmmmormwx*
is obscure. Although intraruminal infusion of NaCl into cows increased the

plam[f](&llmmam, 1951), thus affording a possible
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explanation for the kaliuresis, in 7 of 8 of the present experiments,

the plasme /XK' ] actuslly decreased by up to 1.0 meequiv/l over the first
4 hours, coincident with the inorease in plasma volume, Furthermore, the
amount of K* excreted d1d not eppear to be related %o the lMa' excretion. In
addition, if intracaellular displacement of Kt 1s occurring, the stimulus
carmot be raised IC" /XK' 7 unless large osmotic weter shifts also take
place, which 1s unlikely since plasms 0.”. chenged little after 0.15! ReCl.

Excretion of the adminmistered smiom, C1 , frequently paralleled

3
irfusions and affected the reocvery of C1~ in the urins. A2 discussed for

that of Ra', bowever, HCO, exerotion was alweys increased by the NaCl

the XC1 infusions above, inaressed Hco; exoretion acoampardos that of Ma'
a8 readily as it does K‘. end does not appear to be specifically related to
K excretion but rether to increased cation loss.

Ops of the more remarkable features of the Nall infusions was the
long delay before the We' wns excreted in the wrine. Since this is pot the
usugl observation in monogastric animals, it was decided to conduot further
NeCl loading experiments dypasasing the rumen entirely. It wvas hoped these
imfusions would cest f\mther light on the dslgyed renal response to the
salire loed.



153.

INFUSION OF NaCl 11710 THE DUODENUM OF SHITP

Intreduodsnal infusion of Kall was undertaken to determine whether
intestinal absorption of Na* resulted in more repid end camplete remal
eliminstion than that following intraruninal sdministration. For this
reason, the experimental conditions were mainteinsd as for the intraruminal
infusions, but the study wes restricted to the examinetion of the effectse of
Ma' loeding st two different levels. These were infused in small amd
oomparable volumes since it was feared the edministration of large volumes
could cause gut distention or rapid flovw artefacts.

Short-term chanzes in urine end blood camposition after intreduvodenal
saline loading do not eppesr to be reported in the litersture. However,
more direct studies of sbsorption from the amall emd large intestine in
monogastric snimals have becn mede frequently and have Jemonstruted active
Yo' ebsorption (Curren emd Solomon, 1957; Cooperstein end Brociamn, 19°9;
Cuwrran, 1960; Clarkeon gt gl., 1961; Schultz aml "alusky, 1964a,b). Bruce
gt al. (1966) ocollected digesta at various levels of the gut of sheep to
study the sites of net addition amd sbsorption of water and electrulytes on
a daily basis. They concluded that met absorption of k', C1” and water
ocourred prinoipally in the amall intestine, and of We' meinly in the large
intestine, togother with much of the remaining XK', C1~ and water.

NATERTALS ARD METHODS

Ne® loading with 1.58 NaCl was selected for stuly against a control
of 0,15 NaCl of the seme volume. Beceuse the Na' loed which could be
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Intraduodenal Nall infusiom: rates of infusion and

Table 25.
totr)l dose.
Sheep | Date Conc. Rate of infuse Total load
(%) ion (ml/min) N
Vater Na
(m) (m—equiv)
15 |31, 1.67 1.5 30 300 450
2. 2,67 0.5 30 300 45
13 22, 3467 1.5 20 200 300
20. 3467 0.45 20 200 30
12 Se %e67 1.% 20 200 300
e 4467 0.15% 20 200 30
% 5410066 1.5 9 150 225
20.10.66 105 w ml tmn 50 + m
1 nl/min 150
3441466 1.5 20 200 300
16411466 0.45 20 200 30
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tolerated by the sheep without causing diarrbosa had to be determined,
there was a variation in the rate and volume of the infusion, as shown in
Teble 25. In fact, only the infusion of 300 ml of 1.5 NaCl (eheep 15)
appeared to cause the animal any distress or produce significant dierrhoea.

The experimamntal conditions were es similar as possidle to those
for the intrerumina) infuatans (see Chspter 4): feed was last offered at
4=7 pem., the infusions wcre commenced et 10 a.n. and no drinking water wes
availsdle during the axmerimental period.

ininels

The 4 Ramney ewes (weight 2932 kg) were housed and fed as
desarided in Chapter 4. FEach sheep had a permanent pexrspex duodenal camnula
inserted sbdout 10 em delow the pylorus and brought to the exterior through a
stad imsision in the skin, Although the &kin around the cammila was kept
free of woal and cleansd regularly, after some months the canmile usually
began leaking, at which time the sheep was discarded. Two animels (12, 13)
also had rumen fistulee.

Infusion

Just prior to the infusion, the ususl serew cap was removed from
the sormile and, after the insertion of a glass red to remove any plugs of
digesta, wes quickly replaced by a cap construoted to take comnecting internal
and external tubing vhich were filled with the wermed infusion solution. The
«ternal polythens tube fitted over the end of a Luerlock ayringe and was
clemped with a bulldog olip; the intermal shazt, soft rudder tube was
closed at the end but had a leterul slit which acted &3 a Bunsenm valve. The
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changeover of the two cape did not disturd the amimal unless the ckin was
tcuched,

For infusiar® of 20-30 ml/min, the large eyringe wes cpereted
mammmlly with reference to & stop watch. For infusions of 1 ml/min, a
Sage infusion pump was used to move the plimger of the syringe 2t & comstant
speed. At the emd of the irfumion, the tubing was reclamped amd not
recapped until the end of the experiment.

Sample collection

As described in Chapter 4.

Analyticel methods

As descrided in Chapters 2 and 3.

Caleulation of results

As descoribed in Chapters 2 and &.

RESULTS

(1) Sontrel

Ses Chepter A.

(2) Q.13 RelCl

Two distinot responses in Na' metebolism followed the 30 or 45
m-equiv dose of Na', releted to the preinfusfon Ma' excretion. On the 2
days when 1t we low = 0.43 and 0,04 m-equiv/30 min - all the administered
Ma' was retained, the Ma' exeretion remained low, end the plasme volume and
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Fig 107. Urine Ha"
excretion, relative
plasme volume and total

solute content follow-
ing intraduodenal 0.151i

IlaCl infusion. Note low
preinfusion Na' excret-
ion, complete XNa
retention and raised
plasma volume in a, Cs.
higher oreinfusion na”
eycretlon, & biphasic
natriuresis and little
chenge in plasme volume
in b,d; reised totel
solutes after low Na™
(A ,0) but not higher
(0 ,x). (a,c - sheep
15, 2.2.67; b,d - sheep
12, 3.4.67; ¢ - A- sheep
14, 16.11.66; O~ sheep
15, 2.2.67; ©@ - sheep 12,
3.4.67; X = sheep 13,
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Fig 108. Relative plesma volume and
plasma protein_/ following intra-
duodenal 0.15L NaCl infusion. Note
the fall in /.plasma protein_/ over
the final 3-4 hours not accompanied

by a fall in relative plasma volume.
( Sheep 1%, 20.3.67).
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Pig 109, Urine volume following
intrsduodenal C.15M NaCl infusion.
L Note the biphasic diuresise.

(Sheep 13, 20.3.67).
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Fig 110, Urine Cl excretion &
following intraduodenal 0.15M 2
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total solute contemt increased eerly ani remsined elevated for several
hours (Fig 107a,¢,e). In contrest, when Na' excretion was highar - 0.4

and 0.7 m~equiv/30 min = 417 and % of the Ma' was excreted in the wurine,
end the plesma volume and total sclutes were almost unchanged (Fig 107b,d,e).
Na' expretion began in the first 30 mimtes and followed 2 biphasie eourse
with the first peak higher then the second.

As in the ocutrols, the plesma 0.FP. dsmwated, but wac not
paralleled by /Na® / or /C1” /. Unlike previcus cbservations, om 3 days
[ plama protein / changes failed to support the calculated relstive plasma
volume: over the firal 3-4 hours, the / plemma protein / decreased wdle
the caloulsted plesma volume @id not inecrease et the seme time (Fig 108).

Urine flow was qualitatively similar regardless of the Na' exeretion
pattern: the urine volume imweased efter 30-60 mimrtes, and formed two
pesks (Pig 109). Towever, more than the infused volume was excreted when
there was a netriuresis, and less than the infusion volume in the other two
cases. Vater and total solute exsretion were wrelated. Total solutes
incressed ‘uring a matriuresis, but otherwise followed K' exnrwiion.

The fractiomsl C1~ excretion was independent of that for Na',
ranging from 7¢ to 1057 of the infused C1 « 1Im all, C1” excretion was
raised, et least during the firet 2 houre after infusion and usually for
much longer (Fig 110), mo;muumaumammmmm
wes no metriuresis, anl showed a marked dreop for 1-1} hours after the
infusion, and overall a 647 decline (Fig 111). Urine pil and urea excretion
were no different from the controls.

On ell 4 days, the plesma /X' 7 end k' content inoreased anmd
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b K 2ig¢ 112. Plasma /X _/ and

_ a.

° i K content following intra-
5L L duodenal 0.15l1 NaCl infugion.
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Pig 113, Urine K* excretion following
intraduodenal 0.151 NaCl infusion. Note
the two patterns of excretion in a, b.
(a - sheep 12, 3.4.67; b - sheep 15,
2.2.67).
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remained elevated (Fig 112), although the time cowrse was varieble. The
K' content showed & maximum rise to 1177, 1187 end 133 at 1-2 hours, emd
to 1147 st 4 bours in the othar. When Ne' was completely retained, the
increase in XK' comtent at € hours wes greater, to 1185 and 123 campared
with 1077 amd 1137 when there wes a netriuresis. K' excretion fallowed
one of two basic patterns which were also seem with other Nall infusions
(Fig 113a,b), either decressing elmost contimually, more slowly towerds the
end of the axporimamt, or inoreasing for a variadle time after the infusion.
On the 2 day» when semo irnfused Na' was excreted, K' exaretion increased a
little tetsaen the two Na' pesks (Fig 113e). The total X' exnretion
appeared indspendent of the totel Na' and whether a natriuresis ocourred;
in eddition, it differed 1iitle from that on comtrol days: om 2 days, K.
exaretion declined by 297 and 25%, within the cantral range, amd on 2 days
there wes a decrease of 75 end en imrwase of 6%, representing extra k' loss.

