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PREFACE

The kidneys are commonly described as excretory organs, but
fow physiologlsts would accept this as an adequate description.
In distinguishing between the external environment of an organism
“and the immediste envirvonment of the compoment cells of that
organiem, Claude Bernard established move than 100 years ago a
unifying concept in physioclogy within vwhich the dinterrelation of
the activities of the body came increasingly to be appreciated.

A wide variety of physiological devices and processes operate to
presdrve and stebilise the physical properties and ch@micai cong=
tution of this internal enviromment and the pesulting constancy,
as Bewnard pointed out, liberates the organism from immediate

and continuous dependency on the conditions which obtain in the
extornal worldse The kidneys are therefore more properly regarded
as an dmportont executive of the processes which regulate the
volume and the composition of this intermal fiuwid environments

the excrotory function of the kidneys is incidental to this
regulatory fuﬁctian.

Most experimental investigotions of mammalian kidney function
have been carried out on dogs, in which the renal vesponses %o
experimental procedures are in general closely similay to those
of man. In addition the dog may conveniently be studied using
the facilities available in moat physiology laboratories.
Herbivores have been uséd much less frequently since the findings
of puch fuvestigations clearly moy less readily be applied to
wan, because the major dietary differences must give rise to
difforences in homeostatic requirements. Also the accommodation

and restroint of large domestic herbivores in laboratories



designed fopr work om cowoperative human volunteers, oxr on
expeyrimental animals no largeyr than the dog, present considerable
practical difficulties.

The runinant herbivore has nevertheless attracted conw
siderable attention from physiologists; but this has been
directed mainly towards the alimentary tract, on which much
information has been gained from applying techniques originally
developed in the dog ond in meane The normal diet of herbivores,
however, differs from the normal diet of man and the dog, not
only in its greater content of material indigestable by mammalian
gastrolntestinal ensymes, but also in its m:tmrail content. In
particulay it is well known that the normel diet of grazing
animals ie high in potassium and lovw dn sodium content, so that
the excretion of these ions must involve differences in emphosis
of the renzl processes which have beaen described in man and in
the dogs

The following study of kidney function in the cow was
therefore undertaken to investigate these differences and =mo to
establish more clearly some detadls of the homenstatic role of
the kddney in this animal. It i hoped that the findings will
contribute to our geneoral undersztanding of mamnalian kidoey funcwe
tion and also ald in furthering our understanding of disease
conditions in cattle which dnvolve disturbances of the balance or

the distribubion of water and electrolytes in the animal body.
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GENBRAL INTRODUCGTION



Artistotle did not regard the kidneys to be necessary for
life. He believed that uwrine was formed in the bledder and that
the kidneys served only to supply the body with a "greator finlsh
and perfection. This gross errory however, was corrected by
Galen, who revopnised that the ureters sdrved to conduct the
vrine from the kidueyss in vhidh it wes madey to the bledder, from
which 1t wae evaouated ot verying intervels (Smith, 1959). It
is of interest that the fivet veport, by Bellini in 1662, ascxdib~
ing o tubular structure to the kidney substance was based on a
study of the kidneys of o zuminant (o deer). Bellini's obsorvas
tions were chiefly conterned with the gross anatomy of the renal
pelvig, but he did demonstrate thet the innexr or papillary part
of the kidney was compousedy not of soldd fibrous styands as
previously supposed, but of minute hollow channels (Bellinits
ducts) draining into the pelvis (Jonse and Rewell, 1954). Four
yeoexs labter the first descripbion of wany details of structure,
which lay beyond the range of unaided vision, was forthcoming,
followlng the application of the Galileo microscope to the study
of the structure of animal organs (Malpighi, 1666).