(3 1.2 el

It 1s obvimaly impossidle to present & Ma' load to the duodenum
An vivo under conditions comparcble to those in which it wes presemted to the
runen sinoe the surface area involved eand the dilutiom by local contemts are
different. Ctimnce both these factors are wpredictable, the simplest appruash
would be to use the same total Na' load. However, evan this was unsuitable
eince watery diarrhoea oameaged approximately 30 mimutes af'ter the 300 ml
infusion and contimued for the entire 6 hour post-infusion period.
Consequently, the lcad infused had to be amaller, and even on 2 days a brief
period of axtre faecal water loss ocourred. In sheep 13, on 22.3.67,
dlarrho=a cocwrred for omly 1) hours, from 12,30 to 2 pemse In sheep 12

(5e4467) the faeces were slightly moister from 3 to 330 Peme
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Table 26. Intraduodenal 1.5M NaCl infusion: Ne' excretion related
to other paremeters,
Date Na' loed | % exnret- | Fxoretion | Preinfys- | Deley in | Previous
(m=equiv) ion above | iom Ma onset | infusion
basel | (m=equiy/ | (hours) | (days)
(p-equiv) | 30 min)

361066 22% 61 Uy e?2 2.0 1} -
20410,66 300 54 152,2 0430 2 17
3411466 300 49 14,5.8 0.18 2 TN
22, 3.67 300 &2 124..9 034 1 2.
Selso67 300 42 12641 0.01 “ 2
e 1067 450 27 124.8 5620 0 -
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Pig 114, Urine Na¥ excretion fol}owing intraduodenal }.SM
aCl infusion: a - 450 m-equiv Na', b - 300 m-ecuiv Na ,
¢ - 225 m-equiv Na’'. Note 1-2 hours delay in onset of the

natriuresis in b,c but not in a; a single Na

peak with lesser

loads (b,c) but biphasic excretion with the largest load (a);
earlier peak excretion with the shorter infusions (b compared
with ¢). (a - sheep 15, 31.1.67; b - sheep 14, 3.11.66; c -

sheep 14, 3.10.66).
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Fig 115, ©Plasma total solute content following intraduodenal
1.5 NaCl infusion: 225 m—equiv Nat (A), 300 m-equiv Na* (+,
0,0,X), 450 m-equiv Nat (A). (&~ sheep 14, 3.10.66;

+ - sheep 14, 20.10.66; O-~ sheep 14, 3.11.66; © - sheep 13,
22.3.67; X - sheep 12, 5.4.67; A - sheep 15, 31.1.67).
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Pig 116. Relative plasma volume iollowing intreduodenal 1.5M
WaCl infusion: a - 450 m-equiv Ha' , b - 300 m-ecuiv Na*, c -
300 m=-ecuiv Na*. Note the 3 hour decresse in volume before the
expansion after the largest load (a); increasing volume over the
whole observation period with the longer infusions (b); a peak
volume with the shorter infusions (c). (a - sheep 15, 31.1.67;

b - sheep 14, 20.10.66; c — sheep 13, 22.3.67).
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VOLUME
a. b.
FPig 117. Urine
160 volume following
intraduodenal 1.5I
= - r NaCl infusion. Note
< | | the high preinfusion
£ 120+ - volume ond fall for 4
= ; f hours with the largest
~ L - lozd (a) snd the usuval
£ i ! single peak of water
- 80} - excretion (b) at the
. ; time of natriuresis.
£ - (a - sheep 15, 31.1.67;
2 LL b - sheep 14, 3.11.66).
° 40 -
B i I e (] S R | i 1 el | e | 1 | ) | | I | D L |
8am10 12 2m 4 6 8um10 12 2pm 4 6
o &
NaCl 03 i,1.5M ‘;NGCI ©2 . ‘I.le
Fig 118. Plasma O.P. O.P.
following intraduodenal 5 3,5 a. ~ b.
1.5l NaCl infusion. Note %
the later peak of O.P. g i B
with slower rate of &
infusion (a). (a - sheep a 350l B
15, 22.3361). £ J 5
a28011111111 R DO I ||
chg 12 2pm 4 8am 10 12 2pm 4
(NoC1(005-015)1,1.5M]
- Na'
) Pig 119, Plasma / Hla _/ following
= intraduodenal 1.5/ NaCl jnfusion. Note
Z.125 the greater fall in /"Na _/ than in
o 0O.P. (Pig 118b) over the later period.
=T (Sheep 13, 22.3.67).
a M5 1 1 1 1 1 1 1
8am 10 12 2om 4

NaCl 0.21,1.5M
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On the day when diarrhoea was persistent, Ne* and water
metasbolism over the first 4 hours after infusion differed considsrably fram
that on the other 5 days. In brief, this sheep presented a picture of
early moderate netriuresis with 1ittle Ma' retention in the ECF, followed
by a phase in which the excreted Ma' was larger but exceeded by the amount
absorbed, resulting in expansion of the FCF. Na excretion increased
without deley, and reached a moderate pesk at 2 hours (Fig 114a). The
plesne total solute conmtent increased slowly over 3 hours to 1077 (Fig 115).
The plesma volume decreased to 9% over 75 minutes, but expamied back to
the original volume over & further 3 hours (Fig 116a). The urine flow was
high before infusion, eml dscreassd for 4 hours (Fig 117a). After this
initie) period there were merked increeses in Na' and water excretion, in
plesma volume (to 128%) and total solute comtent (to 438%).

After the other 5 infusions, Na' exuretion immresasd after 1-2 hours,
ususlly reaching an earlier peak with the shorter infusions (Fig 114b) than
vith the prolonged omes (Fig 114c)e The details of the matriuresis, shown
in Teble 26, reveal decreasing fractionsl excretion as the load increased,
slthough the ebsolute excretion sbove the basel amount fell into 2 groups:
144152 p=equiv for ome sheep, and 122126 m~equiv for the other 3 sheep.
This et eppeared indspendsnt of the preinfusion exzretion, the dose or
the mmber of previous infusions. An osmotic diuresis was associated with
the cxavtionotr-h*, so that urine flow paralleled Ma' excretion over the
latter half of the experiment (compare Fig 117b with Fig 114b). Totel
solute execretion, in general, followed Na'.

The longer infusions were characterized by a late peak of plasme
0.Pe, after 3«5 hours (Fig 118a), associated with increasing plasme volume
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iz 120. Urine C1~ excretion
tfollowing intraduodenal 1.5} NaCl
infusion. Note the early peak of
Cl1l~ excretion. (Sheep 13, 20.%.67).
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HCO% immediately after the infus-

ion and peak excretion at the time
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Fig 122, 7Plasra /X _/ and K content
following intraduodenal 1.5il NaCl infusion.
Note the fall in plasma /X _/ in both
cases, but the uncommon return to the
initial velue in b; fall in Kt content on
all days. (a - sheep 14, 3.11.66; b — sheep
13, 22.%3.67; ¢ - A - sheep 14, 3.10.66;
A ~ sheep 14, 20.10.66; 4+ - sheep 14,
5.11.66; © = sheep 13, 22.3.67; X - sheep
12, 5.4.67; O = sheep 15, 31.1.67).
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over the whole period (to 1227 amd 1350°) (Fig 116d) amd thus also a
steadily increasing total solute ocomtent (to 1307 end 1337) (Pig 115).
After the 10 mimmte infusions, the maximum plasms 0.P. ocourred esrlier, at
4+ hours in 2 eases snd 2! hours in the third (Fig 118b). These infusions
were further distinguished by a pesk in plesma volume widoh ocourred st 3%
hours on 2 days, end et 1} hours in the third case, precedirg a short
period of diarrdoes. On this latter dgy, the plesma volume was below the
preinfusion level from the start of the period of diaxrrtoea (FPig 116c) as
was the total solute contemt for the last 2 hours of the odservation period.
In general, total solute content changes were in the same direction as
volume, but of greater magrdtude (Pig 115), owing to the maximum in O.P.
Plesme /[ Fa' 7 and /C1” 7 faollowed 0.P. with the exception that /Na' 7
retwned to the preinfusion level wiile the 0.P. was still raised (Fig 119).

Over the entire cbservation period, the frections of Na' amd C1~
excreted were similar. For 150 minute infusions, the two were elmost in step,
but for shorter infusions, C1~ excretion exceeded that of Wa' in the early
period, but was less &uring the peak matriuresis (Fig 120).

'ontmzmmmo;mmm.n-mummrm
3 hours then imreased during the mstriuresis (Fig 121); overall an extra
I emd 527 were exzrwted, On emther 2 daye wrins pH fell by O.4 amd 1.2
units during the initial period before increasing egain, On 3 days, urea

excretion d4id not differ from that on control days.

Plame /X' / daarecssd in all cases after the infusion, and remained
low (Fig 122a) 1m all but one (Fig 122b). Plassa K' comtent fell repidly
to & minimum at 2-3 hours (307 lower), returning to the preinfusion value
in 3 of the 6 ceses (Fig 122c), these being the 3 where the total solute
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content was still increasing st the end of the experiment.

X' exeretion wns varisble. On 2 days there was falling rate of
excretion for most of the day, overall decliming by 34 and 23 (Fig 123e).
On 2 days there was an initial dscxwase followed dy a peak, overall insressing
by 1% and % (Pig 125b). On 2 asys, K’ increased immediately after the
infusion, overall immreasirng by 5 and 59% (Fig 123c). Only the second of
these pstterns is distinot from any seen after intraruminal NaCl infusion.

DISCUSSION

Although the eim of this part of the study was to campare the
effect of intraruminal anil intraduvodenal NaCl infusion, it was found that the
dose used in the intreruminal infusions (450 m-equiv of Na') caused persistent
diarrhoea when given into the duodemm, and was too great to obtein e
physiologicel respomse. Vater was drewn into the gut as evidenced by the
initially decreasing plasme volume. Over the same period, & moderate
mtrimnlbogmdthnutdﬂq.mﬁthu!h*mnppmnﬂyctwwigin
since ECF total solute content (Na') imcreesed a little. In the latter pert
of the experiment, a massive increase in Ne' end water ebsorption and excretion
was revesled as rapid expansion of the plasma volume and increase in total
solute content coupled with a merked matriuresis and osmotic diuresis.

The time over which an intraduodemel NaCl load was administered
influsnoed the time course of the sbsorption ani exeretion of Ne'. When
the infusion was prolonged over 150 mimutes, the Na' exoretion, plasme volume
and total solute conmtent were still imcremsing at the end of the 6 hour post-
infusion period. When the infusion was given over 10 mimutes, ot 20 ml/min,
all 3 parameters were declining at the end of the period having reached a
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saxisun earlier.

Although the amount of Na' infused differed considerebly, the
emount of Ma' exoreted in excess of the basal rete was remarkebly similer
on ell 6 days. This ocould dbe a coincidence, snd have no phyaleclogical
signifioance, or, on the other kand, it may be caused by con-temt sbsorption
end/er repal excretion. A saturzted remal excretary mechanism eppears
unlikely in view of the varying time course of excretion, the range of peak
exoretion rates end the chbsence of maintaimed peak rates, Conztant absorption
in the presence of constant excretion should result in the same acoumulation
of Ne’ in the ECF. However, this was not cbserved: on 2 deys, the plasma
totel solute content had returmed to the preinfusion value, while on the
other 4 ,total solutes were elevated to sbout the same extent. Consequently,
if the absorption rate is limiting, it is necessary to postulate a greater
penstration of Na' imto the ICF on the 2 days.

As for the intraruminel 1.5 NeCl infusions, the matriuresis was
delayed 1-2 hours, except when prolonged diarrhoea occurred. Although none
of the imtredupdemal experiments resulted in an exasctly camparadble time course
of the natriuresis, the greater Adifference was shown by changes in plasma
ocamposition. In particulagy the ahorter imtrsdundemal infusions resulted in
elimipation of the 3 hour plateau in total sclute content preceding the mat-
riuresis after intrerunissl infusien. The ogcurrence of the cimilsr time lag
in onset of the nmatriuresis, coupled with imrwssing plasma total solute
content with both routes of administretion suggests that the delay is in
stimulating an exeretory receptor mechanism rether than in absorption from the

gut.

The handling of the smaller “afl loed after imfusion of O.15
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NeCl depended on the preinfusion excretion rate of Ma', Vhere the Na'
«xoretion wes initially low, the Ma' load wes oampletely retained and the
plasma volume and total solute content increased. On the other hand, where
the preimfusion Na' wes higher, the onset of the nstriuresis wes rapid

and the plassa volume .and total solutes were virtuelly umclanged. It thus
appears that a natriuresis can occcur without any increese in plasmma volume,
O«P« or total solute content after 0.15M NaCl, or even concurrently vith a
drop in plasma volume after 1.5 NeCl. The presemt experiments would
therefore surgest that the primary stimulus to the natriuresis of Na' loading
is pot plasma volume expansion. Moreover, it is unlikely that the :timulus
for natriuresis rrises fyom any receptors in the erterial circulation since
the rate of absorption of such a smmll loed would produce insignificant
changes at this site. It would seem more likely that the recsptars
triggering the natriuresis are loecated between the site of ebsorption and
the heart. Yore will be said ebout this in Chapter 7 in relation to other
experiments. The diuresis following 0.15M NaeCl may shore the same reoceptor
mechanism since there was a similer biphasic response in both urine flow and
¥a' excretion. Although the netriuresis was completely suppressed when

the preinfusion excretion of Na' was low, the diuresis was merely reduced.

Cl™ excretion after either %all infusion was not remerisble. The
fraction excreted from the 0,15 infusions was independent of that for Na",
which is not unexpected since the Wa' excretion was still small compared with
K’ excretion. For the hypertomic NaCl the overall C1~ and Na' excretion
were similer although C1  excretion was the greater during the early period,
but less than Na' in the later period. This C1™ pattern fits in with

vrco; excretion, vhich falls during the first period then increeses to
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coincide with the peak of I'a‘ excretion. The imitisl &yop in nco;
excretion after intradunderml infusion is in contrast with the observations
after intraruminel infusion. This may be accounted for By the diffusion
of H00 into the intestine. Since the equilibrium /[0, / is higher
in distal parts of the intestine (Swallow and Code, 1967), it may be that
the intraduodenal infusions progress further down the digestive tract amd
hence draw more mo; into the gut than do the intreruminnl infusions. On
the other hand, increased reabsorption of ﬁco; could be of remal origin,
although it 1s unlikely that this should occur with the intraduodenal but
not the intreruminal infusions. Urine pH also decreased during the initial
period, probably reloted to the lower /| nco; /] of the urine. The essociation
of HCO, excretion with the natriuresis was also seen after intraruminal

3
infusions.

After the two types of infusion, K' excretion showed one of
several different patterns, all of which were seen with the intraruminal
infusions. 1In oontrast to this variability of the urinary changes, all 4
dnys showed irmreased plesme X' content with the 0.15! N'aCl, and on all 6
days of 1.5 MeCl infusion, the plesma K' contemt dropped sharply over the
first 2-3 hourss 1In the former case, the extre X* would appear to be of
ICF origin, as the increese was greater when Ne' was completely retained.
The net loss of plasms K' with the hypertonic infusions could rot in every
case be accounted for by wrime changes; it is unlikely to have entered
cells since it is more likely that Na' would dsplace X', so probably has

diffused into the gut contents.
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CIARTER 6

INTRAVENOUS INFUSTON OF KC1 AND NeCl

Vhen the infusions wore made into the rumen or dundaram, the
rate of absorption into the ECF would not of necessity be constanmt, so
thet the excess water amd electrolytes would not be nresented to the ICP
for excherge, nor to the kidnsys for excretion, at a stealy rate. By
infusing similar solutions intravenoualy at a constant rete, the role of

ICF-ECF exchange and renal excretion can be seen mare clearly.

Intravenous infusions of Ma' and K salts have been reparted
fregquently in man, dog and rodents, slthough few similar experiments have
been performed in ruminants, However, it might be expected that the
response to intravemous imfusion would very less detwveem the dfferent
species, so that results on monogastric enimels become more relevant to the
present cobservetions.

In monogastrics, hypertonic ssline loading increases excretion of
Ne', C1~, water and K*, decreases the fractionmal tubular resbsorption of
Na', and may inarease plasma volume, / Na'_/ and /C1”_/, ond dscrease plasma
€O, content end [X' ] (Wolf, 1947; Green end Farsh, 1949; DBaldwin,
Kshena and Clarke, 1950; Goodyer, Relman, Lawrasson end Fpstein, 1950;
Selkurt end Post, 1950; Crewford and Ludemamn, 1951; Stein, Bercovitch
and Levitt, 1964; Dirks gt gl., 1965). However, Luomenmiki and Selminen
(1964) observed in man an inerease in plasma [K"] along vith a spall
@screase in serum amd urine pH. GFR was raised in some studies (Selkurt

and Post, 1950; Baldwin gt al., 1950) but not in others (Green and Farah,
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1949; Crawford and Ludemann, 1951).

The response elicited by isotonic NaCl infusion was more
variable, being affected by factars including state of hydretion, posture
end time of the day. There may be a hypotonic diuresis, an isotonic
saline diuresis, or almost complete retention of the load. A separzted
excretion of Ma' and water in the form of a hypvtordo dluresis, sometimes
followed by a salims &iuresis, was reparted by Thompson (1900), Murphy
(1950), Blomhert et al. (1951), 843 hours after prehydration by Ladd
(1951e,b), amd in recumbert dut not sitting subjects by Streuss, Davis,
Roserdbaum and Rossmeisl (1951). Salire diuresis has been described in men
and dog by Chamutin et al. (1924), GCross (1948), Baldwin ot gl. (19%0),
Crewford and Ludemann (1951), end by Blomhert et al. (1951) omly with higher
retes of infusion, and only during the day. Recent micropuncture studies
during seline loading uniformly describe a seline duresis with reduced
proximal tubulsr fractional Na' reabsorption (Cortmey et sl., 1965; Pirks
et al., 1965; Cirksena gt al., 1965; Watson, 1966; Landwelw ot al., 1967);
the uniformity in these exporimemts mey be partly caused by the similarity
of conditions dsmanded by this technicue. Expansion of the plasme volume
may ooour (Crawford and Ludemamn, 1951; Strauss gt al., 19), as well as
reduced plasme /K’ _] end inoressed k' exuretion (Baldwin et gl., 1950;
Streuss gt 8l., 1951), elthough these k' changes were varieble in the
experiments of Crewfom and Ludemermn (1951).

Intravenous f sglts nroduce increased excretion of Kﬂ water,
Na', €17 amd FCO], and an elkeline wine. Plasma /X' 7 usually rises,
{¥e' ] 1s uncharged, and plase pfl emd /THCO; 7 fal) (¥dller, 1923, 1926a,b;
Winkler and Smith, 1342; Schwarts, Smith and Wirkler, 1942; Baldwin et al.,
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1950; Berliner et gl.,1951; Roberts ot al., 1953). After KC1
infusion in dogs, there wore increases in plasma 0.P. and [ c1”_/, pcv
end /Hb_/, although the ploame volume wes unchanged, as estimated by

Evan's Blue dilution (Maxwell, 1965).

Anderson and Pickering (1962) infused 1.0d KC1 into coss at 7-9
vl/min. Plasma /K'_J and K* excretion were both raised, the latter
equalling the rate of adminmistration by the end of 2 houwrse GFR and plasma
[ Ya' ] were unchanged, but Na' exaretion inareased 2-50 fold, with the
pesk at 1=2 hours, psrealleled by water excretion. In preliminary
experiments, Keynes and Harrison (1967) produced similar results with ACl
or K acetate in sheep, but a dspressed natriuresis when adremal vein
effluent was collected, and reduced kaliuresis vhen the adrenal cireulation
was oceluded. Further results of their experiments in defining the
possible role of the adremals in K' metsbolism may be of great value.

Potter (1966) studied imtravenous NeCl loading in Merino sheep,
and recently (Potter, 1968) compared the response to NeCl loading in
Dorset Horn sheep which were drinking either water or 1.3 saline water.
The experimental procedure was complex: feed snd water were removed, 1
litre of water was administered orally, the sheep were catheterized and
canmilated, isotonic salime was infused for 1 hour, 107 seline for 1 how
at twice the rate, isotonic saline for 2 hours, then the feed and water
were repleced. This rapid changing of the infusionm could result in the
effects of one infusion persisting during the next infusion time. In the
Werinos, during hypertonic seline there was increased excrotion of Ne ',
C1” end water, reised plasmma 0.P., / Fa' 7 end /€17 7, and decreased /X' 7.
The GFR wes varisble, but tubular fractionsl Ne' reabsorption decreased.
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During the initial isotomic NaCl, plasss / K'_/ began fallirg, amd K*
excretion reached a peak then also dbegan falling, both Asclines contimuing
during the 107 NaCl, The quantitative relationship bdetween changes in
K’ metebolism and hypertomic NaCl infusion cannot be assessed becsuse of
the carry-over of the effeots of the isotomic selims infusian. The se=me
experiments on Dorset Horns produoced asimilar nluulta. with the excsption
that GFR was clearly rauised, K' excretion increesed, and the drop in
plama /K'_/ caused climoal signs and often death enswed in 2-3 daye
unless K’ was infused. Vhen NaCl wes infused into Dorset farns drindng
1.% saline water, GFR inareased to a grester extent, Na' and C1~ were mcre
rapidly eliminated, the eleovated plamma lcvels returmed more quickly, less
K* was 1lost in the urine end no distress was osused. The blood volume

expanded in both groups of Dorset Horns, more in those drimking water.

The dose rete used by Potter produced plasma / Na'_/ of near
200 m~equiv/1, which was considered excessive. For the pressnt experiments,
a dose rate of 1 ml/min for 1.5 ReCl was selected as being low enough to
prevent exoessive rises in plesma / Na' / por to cause aigrificant expansion
of the FCF per 8¢ Oo15M NaCl et the seme rate of infusion was used as a
volume control. The KCl selected was 1.0M, not 1.5, as a precaution
against severe hyperikalaemia, and to be similar in absolute amount/kg to that
administered te cows by Andvrwon end Pickering (1962).

HUTH

Ixperimental desizp

The experimental conditions were es aimilar as poasible to those
for the intrarwmiml end intreducdenal infusions (see Chapter 4): feed
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Teble 27. Sheep used for imtruvemus infusions given at 1 nl/min
for 120 minutes

Infusion Sheep Date n-equiv of cetion infused
NaC1 2 12412466 19 ***
015

1 12, 1.67 18
1% 6 3.67 18
13° 11+ 467 10.8
NeCl 1 10. 1.67 180
1.5
15 13 2467 180
2 e 3467 180
13 °*° 130 4e67 108
RC1 TN 5.12.66 120
1.0
15 160 2.67 120
2 16. 3.67 120
¢ 0,0
e (O,

eoe 127 nl
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was last offered at 4~=7 peme, the infusions were commenced gt 10 a.m. and

no drinking water was availeble during the experimemntal period.

Three solutions were infused, esaoh et 1 ml/min for 120 minutes,

as surmarized in Tsble 27:

(1) O0.1%5¢ Mald
(11) 1.5 naCd
(111) 1.0% KC1

Anipels

The 5 Rammney ewes (weight 27-34 kg) were housed and fed as
described in Chapter 4. Sheep 1, 2 and 13 had a rumen fistule, and sheep
13, 14 and 15 had a duodenal cammla.

Infusiop

Both jugular veins rere cemmlated, one cannula being used for
sampling and the other for infusion of the warmed solution et a constant
rate fram a Luerloak syringe driven by a Sage pump. The cammla was
extended by en additional length of cammla-tubing to a semm=-off needle on
the syringe using small pisces of rubber tudbing as comnsotors. The
heparinized salims left in the canmmla was aspirated defore commecting up
the tubing, end after the infusion the cannule was reheparinised as after
a routine dlood sample.

Semple collection

As deseribed in Chapter 4.
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ZIablg 28. Besmretion of Na', €1~ and water efter imtrwvemous
infusion of 0.15 Nell.
Sheep & Asount infused Preisfps Exgretion edove basal
Date T ion N i ~
Na ', C1 water axaretion Na C1 water
(n-equiv) (ml) (n~equiv/ | (2-equiv) | (m=equiv)| (ml)
30 min)
A 2.: &7 18 120 0,06 0e1 2.9 oy
15 18 120 0.07 249 3.5 122
603067 ® [ ] [ ]
15 10.8 120 097 3.0 19.3 350
‘1."..67 [ ] ® [ o,
9 2.3 2.66 9 127 1.60 33.0 20.1 6N
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Pig 124. Urine Na excretion following
intravenous 0.15i NaCl infusion. Note the
biphasic natriuresis in both & and b, although
small in magnitude in the lastter; delay in
onset in b, not in a. (a - sheep 2, 12.12.66;
b - sheep 15, 6.3.67).
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Fig 125. Urine volume following intravenous
0.15k NaCl infusion. Note the biphsasic diuresis
at the time of natriuresis. (a - sheep 15,
6.3.67; b - sheep 2, 12.12.66).
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12 Cl

- FPiz 126, Urine C1~ excretion
Tollowing intravenous C.15M NaCl
infusion. NWote the greatest
increcase in excretion during the
infusion. ( Sheep 15, 6.3.67).
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FPig 127, Urine ¥ excretion follcwing intravemous
O.15l1 or 0.0GL NaCl infusion. Note some kaliuresis
during the infusion in both cases. (a - sheep 1,
12.1.67; b = sheep 13, 11.4.67).
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Analytical methods

As descrided in Chapters 2 and 3.