NMalpipghi's description of the kidney marks the beglining
of an aceurate knowledge of this organs Where other anatomiste
had considered the outer part or covtex to be coagulated blood,
Malpighi discovered that it was compused of many mimute tortucusly
twlsted tubes (the renal tubules) and, though he was unable to
demonstrate the point, he correctly inferred that the tubules
were connected with the much larger duéts of the papilla.  Among
the tubules he found many spherical; translucent bodies resembling
fish eppge (Malpighian corpuscles) which were attached to the blood
vescels like apples to a tree and which he thought corresponded

in number to the tubules of which the mass of the kidney was



composeds He folled to observe that esoch of these spherdcal
bodiesy which he called "glonds", consisted of an elaborate tuft
of copillaries, but by injectinp the kidney with coloured fluids
he was eble to demonstrate that the Yglonds" vere convacted with
the arteries and velnss e inferred that urine is formed in
these innumerable “glands" durdng the pagsage of blood through
them, and droined through the attoched tubules to the larger
ductsy from which it escaped through the pores in the papilla
into the venal pelvis; and thente, by way of the wreters, into
the bleddex \ |

After Malpighits treatise of 1666 it is remo¥kable that
further progress tovards an understanding of the avatomy ond
ruyaiolopy of the kidneys was not achieved until the publication,
in the mid-nineteenth century, of Bowman's preeise morphological
study (PBowmam, 1842)s  The mopt notoble contributions of this
work dncluded an accurate descyiption of the glomerular capillary
tuft and its relations to the affeovent and efferent arterioles;
a deseription of the wenal tubule as a gingle layer of epitheliol
cells reasting on & basement mombraves and z description of the
copsule investing the glomerular cepillaries (Bivman' s capsule)
as an expansion of this tubular basement membrane inte a sphere,
firmly sesled to the afferent ond effervent arteriocles at the
vascular pole of the glomerulus. Houman emphasized thot this
capaule - had an open conmexion with the tubule at the urinayy
pole, so that any fluid escaping from the capillawy tuft could
drain freoly irto the tubnles He concluded correctly that each
tubule was conuectad with a glomemulus, and he inferred, though,
like Malpighi, he conld not prove the point, that ench tubmle
gontinmod as a single uon&uﬂ:b until it joined the collecting

gystem of (Bellivi's) duects. Lastly, Bowman's use of arterisl



and venous injection methods enabled him to describe how the
efferent artoriole broke up into a second capillary plexus
closely applied to the basement membrane around the tubules,

and he concluded, again correctly, that all the blood from the
renal artery, with the exception of a small quantity distributed
to the rensl cepsule, the surrounding fat and the walls of the -~
larger blood vessels, entored the capllilary tufte of the
Malphighlan bodies. Thente it passed into the capillaxy plexus
surrounding the urdinlferous tubules before finally leaving the
organ through the branches of the renal veins.

Regarding the mechaniem of urine formotion, Bowman conw
aeived that the capillary tuft of the glomerulus was ideally
suited for the seporation of water from the bloody a proceas
which he attributed to retardation of the flow of blood in the
tuftsy and he proposed that this glomerular water served to
dsgolve, and to wash down the tubule, urinary solutes, all or
moat of which were excreoted by the tubular epithelium, This
latter part of the hypothesis was in keeping with the widespread
belief then current that pecretion involved actuanl rupture of
secretory cells with discharge of part or all of the cellular
contents.

in advancing this concept of how urine was formed Bowman
acted as an early advocate of what became established as the
vitaldstic theory of urine formation. With our present knowe
ledge, his fallurs to sense that the separation of water in the
glomeruld might also entall the separation of salts and other
substances in solution scems surprising. However, Bouman's
paper vas scarcely in circulation hefore a physidal theory of
urine formation was proposed by Iudwig (1844), who, without

knowledge of Dowman's work, had carried out extensive studies



of the anatony of the kidney and had avprived at the some views
on all fmportant points. Ludwig's hypothesis was, fipst, thot
urine formation began with the phyeical meparetion in the glomeruli,
under the hydrostatic pressure of the blood, of a protein-free
ultrafilivate sufficlent in volume to contain 21l of the urinaxy
congtituentsy and, second, that this filtrate wag preduced in
volume, with proportional concentration of the urinary consti-
tuents, by the tubular reabsorption of a lawge fraction of this
glomerulay filtrate, This hypothesis dispensed with any vital
activity on the part of the glomerular capillaries, to which Iude
wlg attributed only such semipermeskility as would permit water
and all golutes of small wolecular ﬁaﬂghﬁ to pass into the ultra~
filtrate, whilst restraining the plasma proteins, lipids and
formed eloments. It also disposed of any secretary activity on
the part of the renzl tubules as proposed by Bowman, becouse the
volume of the filtrate was supposedly large enough to sccount for
the excretion of all the urinary constituents.

Indwig vecognised that blood pressure in the perdtubular
capillaries must be too lovw to faveur £&ltrétion in this site
and conceived that the blood was somehow “eoncentrated" by the
filtration vhich had sccurred in the glomerulis Consequently
he postulated that in the perdtubuler capillaries this "concenw
trated" blood would draw water (and some solutes) from the relow
tively "dilute™ tubular urine by a proceas of "endosmosis'. He
did not moke clear what was concentrated in the glomerulus and
rediluted in the caplllaries bubt emphasized that this reabgorps-
tion did not dnvolve any “vital" activity on the part of the
tubuler epithelium. His demcfiption of "endosmosis" as "chemicalh
was apparently adopted to distinguiah it from the mechanical
%@ydroaﬁatim) filtration occurring in the glomeruli.
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Prosent day concepts do not support "endosmotic! resbsorpe
tion as described by Iudwigy but his physieal theory of glomerulax
filtration provad to be truve, and remaing probably the most
brilliant generslisation in the history of rensl physiology.
Ivonically 4t was on this cavdinal principle that Imdwig's hypow
thesis was first challenged, Heidenhain (1883) pointed out that,
contrvary to Bowman's daéczrd;ption of the glonerular capillaries
as "na!:ed"‘, in his view these vessels were wore or less completely
covarad by o conbtinuoua layer of "dense' epithelium, similar to
that of secrotory glonds. He suggested that this layer would
oppoge filtration and that, as in other glands, it could have a
sotretory funotions He caloulated that to explain the exereﬁ:xcfji
of uren in man by "filbtration” some 70 litres of filtrate would |
have to be formed per day, of which 68 litres or more must be
resbsorbed, which seemed like impossible figures. It was argued
that the effects on urdne flow described in oxperiments invelving
interference with the arterial or venous blood supply of the
kidney pointed %o the conclusion that urine formation was related
to renal blood flow rather than to glomerular pressure. then
conbined with Heidenkain's own observations on the tubular secraw=
tion of indigo carmine, and with those of Nussbaum (1898), these
argunents seemed veyy convineinge

Heidenhain therefore concluded that, in the formation of
urine, woter, primoxily, was secreted by the glomerulay epithelw
jum, and othor urinory constituents (and possibly some water) were
seovetod by the tubules. It should be noted that vitalism was
not dnvoked with reference to secretion. Heldenhain spoke of
vater and othor secretory producta os being propelled by the ¢all's
"active foree', as toe~duy one would speak of "active transport",

in contradistinction to filtration or passive diffusion; and he
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recognised fhat the astivity of a secretory cell was completely
ohgeure, but added that functions in the living cell were subject
everywhore and without exveption to exploration "by meaﬁa of
physics and chemlatyy'.