Calculation of results

As descrided in Chapters 2 amd 4.
E?Sg&’!‘i‘

(1) Contrel

See Chapter 4.

(2) 0e15 NeCl

Exer tion of the administered Na', €1~ and water in the urine
eppeared to be less when the preinfusion Na' excretion was low (Table 28).
Excretion of weter ascummmied that of Wa': on the 3 days of significently
reised Ma' exoretion, 2 peaks of both Na' (Fig 124) amd wnter exurvtion
(Fig 125) were apparent; furthermore, on the day when Na' excretion wes
only very slightly raised, the urine flow barely iscremsad (by 5-10 m1/30
min)e However, urine flow on each day was independsnt of total solute
excretion (which followed X' closely)e Only on ome dsy was there an
immediate oncet of matriuresis (Pig 124a), on the cther 3, it was delayed
60 ~- 90 minutes (Fig 124d). Cl  excretion was inoreased om all days,
meinly during the infusion on 3 days (Fig 126), later on the fourth.

The overnll excretion of X' and H60; on 3 days was no different

from that on control days (dsclimes of 13-377 and 22-58° respectively).
On the fourth day, both were a 1little greater, more particulerly x*
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Fig 129. [-Plasma protein_7, relative plesma volume, plasma

C.P. and total solute content following intravenous 0.15l or
0.08 ITaCl infusion. Note the small increase in volume, 0.P.
and total solutes, but overzll fall in O.P.; protein chenges
consistent with those in volume. (a,b - sheep 13, 11.4.67; c =
QO - sheep 2, 12.12.66; O ~ sheep 13, 11.4.67; X - sheep 15,
603.67; A = sheep 1, 1201067).



Facing page 170.

+ —
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intravenous 0.09H NaCl 3 5
infusion. Note the_over- ¢ 3
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K ®ig 151. DPlasma K' content follow-

5 — T

ing intravenous 0,15l or 0.09l1 NaCl
infusion. Note the lack of consist-
ent change. (A - skeep 2, 12.12.66;

- o X - sheep 13, 11.4.67; O - shee
2Gom 10 12 oom 4 15, 6.3.67; O - sheen 1, 12.1.67).
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Fig 132. Urine Na™ excretion following intravenous 1.5l1 NaCl
infusion. Note the earlier onset and the higher and eearlier
peak excretion when the preinfusion Na* was higher (2) compared
with low levels (b). (a - sheep 15, 1%3.2.67; b - sheep 2,
14.3.67).
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(Fig 127a) which increased by 187, accempamied by a 27 imprease in nco;.
In 811, however, there was some increase in k' excretion Auring the
infusion (Fig 127s,b). me:; excretion tendsd to dscline (Fig 128a),
even when the initial rzco; was elreedy low (Fig 126b), which inaluded both
daye of low Ma' exarction. On these occasions urive /HCO, 7 became low

and urine pH fell more than ususl, to below pif 7.0 (Fig 128¢).

On ell days the plasmm volume incressed, but remained within
the range of the conmtrols exoept for the lergest incresse of 1G5 whiah
ocourred on a day when moTe than the infused Na' wes excreted (Pig 129a).
Similerly, plasms O.P. (Fig 129b) and total solute comtent (Fig 129¢) showed
a slight increase at some stege in all 4 cases. This increase was of the
same arder of magnitude as in the conmtruls, but contrasts with the variability
of the direction of chenge in the latter. [/ Plasma protein_/ changes were
small and oonsistent with the calculated relative plesma volumes (Fig 129a).
Plasme /"Na' ] decreased over the experimemtal period (Fiz 130a), but the
drop was large campared vith that in 0.P.; on 2 days, the / Na'_/ dropped
merkedly during the proinfusion periods In general, plosma / C1 7
followed 0.P. (Fig 130b); on 3 days /C1”_/ showed e small increese during
the infusion. Both plesma /K _/ end K' content chemges (Fig 131) were
inconsistent, end similer to comtrols.

(3) Lo Tal)

Since the infusion of 0,9 Nall gave similar results to 1.5¥
NaCl, it is considered together with the latter in this section.

On 2 days when the preinfusion Na' excretion was high (9.5 and
3.9 m=equiv/30 min), a matriuresis began within 30 minutes, reached a
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Fie 1%%., Urine volume and total solute excrction following
intravenous 1l.5lM NaCl infusion. ©Note the similar effect on both
parameters of the infusion. (Sheep 2, 14.3.67).
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Piz 134, Z_Plasma protein;7 and relative plasma volume follow—
ing intravenous 1.5k NaCl infusion. XNote the typical response
in aj; the unusual day in b when a large fall in plasma volume
occurred (at 11.15 a.m.) a2lthough changes in protein were not
unusual. (a - sheep 2, 14.3.67; b - sheep 1, 10.1.67).
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Fig 135. DPlaswa total solute
360 content following intravenous 1l.5M
or 0.9\ NaCl infusion. Note the
- increase during the infusion.
( A - sheep 1, 10.1.67;
320} x - sheep 2, 14.3.67;
O - sheep 13 13.4.67;
- o - sheep 15, 13.2.67).
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Fig 1%36. Plasma O.P. following intravenous 1.5 NaCl infusion.
Note the peak O.P. in both; failure to return to tne pre-infus-
ion vglge only in a. (a - sheep 1, 10.1.67; t = sheep 15,
15.2.67
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Fiz 137. Plasma / Wa _/ and /C17_J following intravenous 0.l
or 1.5 NaCl infusion. Note the increase in both parameters
during the infusion. (a - sheep 13, 13.4.67; b - sheep 15,
13.2.67).
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meximom in the secord hour of 30 and 42 m—equiv/30 min, then after

the infusion dropped rapidly to near the initisl rate (Fig 132a) or below.
Overall 110 and 9 m~equiv were retained from the 180 m—equiv londe When
the preinfusion Na' was lower (0.12 and 0.18 m-equiv/30 min), the omset

and bulk of the nmatriuresis were lster and the peak exaretion was lower.
After a delay of 60 mimutes Wa' eamcretion rose to a maximm of 7 amd 13
m-equiv/30 min in the post-infusion period in which the greater part of the
natriuresis occurred (Fig 132b). The overell retemtion on these days was
57 of 108 and 12 of 180 m-equiv.

Urine flow and total solute exoretion changed together, end
reflected peaks of bdboth Me' and K* (Fig 133a,b). Overall, the urine
volume was 112 ml more and 99 ml less than the infused volume for lour!a‘,
and 8 ml more and 295 ml less for h:lghNa*.

The plesss volure and total soclute ocontent increesed during the
infusion (Fig 134, 135), and on only cne day failed to return to the
preinfusion value (Fig 134b, 135). The lergest increesse in volume (257)
end total solutes (307) ocourred on the day when Na' excretion was 4delayed
for 60 minutes after the larger Na' loed (Pig 134a)e On the ons day vhen
the two were still elevated at the end of the odbservstion period, the oxtra
Na' caloulated to be in the FCF was around 100 meequiv compared vith
umeaureted Ma' of 110 meoquive On this day plasma 0.P. also remained high
(Fig 1368) although on the other 3 it returned to the imitial 0.P. after
reaching 2 peek in 1! or 2! hours, representing enm increese of 7-418 mosm/kg
(Fig 136b) [/ Plamma protein ] changes supparted the calculated relative
plasna veluse (Fig 134a) with one exveption shere a large rise in / Hb_/
and PCV wes not accompanied by a rise in / plasma protein ] (see Pig 134db),
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Urine C1~ excretion following intravenous 1.%51L1 NaCl
Note tne peak during or just after the infusion.

(a - sheep 2, 14.3.67; b - sheep 15, 13.2.67).
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Urine pH following intravenous 1l.5I HaCl infusion.

Note the fall in pH in b on a day of larger diuresis.
(a - sheep 2, 14.3.67; b - sheep 1, 10.1.67).
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infusion. Note the increased excretion during tne infusion

and the second peak later; the delay in onset of the kaliuresis
when the natriuresis was immediate (a), but no deley when the
natriuresis was delayed (b). (a - sheep 15, 1%3.2.67; b - sheep
2, 14.3.67).
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Tir 141. Plasma /X _J and X content following intravenous
1.5I1 or 0.GM NaCl infusion. Note the variable changes in /[ XK _/
in a,b: a drop occurring during the infusion in &, in the post-
infusion period in b; no trend in K" content. (a - sheep 2,
14.3.67; b = sheep 1, 10.1.67; ¢ - Q - sheep 1, 1C.1.67;

X - sheep 2, 14.3.67; A - sheep 13, 13.4.67; O - sheep 15,
13.2.67).
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end probsbly stemmed fYom a sudden rise in ciroulating red cell mass.
Plasma / Ta' ] and /C1”_7 followed the same trends as 0.P. (Fig 137s,b).

The fractional C1~ and Ta' excretions were very close on all but
one day vhen sbout 50 m=ecuiv extre C1~ was lost, however, the extre K'
loss was eround 50 meequiv greater than on the other days, and a peak of Cl~
coincided with one for K' (compare Fig 138a with Fig 132b, 140b). On all
occasions, the C1~ excretion increased immedistely to a peak around 2 hours,
then declined noticeably on the 2 days of early nmatriuresis (Fig 138b) but
much less where it was prolonged (Fig 138a).

Urine pH was estimsted on 3 ococasions; 2 of these, vhen urine flow
increased 1ittle, were like cantrals (Fig 139a), but on one day of large
diuresis the pH dropped during the infusion an? later imrunced egain (Fig
139). mo; excretion wes exnamined on only ome day when a smell natriuresis

was associated with a 1ittle increase in nco;.

K" excretion was reised during the infusion then declined markedly
over the next 2 hours in nll cases, end increased 2 second time in 3 cases
(Fig 140). There was a 30~50 mimite delay vhen the natriwresis commenced
immediately (Fig 140a), none when it was dslayed (Fig 140b). Compared with
an average control dserease of 167, 68 and 16 meequiv of extrs K' vere lost
with low Na', and 17 and 3 mequiv extrs with high Na'.

Changes inplm[!’]mvaﬂ.ablo: in one case plasme
X' eltered 1ittle; 1n only one wes there a morked drop during the imfusion
(¥ig 1412), on the day of largest volume inorease. In the post-infusion
period, two were higher than before infusion (Pig 141a), one waos lower
(Pig 141b). Onb all 4 days the plasm K' content wes unchanged during the
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Fig 145. Urine Na* excretion following intravenous 1.ClM KC1
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the preinfusion HNa' was higher (a) than when it was low (b).

(a - sheep 15, 16.2.67; b - sheep 2, 16.3.67).
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infusion, dut aftasrwards showed a transiemt increase in 2, and dsarease

in ons (Fig hic).

(4) 1.0 KEL

A merked kaliuresals cormented within 30 mimites on all 3 dsays,
reached & sarimm in the second hour of 32-38 m-equiv/30 min, appraxismting
the rate of infusion plus the basal excretion. F¥hen ths infusion ended,
the decline was rapid, returning to the preinf\mion exaretion in ome hour
in 2, and in 2 hours when the camplete load was excreted (Fig 142).