Thus began the controversy between, on the one hand, those
who supported Ludwig's filtrationwreabsorption hypothesis and,
on the other, those who supported the so-galled Heidenhain<Bowman
secretory hypothesise. No indubitable proof of eitheyr interpre-
tation was aivanced as the litersture increased in volume (Smith,
1959). Both points of wiew failed to agree on the significance
to be attached to results of procedures involving, for example,
changee in blood proscure and blood flow, changes in the componiw
tion of the blood, and the prosence or abasence of dyes in Fowman's
capsule or in the tubunle cells. The vitalistic school referved
essentially all physiclogical phenomena to the "wital foree" of
the living cell, o force which purposefully, albeit mysteriocusly,
diyected ol celluler sctivities to an Aristotlelan "final end'.
SBupporters of the filtration-reabsorption hypothesis, on the
other hand, so completely abandoned the teleological implication
of wystic cellular forces tn fovour of mechanistic interpretations,
that Veital ectivity", even in the modern sense of "metabolic
aotlvity™ or “"active transport”, was not acceptable.

The first monograph ¥ be devoted exclnaively to the physio-
logy .of the kidney was published early in the present century ‘
(Cushuy~4.1917) s by which time physiology as a whole had aoqu:lréd
a strong mechandstie casts In vevieving "a mass of printed
matter of over 6000 pages! Cushny stated the different views, then,
somevhat arbitrerdly, rejected that secretion played any pert in
urdne formation. This was not becouse the filtration-resbsorpw

tion hypothesis was proved (it was not), nor because the arguments
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sgalnst secretion wepe convinecing (they were not), but because,
to Cushny, sgouretion was synonymous with vitalism. He pointed
out that the Bowman-iHeidenhain theory was mainly remarkable for
ite defensive strengthy in that overy possible emperimental
fnding could bs attributed to some special activity of unge
pecified gells, whilst, in reality, it expleined nothing, and
offeved no point from which advance could he made., In this
broad condemnation, howaver, Cushny ignored the possibility thet
tubulay secretiony "wvitalistic! or ctherwise, might supplement
the precess of filtration and reabsorption which he advocated.

In formilating what he called “The Modern Theory! Cushny
acwepted as the initial step Iudwig's process of glomerular
filtvation, but rojected "endosmotio reabsorption. The facts
thad glucose end awine aciday which he concoived to be filterable,
are usually wholly sbsent from the urine, and that some substances
such as urea, sulphate and chloride may be present in greater con-
centration thah in the bloody and yot not congentrated to the
exteny requived by the filtration-resbsorpiion theory, foreed him
to accept that these substances were reabsorbed so long as the
plasma concentration was below a critical valves. Such swbstonces
weye designated "threshold" substances to distinguish them from
wambte products such as cereatininey which vere yojacted by the
tubules rognrdless of plasma concentrotion and weve desipgnated
tno-threshold” substances. Ho thorefore comploted the "Modern
Theory" by the suppesition that the tubules reabsorbed a "perfected
Lockets fluid" conbaining glucose, amdino-ocids, salts, urea ete.
in approximately the proportions in which they were "best adapted
to the tissues't

HThe formation of the glomerular flltrate is due to a



blind forsde. The absorption in the tubules is equally

independent of any discerimination, forthe fluid absorbed

la alwoys the same, vhatever the needs of the orgavism ot

the moment."  {Cushny, 1917, p.48).

Qushny waa unable to propose any mechanism for the re-ahsorp-
tion of this “perfected fluld" and was forced to admit thot this
roabsoyption depended on “the vital activity of the tubular epi~
thellums  Invoking "vital activity" in this context, ofter an
eorlier dismissal of the term os "nebulous" and Puncompromisitg'
vhen used by those advocating tubular secretory processes in urine
formation, presumably was regarded as acceptoble since the vital
activity hod been yeduced to the constant and supposedly definable
dimensions of a “perfected Locke's fiuid".

Cushny's endorsing of Iudwig's theory of filiration has been
upheld by more recent work, although his theory of tubulor reabe
sorption of a "perfected fluid" hag not, and his rejection of
tubuler excretion or secretion has proved unwarranted. However,
Cushny's stated purpose that his monograph might serve "as an
advanted post from which others may issoue againat the last ramparts
of vitalism" was achiewved, since the book provided a valusble
sumnary of, and guide to, the complex literature, end a powerful
stimulus to the oritical evaluation of experimental findings. In
addition the monogruph pointed the need for quantitative rather than
qualitative studies on remal function, and from 1920 onverds were
developed investigational techniques by which many of the uncertaine
ties of tho older theories of kidvey function have besn resolved.