Alloving a 167 deeline in basal exmretion, at 6} hours 28 and 30 m-equiv less
and 16 m-equiv more than the losd had sppeared in the urine,

Fxaretion of K' paralleled plesma /K'_7 (Fig 143) emd K* content
(Fig 144)¢ The maximm /K'_7, after 1} hours, of 6.6=7.5 mequiv/1
represented inaresses of 2.2, 2.6 and 3.1 meequiv/l, while K* comtent at the
same time rose to 1327, 1417 and 1567, An hour after the infusion ended,
(X' 7 ena X' conteat were slightly below the imdtial valucs, but had
returned to them by the end of the cbservation period. At moon, 32, &0
end 39 m-equiv of K* were st11) retained, the plamms K* content was raised
to 118%, 157% and 1157 respectively, so that apprurimately 28, 34 and 31
-equiv of K hed left the ECP,

KCl induced e natriuresis begimning ia the first 30 mimutes.
On 2 days when Ne' exmrvtion was high before the infusion (1415 and 7.0
neoquiv/30 min), 1t resached a maximm of 25 and 38 m-equiv/30 min in the
secand 30 mimute sample, then fell oansideredly over the period of peak
kaliuresis (Fig 145a). On the day of low Na' (0.17 m-equiv/30 min), the
peak matriuresis was only 8.7 m~equiv/30 min in the third sample (Fig 145b).
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Over the 6} hours, the extra Na' lost (allowing a 507 decline for high
initial rates) was 98, 28 end 25 m~equiv, while ot the end of the 2 hour
infusion it was 97, 44 and 21 m-equiv.

The urine flow and totel solute exnretion both increased
narkedly st the time of netriuresis and kaliuresis (Fig 146, 147). 1In
mnl.ﬂuromanﬂlimmuiuwlmwlmnﬂﬁa‘mtionlate
in the post-infusion period (Fig 14he, 146) except on the day of depressed
plasma volume and total solute content et that time. The extra water lost
over and sbove that infused was 445, 467 and 555 ml, the latter with the
greatest Na' loss. During the pesk diuresis, the urine osmolality ranged
from 4,20-845 mosn/kg, more commonly 420-650 mosn/kg.

The plasme volume (Pig 448) and total solute content (Fig 149)
&ropped to a minimum after 1) hours. On the day when Ne' loss was least,
both were greater after the infuaion them before it (Fig 1488); on one day,
both increased steadily back to the preinfusion level; ofter the largest
Ma' loss there was a second decreese (Fig 148b). The greater the matriuresis,
the lower the minimum plasma volume - 977, 907 and 85’ of the 9.15 s.m.
volume. At the termination of the infusion, the plasma total solute content
was depressed to apprurximstely %7, 96% and 98" i.e. about two-thirds of the
total Na' lo3s oould be accoumted for by ECF Ne'. The / plasma protein ]
increased during the calculated plasma volume shrinkage (Fig 148). The plasme
0.P. increased during the reduced volume om 2 days (Fig 150a), more im ome
then in the other, but fell when Na' loss was greatest (Fig 150b).

Pla-t[ln"]dldmtfollwom.,mon2amm¢wug
the infusion when the volume was reduced (Fig 15ta). The fluotuations in
[h*]mlm--wtmmmummwi&h
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determinations. Nor did plesma / C1™_/ follow 0.P., but all 3 showed
a peak just after the end of the infusion (Fig 151db).

C1™ excretion imreased consideradly in the first 30 mimutes and
reached a maxisnm in the seoond hour (Fig 152). The overall excretion was
53 end 19 m-equiv less and 41 meequiv more than the infused amount,
equivalent to that for excreted X' only when Na' was low.

Hco; excretion and urine pH were each estimnted on 2 days.

HCO3 ingreased during the infusion but dropped repidly afterwmrds (Fig 153).

3
reduced to 20 amd 2, m-equiv oversll by later HCO

The extra HCO, loss of 48 and 27 m=equiv during the 2 hour infusion was

3
the pf decreased stesdily as in the comtrols (Fig 154a). On the other, it

conservetion. On one day,

was no higher during the infusion, but dropped precipitously af'terwards

(Fig 154b) when m:o3

exnretion was virtually gero.

D SIO

Q.10 TaCl

The infusion of 120 ml of O.15¥ Nall represents only a amall load
of Ma' and water, an? was intendsd to serve mainly as a comperisom for the
loed of 1.5 NeCl and 1.0M KCl. RNevertheless, the dilute Nall infuaion
produced a small nstriuresis end diuresis with a little extrs K' excretion
during the infusion, while the plasma composition was almost unchanged.
However, it is likely that 2 small increase in plasme volume and total solute
content &4id result from the infusion since half of the controls showed a
decrease, whereas in this group of 4 all increased; the megnitude of the
change, however, was similar to the controls. Noreover, & small increase
in plasma /C1”_/ frequently followed the infusion.
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The more prominent effects were in the exeretion of Na', C17,
water and X', which, in many respects, resembled those produced by
intreduodenal infusion of O.15¥ NaCl., As for the latter, & low preinfusion
Na* reduced the excretiom of Na', C1” amd water, particularly Na', but the
overall amounts of each were independent. On the days of low excretionm,
the Na' pesks were as small as scme seen on ountral dsys, yet their
consistency of timing suggests they resulted from the infusion. The omset
of the matriuresis was immediste on the dagy of highest initial excretion,
but wes delayed 6090 mimutes in three. This resembles the case of
intraduodenal infusion vhere there was no delay when high prednfusion Na®
excretion was observed. The Ne' and water exsretion, where significarnt,
were biphasic with both routes of administration.

There was slways scme increase in K= exeretion during the
infusion, but the plasme X' content was not sltereds This probebly
represents X' release from the ICF since it would be unlikely that the
kﬂimdlmmwmwmh"mumﬂohmuly
amall, was bdiphasic and was not consistently related in time.

As well as the nmatriuresis, there would appear to be an active
diuresis other than an osmotic ome since the urine flow was independent
of solute output, and the increasse in volume can ocour with little or mo
incresse in Na' excretion. The stimulus to either the metriuresis or the
diuresis is not clear, Isosmotic expansion of the ECF is associated with
a matriwresis and depressed proximal tubule fractiomal Na' reebsorption
(Cortney ot gl., 1965; Dirks ot al., 1965 and others). It is postulstad
that 2 humoral factor is released as a result of stimuletion of volume
receptors. Nost of these studies employ a dose rate many times greater than
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do the present experiments, comsequently, if this mechanism is involved in
the presemt netriuresis, 1t is necessary to postulats & very sensitive
volume receptor system. The location of the receptors is less likely

to be in the arterial circulaotion then in the lowepressure vemous system
sinoe only the letter wpuld appear capable of respamiing to such a low
infusion rete. The site of the recmptars would be dbetween the jugular
vein and the heart in the case of intravenous infusions. Moreover, there
was & elmilar biphasic natriuresis and diuresis after intraduodsml
infusion, suggesting that either the same discrete receptors were involved,
or else a considerable length of the large veins is sensitive to the
stimilus. Perhsps iphibition of the Na~-retaining and anti Jiwuretio
rrinciples recently demonstrated in heart tissus (Lodkett, 1966, 1967;
Tlett and Lockett, 1988) or secretion of matriuretic and diuretic substances
could be involved.

1.3 TleCl

The infusions of 4.5 NaCl can be ammpared with those of Potter
(1966, 1968) in two breeds of aheep. Although his preinfusion conlitions
were different amd the loeds much greater, the effects on wrine exeretion
anl plasma composition were qualitatively similar to those observed here,

with the exception of K .

Potter has shown that the matriuresis of hypertonic WeCl loeding
results from both imcreased GFR and reduced fract onel tubuler Na'
readsorption in Darset Forn sheep, but only from the latter in Merinos.
The natriuresis in the Romneys in the present experiments mey have inwvolved
either or both of these rensl changes. In these, & high preinfusion Na'
excretion was associated vwith a greater matriuresis during the infusion,
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both faster onset anl 34 times the mexiwum excretion, with smaller
incresses in plemm volume and total solute content. The efficiensy of
eliminstion of & Ma' 1loed was incremsed in Potter's experiments by
preconditioning the sheep to Na' loading with 1.3 WaCl in the rinking
water. In his adapted sheoep, the GFR was higher initially and increased
to & grester extent during the infusion, an adsptation which would appear
to be adequete without Potter's suggested inwolvement of ADH or em unknown
mechanism,

Intrevenous hypertonic =alipe infusion differed fyam intre-
runinal or imtreduodenal admiwistration in that where the preinfusion
exoretion was high there was no delay in omset of raised Fa' excretion,
compared with a 1=2 hour dslsy for infusions into the gut (except on the
day on which diarrheez cacurred).

The biphasic matriuresis seen after the amasl) intravenous losd
of Na' was replaced by a cansideradly gremter single pesk of Na' after the
1.5 NeCle 1In this case, plesma volume expension is a2 more likely
stimmlus for the mtriurosis since the volume of infusate por se is
reinforced by the expension of plasma volume by water drewn from the cells
or the gut by the raised plasma O.P. Rowever, the intrarwuxinsl and
intradmdensl iofusions have shown that the greater the matriureais the
amaller the expamion of plamma volume, so that there appears to be no
simple relationahip detween the two.

Hypertoniec NeCl produced more consistent effects on K' when infused
intravemously than by other routes. On all days, extra k' was lost in the
arins compared with contruls; this was elso seen in Dorset Horms (Potter,
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1968) although the opposite was observed in Merinos (Potter, 1966).

Tt would appeer that more K' wes lost whenm Na' excretion was low, ainoe
68 and 16 meequiv of extrs K' were excreted compared vith 17 end 3 m~equiv when
there was a greater natriuresis. The immediate rise in K' excretion when
the natriuresis was deleyed may refleoct an early release of ICY k' in
exchange for retained Ne'. This conmtrasts with the loter knliuresis
observed vhen the matriuresis began at once, in which case it might be
expected that the smeller retained loed of Na' would take longer to
displsce a sigmificant emomnt of intrmcelluler X'. In sheep adapted to
salire loeding, the urinary XK' loss was lower (Potter, 1968), whioh
Potter suggested wight indicate an adeptive K comservation. It may also
mnmmmwm‘-x*mmwmmamm
rapid Na* eliminetion, The plasme XK' comtent d4d not alter signmificantly
on any day, an! on only oms dzy Md the plaame /XK' _/ drop during the
infusion. Potter (1966, 1968), using a much larger NaCl load, produced
dacreaming / X'/ in both treeds of cheep. The extent of plesma volume
expension may determine whether or not the plasma /X' 7 fells.

Changes in Hl:o3 axcretion (measured on cme day only) amd urine
pH followed the same pstterm cbserved with the other infusions, nmmely
thet & =mall inoresse in GO, exmywtion ocowrred comumrently with a slight

3
metrioresis, and wine pfl deolired with riaing urine flow.

T1lustrated in Fig 134b is the unusual occurrence of a large
increase in PCV and /M / (167 greater than the previcus sample) not
accompanied by a rise in /plasme protein /. This would sppear to result
from efrenaline release and splemic oamtrestion (Turnmer and Hodgetts, 1959)
ingreasing the red cell mass being used as a marker. Inglish (1966) poted
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similxr rises of aroumd 12 whom sheep were weighed, but the effeots
of the adrensline wore off in sbout 20 mimutes. The plasun volume
estimated an houwr later would seem to be a valid ome.

100500

As preVlmnly reported in momagastrics (Winkler and Smith, 19423
Baldwin ot al., 1950; DBerliner ot al., 1951, MMS. in oows
(Anderson amd "lckering, 1962) and in sheep (Keymes and Nerwisem, 1967),
intravenous fC1 infusion produced & marked rise in the exoretim of K,
Ta’', C1” and weter. In momogastrics, end in the present experiments,
mo;mmnnm 0f perticuler interest is the repidity of
K’ elimination, the mognitude ond origin of the matriuresis, end the raised

nco; excretion.

In contrast with the kaliuresis seen after most other infusiens,
the changing X' exoretion was essocicted with doth plasse /X' _J emd k'
content. Urine X' rose to approximote the rate of admindstrotion by the
second hour of the infusion, but declired quickly when it wes termimated.
This repid X' elimination slso was seen in cows ofter 2 hours of infusion
by Anderson end Piokering (1962) who found the exoretion rate balanced the
rote of administration nhen the infusion was prolomged. 1In ome of the
present experiments a1l infused X' hed been elimineted by the end of the 6!
howr post-infusion period, however, in the other two, 28 amd 30 meequiv
were retained, but mot in the FCF.

The extre Yo' 1088 was lorge - 98, 28 and 25 mequiv over—
ell - and occourred almost entively during the 2 hour infusion (97, LA end
21 neequiv). Approximtely two-thirds has been estimated fron the drop
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in plasma total zolute content to come from the ECF, therefore part of

the Na' appears to be of cell origin, probebly in exchemge for Z'. On

one day, a second decrease in plasme volume and total solutes probably
indicated a further redistribution across cell membranes since only 1 m-equiv
of Na' was excreted.

The stimulus for the K -induced netriuresis is not evidenmt; it
is odviously not eaxpended plesms volume since in this case it is contracted.
It was suggested by Berlinor gt al. (1951) anl Anderaan and Pickering
(1962) thet in the distel twdule Na' may not exchange as efficiently for
K* as 1t does for B', so that vhen a load of K’ is to be azrreted extre
Na' will be 10st in the wine. The presert observstions, hovever, do pot
suppart this explenation since the Na' peak preceded that for K exvept onm
the dsy of low preinfusion Na' excretion, and the Ne' loss was very verisble
for similar K' excretion. If the Ne' loss is not the result of such en
intersction, then the kidney is respanding to a stimulus vhose noture end
arigin cen only be speculative. There may be some means of dstecting the
pessage of Ta' from the ICP to the ECF, but them it is mecessary to explain
the large overshoot in Na' excretion simce the total excreted wes three
times the imtrecellular loss. Altermstively, it may de that any intrsverous
iffoaion is 2 stimnlus for matriuresis, as suggested for the MaCl infusions
of the same volume, but it is noteworthy that meny times more Fa' is
exureted after the KU1 than after the isctomic NeCl, 80 that it iz mecessary
to pastulats 2 "sensitising” effect of the infused X' om Na' excretion.

Any working hypothesis obviously requires further experimentation.

An extra 450=550 ml of water were excreted by the kidneys, an
effect which is equally as difficult to explain as the nmatriuresis. The
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diwresis is unlikely to be caused by raised GFR since Anderson and
Pickering (1962) found no imarease with a similer infuaton in cows. It
could be ascondary to aclute loss, homever the kidney wns not operating at
its maximal concemtrating capacity for the solute being exoreted since the
urine osmolality was higher after 1.5 NaCl, and after feeding (X' wes the
chief wrinary solute). & third possidility is reduced APH secretiom.
Fowwer, ths generzlly aocepbed stimili for this, nmmecly decreased plasma
O.P. or increased plasma volume Jd0 not pertain in this case: O0.P.
ingreasmd on 2 of 3 days and plasma volume was always reduced. MNoreover,
the urine never became hypotonic to plasme as commonly occurs with reduced
ADHe Finally, there remains the possibility thst a diuretic substance
was released by the infusion as discussed previously.

After KC1, the urine pil did not rise prominently s it does in
monogastrics where the initiel pif emd /[TICO; 7 ore considercbly lower. The
[7C0; 7 usually decreased a little when the wrine flow inoreased merkedly.
mo;mwmmimmmbynmwmgmmz
dzys, particulerly shen the Na' exuretion was very high. ihile this mey
umasutamummdmwmamo;.niameukny
muummn*mmwmmumo;mmm
with the increesed excretion of cetions (with a compensatory increase im
n‘minuam:umavum;). This last suggestion appeers
worth examining in futuwre work because of the frequent association of
raised Ma' and FCO, excreticn cbaerved in the present work, as well as

3
thmoamnbrwhdamiaﬁonotﬂco;uﬁ: K" excretion.
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GENERAL DISCUSSION

The water and electrolyte shifts and regulatory mechanisms
omnsequent upon feeding or electrulyte admiristration have alreedy been
discussed for each axperimantal situstiom in Chaptars 2-6, In this
seotion, the comtributicns of these cbservations to kmowledge of remal
regulatory mechanisms and transport across the rumen mucose will be
considered further.

Repel exeretion

The urine of ruminents differs in composition from that of
carmvores, being alimlire, rich umo; and X' amd 1ow in Ka'. The
canstitution of the diet appears to be largely respomsidle for these
differences, since ruminant uwrine can be mede to resemble that of monogas-
trios by suitahle mamipulation of the diet. Por example, acid wrine is
excreted by cows on feeds of low K~ but high Ca'' and ug"* content (Rrouwer,
1952); Forman and Scuer (1962) reported urimes of pH 5.8 in sheep fed
84 1ibitum Festuca hgy of low nitrogen, alkeali and alkaline eerth contenmt,
contrasting with wrines of pH 8.3 in sheep fed clover hay.

Although the output of urine of differemt composition may be
emtirely due to diet, ths posaitility exists that the remal controlling
mechenisms of ruminants may not be identical with those of species more
commonly used for such studies. Umususl responses to administered hormones
have indeed been recordeds. Kimme ot gl. (1961) reported that aldosteronme
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failed to reise X' excretion in the sheep elthough Me' retention aia
ocour.s The ruminant has been dsscrided as having an atypical remsl
response to ADH in that in hydxypamic animals it produoes an imcreese inm
urine flow and electrolyte exaretion, particularly K' (Eimw et sl.,
1963 Cross, Thorwtan and Twedell, 1963; Cross and Tharmtan, 1966;
¥acfarlane, Xinne, Welmsley, Siebert and Peter, 1967). Since the sheep
appears particulsrly semsitive to ADH (Masoferleme et al., 1967), it may
be that injection of even zmel)l Jdoses into an animal produming a high
endogenous level results in a pharmacological action of the hormone. Stacy
and Brook (1965) and Brook, Radford and Stacy (1968) believe that the
action of APH in physioclogical amounts in the sheep iz no different from
that in other species.

In three instances in the preasmt cbservations the renal response
of the sheep appeared at first sight to differ from that of monogastrics.
First, the sheep promptly excreted the intrevenous load of XK', in contrest
to the poor elimimation by carmivores unless sudbjected to a period of
sdeptation to X' loeding (Thatoher amd Rediks, 1947). It is reasomable
to suppose that the sheep were already adapted to handling K& loads by
the high K’ content of the diet. Some 1ight has been cast on the mods of
this edaptetion by Alexander and Levinsky (1968) who showed the enhanced
excretory capescity in sdapted rats to be essocieted with cdronic hypersscrot~
ion of aldosterome. Any role of aldosterome in this phenomenon must de
@ long-term ome eince admimstrution of the stereid just prior to the K=
loading wes ineffective. Socondly, the urine pi fell during the diuresis
after intraruminal water, 0.15¥ NeCl ar KC1 although it ususlly rises with
incTreasing wrins flow in carnivores. However, the typicel response in
sheep 18 also seen in alkalotic humens (Berclay gt al., 19%:7; Reid end
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Hills, 1965). Eggleton (1946) and Berclay et al. (1947) have shown
that, regardless of the initial pf, the wrine plf chamged towerds 6.9

as the flow increased. [Fipally, the classical diuretic stimuli of reduced
plesma osmolality and increased plesme volume did not apply during
infusion of water and 0,15 FT1 into the rumsm. However, similar
observations have been made during water lasdng in men (Cordova and
Lococo, 1964), so that this lack of correlation would not appear to be
unique to the sheep. It may de concluded that there is no qualitative
difference in the kidney regulation of sheep when compared with other
species, and that conclusions arising from the present investigation should
be generally applicsble.

x* balence is cdvioualy closely regulated, althoggh little is
known of the homeostatic mechamisms imvolved. Urinary X' has been said
to be influenced by cell /K'_7 (iudge gt al., 1950; Lendwehr ot al., 1966),
by Fa' exoretion (Berliner gt al., 19513 Davidson gt al., 1958; Walker
et al., 1961; Malmic gt al., 1966a,b) and by competition for seeretion
with H' (Berliner gt gl., 1951; Naren, 1954; Orloff and Davidsom, 1959).
Attempts were made to relate the changes in K execretion in the present
experiments to poasible dstsyMirmnts of the kaliuresis inclading changes in
plesma /X' 7, plomms K* eatent, eand predicted chemges in oell /X' 7 or
k' comtent. If the X' comtent of either ECF or ICF is the kaliuretic
determinent, this would necessitate the added momitoring of volume coupled
with the integration of concentration and volume changes.

nthMthmynﬁplmfhum
been fuvoured in the literature, the correlations between these were
considered in the mresent @xpwrimerts since the latter could not bde exeluded
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as the kaliuretic factor after X' losding. The experimerts imvolving
substantial addition of XK' into the ECF suppart the hypotlmsis thet either
plasme /X' 7 or X* content is the determinant of the knliwresis since,
fallowing intraruminel 0.15 KC1l, end during 1.0 KC1 inmtrevenous infusion,
X' excretion paralleled both plams /K’ 7 and k' content. On the other
hanmd, following all other infuwsions, there was no consistent relstionship
between plasem /X' 7 end K* exaretion, emd, in fact, wen large loads of
NeCl were introduced into the gut, the resultant kaliuresais was associated
with a consistent decrease in plasws /KXK' /. The Myputheats that ECF K’
content might be %ho kanliwretic factor received more suppart since the
kaliuresis after intraruminsl infusion of doth NaCl solutions and the
later phase of the kaliuresis after intreruminal 1.5¢ EC1 were associated
with inoreased plasme X' contemt. Iowever, this essociation was not bornme
out by the other infusions, end agein the kaliuresis ofter the intraduodenal
1.5M MaCl ocourred with a large decrease in X' content.

Changes in oell /X' 7 and XK' content would seem the mext logical
consideration as ceuses of increased K' excretion. Although cell K' was
rot measured in these experiments, movement in and out of the cell may be
{nfarred from changes in ECF K' content and urine losses. Following the
irtreverous KU1 infunion, when caloulation of K' penetration into aalls
is possible, by 3+ hours after cessstion of the kaliuresis 26 and 30 m-equiv
of K were retained outside the PCF on 2 days, presumsbly elevating the cell
k' content. It would thus seem that ome of the plasma paremeters is the
keliuretic determinent in this case, although cell /X' 7 also may have
retuned to the initial level efter water movemant into the ICF had reached
equilibrium, Reised cell /K'_7, probebly elso imvolved in the keliuresis
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after 0.15M KC1 intreruminally, would be favoured by the large increase

in the ECF X' content and the increase in plasma 0.P, Similarly, after
the intreruminal infusion of 1.5 KC1, although the ECF K' comtent rise
was only small initially, the rise in plasmn 0.P. was steady and in itself
would tend to raise cell / K'_/ by dehyiration. In the case of infusions
otber then KC1, it is herder to predict what would heppen to cell /X'_7,
since on one hand the K' 1s apperemtly displaced from the cell, and on the
other water may be d&rawn out of the ¢slls, particularly sfter hypertonic
infusions. After isotonic Nall infusions, it seems unlikely that the
kaliuresis oould be ascrided to either inoreased cell K' comtent or
concentration. It would certsinly seem that cell K' comtent cap be ruled
out as a determinent of kaliuresis after these other infusions since
movemmmt of KW would seem to be out of cells. The possibility remeins,
however, that 1t is not the /K'_7 of body cells in genersl which determines

K+

excretion, but the /K'_/ of specialised cells such as those of the
renal distal tubule, a possibility which would be difficult to determine

experimentally.