Aslle Richerds and his golleagues at the University of Pennaylw
vania applied microdissection techniques to the study of individual
nephrons and developed the techinique of micropuncture which supplied
the first definitive evidenoe of the role of the glomeruli in urine



formation, The issue was setiled in fovour of Ludwig's hypo-
thesis by the demomstration that glomerular filtrate, collected by
direct micropuncture of Bowman's capsule in the frog, was virtually
protein~free (dowun to the lower limit of the analytical method)

and that 1t contained glucose and chloride when the bladder urine
contained virtually none of these substances (VYearn and Richards,
1924),  Subgequent development of new microsnelytical methods
applied to the examination of ¢epsulor fluld of the frog, the

mud puppy (Necturus), omd in a fow inmtances, to the sncke, demonw
glrated that this fludd had the ¢omposition with respect to osmotic
pressure; electrical conductivity, glucose, pH (and by inforence,
bicarbonate), chloride (and by inference, sodium), potassium,
phosphate, uren, oreatinine and uric acid to be expected of a
protein-free filtrate. By puncturing tubules at different points,
subsequently identified anatomically, or by perfusing n segment

of tubule blocked at each end by droplets of mercury, important
difforences in function of the proximal and distal cegments of

the nephron Qare identified (Richards, 1929, 1934, 1939). Applica~
thon of the micropunctuve technique to the study of the mammalian
kidnoy is technically more difficult than in the amphibison because
of differences in ronal anatomy, but Walkew, Bott, Oliver and
MacDowell (1941) obtained results from the guinea pig, white rat
and opossur which were wholly consistent with those obtoined in
the suphible.

At sbout the smme time that Wearn and Bichards (1924) provided
dofinitive evidence supporiing ludwipg's filtration hypothesis,
Marshall ond Vickers (1923) showed thut the dye~stuff phenolsulphw
onphtholein (pheanol red) accumulated in high congentrations in
the renal cortex of hypotensive dogs in vhich no urlne wos being

formed., This acoumulation apparvently was not the result of



continued filtration and total reabsorption inr the proximal
tubules since, in normotensive dogs, the dye was quickly and
copiougly excreted in the unine, despite the fact that some 60%
of the dye in the plasma was reversibly bound to plssma protein
and 80 was not available for filtration.  Although this work
was not accepted entirely as proof of the ssorebtory ability of
renal tubulesy Marshall and Crane (1924) later showed that the rate
of exoretion of phenol red in the rabbit and dog did not increase
in direct proportion to the plasma concentration, as is required
in theory for a substance excreted solely by fltration, At
high concentrations the rate of exorotion levelled off as though
approashing a ma#imal gongtant value:. This indicated that the
tubules did participate in its exorvetlon and that tubular trans-
port bacame "saturated" at highoy plosuma concentrations.

In vetrospoct, many eariledr propenents of tubular secretion
had been correct, although thelr evidence was incondlusive and the
obgervations of Marshall and his cowworkers on phenol red provided
the first uwnogsaileoble evidenee of tubular secretlon in any animal.
Striking evidence in support of this s&cretéﬁy ability was provided
by the finding that the proximz) tubule cells of the chick embryo,
in in vitro culture, tack up phenol ved, 6hl0r@hennl rod, oresol
red and other sulphonphthalein indicators and excreted them into
the tubular lumen (Chonbers and Cameron, 1932)s  The foct of
tubular secvetion was finglly esteblisched beyond dispute by compara~
tive studies, and, in particular, by those on urine formetion by
the aglomerular kidueys of certain mardine teleost fishes (Marshall,
1934