Froa the a.bove discussion it would appear that there is no single
obvious controller of K’ exvretion in all situstions. There is no reasonm,
however, why several factors might not determine the rate of K excretion,
the predominant one depending upon the physiological status of the body with
respect to body K' content, adaptation to K' loeding, ecid-bace balance,
availability of other cations ani state of hydration.

The effects of the major detemmimamts of K' exnretion may be
modulated by interactiors with truansport of other ioms aaross the remal
tubule. K’ excretion may be influenced by the acid loed to be excreted
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and the emount of Me' reaching the distal tubule. However, increased

K' excretion essooiated with increased Ne' exvretion, or reduse?d acid loss
may not elways result fraom such a remal tudbular interection, smd in two
instances in the present experiments such would appear to be the case. In
most instances after infusion of either NeCl or KC1, there was both a
netriuresis and a kaliwresis, however, frequently the peek of Na' excretion
d1d not coincide with that for K'. Moreover, when KCl was infused
intravenously, the matriuresis clearly preceded the peak kaliuresis, and was
declining repidly &uring the latter. Sush cbservations msoke it difficult
to conclude that the increased Wa' excretion was releted to the kaliuresis
ot the rem) level. The second case is the depressed X excretion during
feeding in the sheep, along ‘ith increased acid excretion and Ma' retention.
Stecy and Brook (1964) supported Berliner's hymotheeis that competition with
1" for seeretion could ceuse lowered X' execretion. However, as discussed
in Chapter 2, the evidence from the present experiments is ageinst this
competition being the sole fector, since there was a separation in time of
the mimtmum K* excretion and urine pR, anmd keliuresis forced by
eovtazolemide oanarred at the expense of plasma K .

B* secretion by the kidney results in resbsarption of the luminal
mo;, followed by elimination es titratadble acidity amd m,: In ruminants,
the scid loed is emall, mo; 1s incompletely reabsorbed, the excretion of
titrateble acid end armonia is low, nﬁﬂnmmtotmo;beinguoretod
reflects the H' secretion. In carmiveres, nco; excretion in the urine is
insignificent, and titretadle soidity end m; reflect the larger acid
secretions In the sheep, during a single daily feed, eccid excretion
usually incressed to such an extemt that pfce;] fell to very low levels
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end the urine bdecame acid; on e few days, however, the urine remained
alkaline vith higher [FCO; /.

While it is generally believed that uco, readbsorption 1s in the

form of CO,, Reid and Hills (1965) caloulated that some mo; reedbsarption

a8 such must ocour in alkalotic memn. Purther, they proposed that the
extent of direct nco; reabsorption was dependent upon the luminel [HCO;],
anl thus dearessed with rising urine flow. If their hypothesis is

correct, altered m:o; excretion may not reflect altered H' seeretion only.

The normally alkaline wrine of sheep gives the opportunity to

relete changes in ﬁco; execretion to that of exmreted cstions. 1In carnivores,

the virtusl sbsence of urinary Hco; leaves fixed anmion such as C1  to

8CoampANY Fe' apd X', In sheep, however, HCO

3
of H' but also as an anion associated with Na' amd K*. After several

not only acts as an absordber

3
only increased x* excretion, which might be expected on the bdeais of xt-nt

elestrolyte infusions in the sheep, raised HCO, excretion acoamparded mot

campetition, bdbut also accompanied increased Ne' exeretion. If part of the

amcreted mo; 18 associnted with cetions in this way, should availsble
nco; be limiting, it may foroe exmretion of acid im other farms (titratable

8oid and ml;). This could be determimed axperimmmtally. The cumwverse
situation may be inmvolved in the raised exaretion of Na' and X* slong with

3
and F411s (1965) suggested that part of the imsremsed oution loss mey be

ssconldary to redused readacryption when ncos readanrption i3 rednced by the
lowered luminal [hco;].

that of ACO, during water diuresis in aheep, and in alkelotic man. Reid

Mnu«mumwmm‘mmmww.mt
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effect of glomerular filtretion and tudulsr readsarptien, In the present
series of elsctralyte infusions, .since GFR was not memswred, it is
impossible to determine how much of a diuresis or matriuresis was due to
ingreased filtration or to decreassed resbsorption. To achMdeve the higher

increases in excretory rate, it seems likely thet both mechanisms were
contriduting.

In the case of water, decreased readsorption is classically
ettributed to reduced ADH secretion, which in turnm results from a fall in
plesma osmolality or imureassd plasma volume. KReither of these stigult
was observed before or during the duresis followng same infusioms. For
example, after the intraruminal water infusions, plasme volume and 0.P,
changes were no greater than in the controls; this has al=o deen reported
with water loeding in men (Cordove amd Lococo, 1964). Furthermure, an
intense diuresis followed inmtrexruminal cdmindstrstion of 0.1%! KC1, although
the plasma volume decreased and the 0.P. increased initially. Observations
such as these suggest that a ampunemt of the duretic mechanism 1s
sensitive to a stimulus otler than generalised changes in plasme volume
or osmolality. A localized stimuletion of a recepter close to the site of
absorption (apd to the site of sdministretiom in some experiments) may be
the means of sensing amall changes im 0.P. or imreases in ECP or plasma
volume. In fact, an osmoreceptor in the portal circulation bas been
demonstrated by Haberich and coworkers (Heberich, Agis and Fowacki, 1964,
1965, 1966; Asisz, Nowacki and Maberich, 1966; Fowmcki, Aziz and Haberich,
1966; Haberich, Axiz and Ohm, 1967; Heberich, 1968). They believe that
the ingestion of water stimulates this receptar, and that the hydration of
the liver dbuffers systemic 0.P. changes so that the hypothalamic receptors
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only come into play with high rates of absorption.

In the onse of Ha', decreased resbsorption has been attributed
to a matriuretic factor acting in the proximal tubule (Cortney et al., 1965;
Cirkoena ot 8l., 19655 Dirks et gl., 1965; Vatsom, 1966; Landwehr et sal.,
1967), or over a longer period of tims, to reduced aldosterone secretionm
leading to decreased distal tubular resbscrption. The proximal mechanisa
is assumed to be stimuleted by FECF volume expemsion such as results fyom
messive saline loading. FHowsver, after large Na® losds the magritude of
the increase in plasme volume was inversely related to the extent of the
nstriuresis; after smsll Na' loads (0.15¢ NaCl intrevemously or intrsduoden-
ally) a small increase in plasma volume was associated with e natriuresis, end
a larger increase in volume with complete Na' retention. Sinoe the
matriuretico stimulus does not appear to be the systemic increase in ECF
volume, it may erise from a 1ocal receptor mschamism analangous to thet for
ATR in the portal circulstion.

Some pruperties of the natriuretic mechanism ere apperent from
the presert axpuiments: it appears to be sensitive to the initial Na’
status (as reflected in the delay when the preinfusion Ma' excretion wes
low) and to the sourve or rate of acquisition of Ma'. When large Na' lceds
were infused imo the gut, No' exarwtion, but mot sbsorption, wes dslayed;
with intravemous Na', the dslay was dependent on the preinfuaion exaretion
deing low; when K1 wes given, exuretion of the Na' &isplaced from the
cells commenced without delgy.

The small diuresis seen after the intravemous and intraduodenal
isotonic saline infusions scemed to be closely related to the nmatriuresis.
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The time course of the two was similar, end lov preinfusion e’ excretion
wes assooiated with inhidition of both. Like the natyiuresis, the more
intenss the diuresis, the smaller ves the plasma volume expa&nsion after

the J litre intraruminal infusions i.e. the diuresis was greatest after
water, neyt afMter KCl, and lesst after NeCl, but the plasra volume ohanges
were {n tho reverse ordesr, Thus, the natriuresis and the diuresis may share
tho same receptor aiie, or the one efferent system may have two efferent
effects, The common receptor mey be one already shoxn to be essociated with
ADH oontrol, such as the portal system receptor, or perhaps the left atrial
receptors of Ceuver (Henry gt sl., 1956; Gauer emd lemry, 1963).
Alternstively, en infopendent antidiuretic substance similar to or idemtical
with the antidiuretic-antinatriuretic substance isolated by Ilett and
Lockett (41968) from heart tissue may be involved.

The site or natwre of enmy sush receptor is purely conjecturale It
would more likely be located in the low pressure side of the ciroulation
gince it must de sensitive enouch to resnpond to an inmtrevemous 0,154 NeCl
infusion rate of as little as 1 ml/min. From the similar response to
infusion into the duodenum or into the juguler vein, it is suggested that
the receptor would de ocloze to the heart, or else relsted to the stretch of

the wells of the capecitence vessels over a considersble length.

Several aspeots of the control of rensl excretion of water and
electrolytes have becn discussed bdeosuse present cechanisas fail to explain
setisfactorily observations in these experiments, Further experimentetion
should show whether or not hitherto undesecribed components do play &
significant role in these regulatory processes. In partiocular, the following

guestions meed to be answered, Is nco; exoretion in the sheep coupled to
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Na' and X' exnretion, ond if 50, is there a redistribution of the farms
in which H' is exuretad in order to maintain acid-base balance? What
type of receptor(s) can dsteot gains of ECF Na' and water, end what is the
mechanism of the resultant natriuresis and diuresis? Is there one, or are
there several deterwinamts of K' excretion, end how impartamt is the

intrecellular X' in this nspectf

The characteristics of net tramsport of water and electrolytes

across the rumen mucosa have usually been studied in simplified systems -

in vivo in the isolated, emptied and weshed rumen, or rumen pouch, filled

with a simple solution, or in vitro ecross stripped sheets of rumen epithelium.
Suoh experizsmts have estebliahed that Na' is astively abearded from rumen
contents, that X', €1~ ond nco; pove sccording to the electrochemical gradient,
and thet the rumen mucosa is water permeahle. Although these observations
are probably gualitatively correct, there has not been acourate quantitative

sstimation of met trunsfers in phyeiologiocal conditions.

Extrepalation fyrun the experimeats described adbove to0 a real
physioclogical situation has not be2n possible sinoe the particular conditions
and procedures employed may alter the rate, or even the mature of the
trensport. It is kmown that VFA chsorption cam be dspresssd by starvetion
(Armstrong et al., 1957), canmuletion of the rumen (Massom and Phillipson,
1951), «@xvessive washivg out, and leaving the rumem £4110d with caline
overmight (Ash and Dobsonm, 1963). Although water emd electrulyts trensfers
need not be effected by procedures which alter VFA transport, it is likely
that maintenance of intact rumen epithelial metabolism may be necessary for
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exhibition of the norwal tremspart proparties. This is indicated by the
need for the cheep to be fed defore a sample of rmen epithelium is taken
for study in vitro, and for the tissuss to be bathed by VPA- containing
solution to obtaim a stsble preparation (Ferreira et al., 1966).

Estimates have been made of the rate of transruminsl net water
movenment by measuwring the rumen fluid volume end the dilution rate, end
comparing these with the salivary flow, either measured or essumed (Hydeén,
1961; Fngelhardt, 1963; Stacy amd Wermer, 1966; Termouth, 1967). 1In
preotice, rumen volume estimations using marker dilution techniques contain
inagcuracies becsuse experiments are frequently perfamsd under conditions
vhen there is a discontinuity in the marker concemtration/time curve. As
a result, there is considersble varietion in the results odtained by different
workers. Fydén (1961) caloulated the met absorption of water from the
rumen of sheep unfed for 2-12 hours to be of the order of 0.15 {/hr. During
feeding the rumen fluid volume increases; Stacy and Varner (1966) believed
that salivary inflow accounted almost entirely for the extra fluid, but
Ternouth (1967) estimated thst 20% entered scross the rumen wall.