Further progress in the study of kidney function followed the
introduction of the clearance concept and bhe discovery of a snbe
stence which, by undergoing neither subtraction nor addition by the

renal tubules between the glomeruler filtrate and the final urine,



provided a standard of reference for the ldentification and
measuyrenent of tubuler perticipation in the net excretion of other
substences. The degree of concentration of such a standard, at
any point along the tubule oy in the final urine, depends only

on water resbsorptions If the degree of concentration of any
otheoy substence simultancously present in an vltrafilierable state
in the blood be greater or less than that of the standard of reference,
nghgxmx secretion or tubular reabsorption, respectively, of this
gtﬁer substance must have occurred; also, application of the
clonrance concepty first introduced by M¥ller, MacIntosh and

Van Slyke (1929), allows calculation of the rate of filtration and
the rate of tubular reabsorpbion or sécretion,

The events which led to the discovery and adoption of inulin
an the reference substance of choice in such studies hove been
daaaf&bed by Smith (1943), and the oriteria on which dinulin
c¢learance is agcepted as o measure of glomerular filtration rate
have been defined by the same aunthor (Smith, 3951). The clearance
concept hag also provided a means of measuring renal plasma £low
in intact andmels, following the discovery that some substances
such as dlodrast and hippurde aeid derdvatives were almost comw
pletely ranoved from the blood in a single passoge through the
Kidney. More detailed veviewsof the moasurement of glomerular fil-
tration rate and renal plasma flow arve given in later sections.

From clearance technigues what goes on botween the two onds of
the ranal.tubulé is purely infersntinl, so that, while cleaorance
procedurag hava become established ne essentisl tools in quantitative
investigations of kiduey function, additional and more sophisticated
procedures have been developed in recent years to study mechaniems
of renal tubular transport, and to localice the sites along the

renzl tubules where particulay adjustments of the compositlion of the



tubular urdine occur.

Astive reabsorption of sodium by the cells of the proximal
convoluted tubules was firet strongly suggested by experiments in
which doge were infused with hypertonic mannitol to establish a
profound osmotic diuresis {Wesson and Anslow, 1948).  then 60%
of the flltered vater was éxo:z’eted, only 53% of the filtered
chloride, 28 of the fllteved sodium and 10¥ of the filtered bi~
carbonate were emréted, indicating the occurrence of solute reabe
gorption against a concentration gradient. Such veabsorption
preau;nably involved active cellular transport of one or more of
these fons. Since the urine remained isosmotic with plasmo (the
raduction in the urinary concentration of ions was exactly balanced
by an incrense &n the concentration of mannitol), it probably
represented proximal tubular £luld relatively unmodified during
ite rapld transit through the more distal parts of the nephrone

Micropuncture sﬁ{&i&a have ct:‘nﬁrmed that active transport of
godiwn ¢hloride coours in the vproximal ¢onvoluted tubnle. DExperie
mezﬁm ua‘:.i..ng a nmethod of stop~flow perfusion of the Necturnas tubule
(Shipp, Hanenson, Windhager, Schatzmonn, Whittembury, Yoshimura
and Solomon, 1958) showed in this aninal that am}ium chlordde was
reabsorbad from a ﬁ%}!,ution containing more than 6’6 meaquiv/l.
into plasma caniéiﬁing 100 mesquiv/le and water followed in propoxe
tion to the selt reabsorbed. (Windhager, Whittembury, Oken, Schabtze
mann and Solomon, 1959). Hcswever{ if the camenﬁr@ﬁﬁfs@m&ient
was greater than 3% meequiv/la, soéiium'cmmd.ﬂa diffused intd the
tubule ait.o#g with auflfic:l,entkwater to re-~ectablish thls limiting
gradient. Similar perfusion experiments in the rat. -have shown the
1dmiting gradient for sedium chlovide reabsorption by the proximal
tubules of this species to be 5060 meequiv/l. bebween the tubular
contants and the blood plasma (w&ndhager and Giebisch, 1961).



Eleetrophyaig&ogieal studies of the nephron indicate that
reval tubule cells share the characteristics of numerous other
eplthelial structures in that they are electrically asymmetricale
This implies that the cell Hembrane bounding the luminal and
peritubular cell borders have different propertles o that the
tubular lumen is on overage 20 mV negative to the peritubular
fluld (Solomon, 1957y Glebisch, 1955).

Such studies have estoblished that the resheorption of sodium
is active and occurs extensively slong almost the entire nephron
(Vindhoger and Giebisch, 3965)e In the proximel tubule the re-
shsorphive process cocurs, narmall&, without the establishment of
detectoble soncentration gradients, ﬁuh it ocours sgeinst an elece
trical gradient of 20 ¥y znd despite the demonstrated inadequacy
of other possible driving forces such as the transhubular eolloid
osmotic pressure gradients In the distol tubules, sodium transe
pnrf s charecterised by not recbsorption agalnst steeper electro-
chemienl gradients than those found in proximal convoluted tubules.
On the other hénd. the orientation of the transtubular potential
differance favours the reabsorp%ion of negatively charged ions,
andy since the flux asymmetry or net reabsorption of chloride 1
adequately sccounted for by this electricol gradient, it is concluded
that reabsorption of this ion is pogsiver no work normally need be
performed on the chloride don to move 4t from lumen to pexdtubular
fiudd (Winghoger and Glebilach, 1965).

The urinoyy excretion of sodium may be regorded as a two-
component mystém which involves filtration of large quantities ot
the éidmaruli followed by tubular raobsorption, so that only a
small fraction of the quantity filtered escapes in the urine. In
the cagse of potaasinm; o sdmilar twoscomponent system might be

sgeuned to operate since, in mon and the dog, the guantity of

€.



potassiun excreted is normally only a fraction of that presented
to the tubules in the glomerulayr Plltrate. However, as hac heen
pointed out earliery tubular secrotion is known to contribute to
the excretion of gome substances and, in the case of potasslium,
evidence has secumplated which warrants the addition of the process
of tubuloy secrotion to those of filtration and reabsorption, so
that the urinary excretion of this element is now believed to
4nvolve o three~gomponent systems

NoCance and Widdowson (1937) reported pobassium olearance to
be greatoy than inulin clearance in a pablent with dehydration end
alkaloeiny so that potassium excretion could not be quantitatively
accounted for, in this case, by filtration alone., Siwmilar findings
wvere rveported in patients with renal feilure by Leal and Camara
(1949) and by Platt (1950). Since glomernlor filtration rate was
low in these patients the possibility remeined that potassium
secretion was an emergency mechanism invoked to cowpensate for
grossly dlminished filtrotion. Howaver, Fronglen, HoGerry and
Spencey (1953) showed that potnssium clearanse exceeded the wormol
inulin clearance values of healthy subjects in experiments which
gombined oral potessium loading with hyperventilation alkalosis.
These autho&salsm showeds in ansesthetized doge, that potassium
cleavande excesded 4nulin clearance during acute alkelosis produced
elther by intravencus infuslon of sodium blcarbonate or by peritoe
aved dislysis with solutions of soddum bicarbonates The suthors
goneluded that the renal excretion of potassium wee largely cons
trolled by alterations in tubulor activity corrvelated with chenges
in the blood pH and with the availability of petassium for tubular
gocretion. |

Renal tubulay secretion of potassium in the dog had been demone

strated carlier using clearanve techniques by Berliner, Kennedy and
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Hilton (1950) and by Mudge, Ames, Foulks and Gilman (1950) duxing
intravenous infusion of potassium salis after prior administration
of potassium malts orslly (10g per day for 1 ~ 2 weeks)s Potossium
clearances greater than the filtration vate wore also repoftsd in
dogs during extreme cellular dehydration produced by the intraw
venous infusion of hypevtonic sodium chlordde (Mudge, Foulks and
Gilmon, 1950), and following the administration of the diuretic
acobazolonide (Berliner, Kennedy and Orloffs 1951). Nudge, Ames
gt 21,(1950) noted that merourisl diuretics exerted a consistent
action on potassivm excretions Durdng wabew diuresis they
promoted marked inereases dn potassium excretion, but when aduinise
tered during intravenous infupion of potassium chloride they
groatly decreased potassium exeretions These effects were taken
to indicate that wercurdal diuretics depressed both tubular reab-
gorption and tubular gecretion of potassium, and to provide evidence
of the megnitude of the secretory process. The asuthors cautiously
concluded that the remsl excration of potessium might be accomplished
prdnapily by a secretory proceass, after the tululer reabsorption of
most of the potossiug present in the glomerular filtrate.