Some reported observetions, taken together with findings in the
present experiments, seem to indicate that, with the exmception of Na', little
pot tramsfer of water and electrulyte ocoours across the rumen wall, This
was 11lustzuted for XK' by the striking difference in the time course and
total emount of XK' sbsorption emd excretion following intreruminel infusion
of 015 end 1.5¢ KCl. Then a high concentretion of X' was built wp in the
rumen by 1.5¥ KC1 infusion, sbsorption snd onset of excretion of extra K'
began immediately, suggesting thet a small emount of trensruminal K’ movement
hal taken pleace. Wm&ox*lmdmpminalmvdm,mm
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of ebsorption was dslayed, but over the & hour cbservation pariod 507
more XK' was exureted. This may be explained by increased reticulo-ruminal
outflow to more distal regions of the gut caused by the larger increase in
rumen voluze (Ash, 1962). The overall greater K' absorption would suggest
that the rumen K' permesbility is not high, or at least considersbly lower
than that of the zmmll intestine.

In contrest, the rate of Na' upteke from the rumen sppeared to be
apprecisble, and to Qdiffer very little with the two cancentratioms of Fall
infused, perhaps being a little greater from the 1.5 solution, Na'
ebsorption is similar in the two cases although reticular outflow would be
axpeoted to be imoreased fer more by the larger volume (0.15) then by the
spaller volume (1.5%). Infusion of 1.5¢ ReCl into the rumen and into the
duoderm resulted in & qualitatively similar picture, end a slightly greater
uptake af'ter the intreruminnl infusions than from the range of intestinel
infusions. It would therefore seem likely that the rate of Na' absorption
from the rumen does mot differ greatly from that in the intestine.

Several observations suggest that the rumen wall exhibits little
net water transfer. The prolonged hypotonicity of rumen contents in fasted
enimals (Engelhardt, 1963; Warner and Stecy, 1965; Termouth, 1967) could
arise from contimiing Ya' cbsorption in excess of waters The depressed
rumen 0.P. following intreruminel infusion of water rises only alowly anmd at
en almost comstant rate (Wermer amd Stasoy, 1965), whareas if the weter
flowed along the osmotic gradient created across the rumen wall the rise in
0.P. would be expeeted to de greatest initially, then slowinz as the gredient
wes reduced. The observed steady increase could be the result of the
hypotonic outflow to the omasum being replaced by a feirly wniform inflow of
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hypertonic or isetomic saliva, Further support for the relatively low

water permeadility of the rumen is the failwre of Stacy and Warmar (1966)

to dstect trunaruminal water influx whes hypertonic solutions were infused
into the rumen. In the prescent experiments, there wes no e vidence that

water entered the rumen af'ter the hypertomioc infusions: 4in no case aid

the relative plasma volume decrease after the infusion as it might be expected
to do if the rumen were highly water permeadle, particularly after the 1.5
KC1 which was only slouly absarded.

The absorption and exaretion of water after the 3 litre intreruminal
infusions is compatible with only a amml)l amount of direct sbsarption agross
the rumen wall and a large franction from the intestine. The total fluid
abeorbed from the 3 types of infusion was similar (arouwnd 75’ of the volume
edministered) although the propartionm appearing in the urine varied with the
infused solute. Increasing the rumen volume raises the amnaal outflow in
propartion to the volume sdded (Ash, 1962), although the composition of this
digesta would vary after the different imnfusions. The time cowrse of fluid
absorption appears to be similar after water and 0.15M !Cl, the two most
easily compared, yet the water imfusion would halve the rumen 0.FP. vhile the
0.15 Anfuaions would ruise it slightly. These observations suggest that,
rather than water movement taking place along osmotic gradients weter is
absorded relatively indepeniently of these gradienmts; this form of water
movement 1s most readily vismlised in ths intestine whare absorption follows
equilibration to isotonicity in the proximal segments.

During & single daily feed the rumen contents alsc become hyper-
tonic to plasma and the rumem fluld volume {mreases repidly (Reid, 1965;
Varner and Stecy, 1965; Stacy and Wermer, 1966; Termouth, 1967). The
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latter two suthors have attempted to pertition this gain of fluid into

that entering in salive rnd thet from direct transruminel flow, but use
methods and assumptions which preclude ecourecy. The present feeding
axprriments suggest that the reletive conmtributions of salivary water and
direct diffusion may vary with the rate of eating. In all caeses, the plasme
valume shrank over the first 15 mimutes of feeding; where tho fall was
grestest, the 0.F, 2180 decreased, but where it wrs less, the 0.P. increased
(Fig 61). These observations were interpreted as invalving the simulten—
eous secretion of a hypotonic (&iffusion) and a hypertonic component (sslive),
the former meking e relatively greater contribution vhen the plasme volume
falls least. Since the saliva is omly slightly hypertonic to plasma,

the volume of salive would probably be many times the volume of trensruminal

water.

The dagree of permeadlity of the rumen to substancus which move
passively eslong their electrochemiosl gradient could de of major signlficance
in preservirg an almo:st congtant internal enviromment in the rampent, If
the rmmeon were highly permeable, ellowing rapid equilibretion of rumen comtents
with the ECF, then rapid feed intske, drinking large volumes of water, or,
under expericemtal conditions, admimistration imto the rumen of large
infusions, would quickly produce extensive changes in the TCF camposition.
Further, the permealility chaructoristiocs of the rumen mucosa may have
affected the development or not of receptor argans in the rumen itself. It
is possible that there are receptars inveolved mot only in the co~wdinntion
of rumen movements, salivary flow and abomessl secretion, i.e. reguleting
digestive functions, dbut elso im controlling overull dbody oampositiom. Such
organs could be involved in humger, satiatiom, thirst, sclt appetite and
petheps even in the stete of hydration or salt repletion. The possibility
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of their bdeing a reality is suggosted by observetions such as the correletion
of feed and water imtake, both im quantity end pattern, and the rapid
metering of the water drunk by thirsty ruminants (Schmidt-Nielsen,
Schmidt-Nielsen, Moupt end Jarmm, 1956; Bott gt al., 1965). Should the
rumen be highly permeable, it might de advantagecus to have sensary receptors
in the rumen. If, on the other hand, the rmen wall were relatively
impermmadle, changes in rumen camposition would present no irmediate threat
to homeostasis in the dody itself, and absorption from the gut ocould de very
similar to that in mmmmgustyio species.

It i3 olear thst f\wther experimentation is needed in several
ereas. The extent of nst trmmsport across the rumen wall in the intact organ
filled with digesta of wvarying camposition remains to be dstermined drectly
end reliadly. A step in this direction would be to bypass intestinal
ebsorption by means of re-entrent intestinal canmlae and thus study the
relative contribution of the rumen to sbserption of an intraruminel load.

The pon~uniformity of oamposition in different regions of the
reticulo-ruman, the result of immdequmte miring, may play a sigmificant role.
On ome hand, net trensruminal fluxes of water and eleotrulytes may vary
in the different arees both in rate end direction. On the other hand,
specific receptor organs sensitive to the elestrulyte or solute concentration
may be locsted only in certain regions The dorsal rumen frequently
comtains a raft of &y material, vhile, by contrast, Reid (personal
canmranication) has found in cows thet ingested wster initially sauses
gseater dilution of ventral rumen comtents than those in other areas. The
different enviromeent in these two sites would meen that one nmight be more
suitable for location of a spevific type of reqpptor. Perhaps valuable
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informmtion is lost by attampting to cbtain an sversge ruminal concentration
of solute by aversging values ar poaling samples from different regions.

However, if there are mo such ruminal receptors, nor is the rumen
funotiommlly very permeeble, thenm the maintermnoe of the enlarged water
and electrolyte content of the digestive tract may not presemt es great a
loed on overell homeostasis as may be supposed, and the regulctory smechanisms
of the momogastric would also dbe adequate in the ruminant.



SIMDUARY

The relationship in sheep detween water and electrolytes in gut
fluids, especislly in the rumen, and in the body fluid compartments has deen
stulied by following the changes in urine exeretion and dleod composition
assoclated with a single daily feed of 2-3 hours, dwring ad libitum feeding
and following water, NaCl and KC1 infusion into the rumen, 4uodamm ond jugular
vein, The following oonolusions have been reachsd:

Associated with & single daily feed were changes which have been interpreted

as reflecting en initial net secretory phase, predaminantly of saliva, followed
by a net sbsorptive phase. During the former, there wes an antidiuresis,
wrinary acidifoation, retention of Ma', K*, mo; and urea, reduced plasms
volume and raised tonitity, During the absorptive phase, there was raised
excretion of water end all eloctrolytes, a return of the urins to an alkaline
pfl, and an expanaion of plasme volume.

The most prominent effect of removal of the drinking water during feeding was
the reduced feed intake.

Acetezolamide administration dwring feeding produced in the sheep the typiocal
effects of remal carbonic enhydrese inhibition, with the exception of a
prominent reduction of C1~ excretion.

Sheep feeding ad libitun showed mmaller flustustions in urine and blood
composition then 414 sheep feeding once h.ﬁy. but diwrnal and feeding components
appeexed to be invalved,

The electrolyte imfusions indicated that the rumen abscrption of K* end water
18 lover than from the imbestine, but that Na' uptake from the two aveas

is similar.

Apart from any differences in gut absorption, the sheep appeared to handle



108ds of water and eleotrulytes hy mechanisms common to other speciaes.
However, responses t0 oertain infusions support the existence of e natriuretic
and diuretic mschanism similar to that proposed by Loakett, as well as the
operetion of receptors sensitive to looal changes rather than to gystemic
hypotordcity end hypezvolammia, such as have been identifisd in the portal
ocirculation by Haberich end coworkers.



Appendix 1. History of infusions for each sheep, described in detail

in Chapters 4 = 6.,

Sheep Date Infuasion Route Volume Concentretion
(1itres) (u)
1 25, 7.66 ReCl R 3.0 0.45
26, 7.66 NaCl R 0.3 1.5
22, 8066 wter R 300
2#0 8066 m
12, 9.66 KC1 R 3.0 015
e 9.66 NaCl R 0.3 1.5
10. 1,67 Hell v 0,12 1.5
12. 1.67 Nell v 0,12 0.15
2 1. 80“ “m
2. 8.66 RaCl R 0.3 15
30. 8466 NeCl R 3.0 0.15
1. 9.66 water R 3.0
19. 9.66 KC1 R 3.0 0.45
21. 9.66 Nall ) 3 0.3 1.5
22,14 o“ water R 3.0
2011 .66 ReCl R 3.0 0.15
12.12.66 NeCl v 0,127 0e15
15. 2467 | (Ma+K)C1 R 3.0 0.3
e 3.67 v 0.42 1.5
16. 3.67 KC1 v 0.12 1.0
30. 3.67 KC1 R 0.3 1.5
3 18, 7.66 water R 3.0
20, 7066 control
‘6. 8.“ wl 300 0015
12 27. 2467 RCY R 3.0 045
3¢ 4667 NeCl D 0.2 0.15
S5¢ be67 NeCl D 002 15
17. 467 control
19+ 467 K1 R 0.5 1.5
3 20, 2.67 KC1 R 3.0 0.15
20, 3.67 Rell s} 0.2 0,15
22, 3.67 ReCl )} 062 15
1. 4.67 NaCl v 0612 0.09
13. 467 NeC1 v 0.42 0.9
2o be67 KC1 R 0.3 15
9. 5067 ooatrol )




Sheep Date Infusion Route | Volume Congentration
(11tres) ()
1% 3e10.66 NaCl b 0.15 1.5
18,10.66 control
20.10.66 NaCl D 0.2 1.5
5¢11.66 NaCl D 0.2 15
16.11.66 NaCl D 0.2 0.15
5e12.66 .. § v 0.12 1.0
15 3. 1,67 RaCl D 0.3 1.5
2. 267 NeCl D 0.3 0.15
135. 2.67 NaCl v 0.42 15
16 2.67 KC1 A4 0012 1.0
6o 3.67 Yall v 0.12 0615
¢ R = dntrarminal
D = Sotreduodaml
V = intravenous
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