Anadyses of proximal tubular fluid obtained by dirsst microw
puncturs hove confirmed thot potassium is reabsorbed from the
glomerular £ilirate in Necturus (Bott, 1054) and in the rat (Wirsz
and Bott, 19543 Idchfield aud Bott, 1962). The resbsorption was.
not complote, but a higher concentration vatio (potacsium : inulin)
was observed in the final urdine than in fluid from the end of the
proxiual tubwle (Bott, 1954), which indicated that potassium sacre-
tion had ocourred in the distal tubuley Stop-flow studies on dogs
have tonfirmed that secretion of potassium occcuprs in a distal
tubular site {Pitte, Gurd, Kessler and Hierholzer, 19503 Sullivan,

vilde, Malvin and Vonder, 1958), and analyses of urine samples



¢ollected by catheterization of the ducts of Delliuil in the
golden hamster inddoated that potassiwm szoretion occurs in the
colleeting ducts (Ullyich, 1960).

Bzpdwinents using radioesctive potassium (hgﬂ) have provided
addltional evidence of tubular seeretion in avimals not subjected
to procedures such as potassiun Joading or experimental alkalosis.
Hovel (1955) and Movel and Guinnebault {1956) coumcluded from the
time course of specific activity of plasma and urine samples
following dnjection of hﬁk‘in rabbits, that urivary potassium
was depdved lapgely from a digtal tubular cellular “compartument
vother than from the glomerular filtrate. Black and Hmery (1957)
reviewed the findinge of gimilar ¢xperiments on human subjects and
reached sipllar conclusions. Whilast the ccourvence of tubular
seorebion of potassium i clearly estoblished no evidense justifies
the assunptlon that reabsorption of filtered potassium is complete.
Kochy Brazeau and Gilman (1956) concluded from experiments on
potassiun wdepleted and potagsium-~fod dogsy in which godium and
potassiuwg oxceretion wore measured during dinduced changes of c¢hloride
excretlion, that the renal tubules made nﬁ distinetion hotween these
two ¢abions in reabgorbing sodium and yotassium in conjunction with
avionas  Thus the contylbution of filtered potassiun to urinery
exeration was enloulated as the pproduct of the rate of exerstion
of sodium and the ratio of the plasma concentvations (K ¢ MWa)y any
potagsium which appeared dn the urdmy in excess of this amount was
presumed to be the result of tuhular gecrations

In n veview of electrophysiological studies on individual
nephrons Windhogey and Glebisoh (1965) mupport, in general, those
conglusionss These aubhors state that in mammala. in a wide variety
of metabolic aituations, some 70% of the flltered potassium is

roobsovbed bafore the filtrate lesves the proximal convoluted tubule,



and the reabsorption is by an anctive tyavsport mechanism since

the net movement of potassium ocecurs against an eleetrochemical
gradient. In the distal convoluteh tubule it was shown that
potageium resbsorption may continue, in situations where the rate
of urinary excretion was a very small fraction of the Tiltered
load, but varying degrees of net secretion occurred when excretion
rates were higher. livwever, the measured net entyry of potassium
into the lumen of the distal convoluted tubule could be adequately
accounted for by the transtubular potential difference, so that
tubular secretion of potassium at this site can be exploined on
the basis of passive diffusion, with net reabsorption, when present,
constituting active transports Unfortunately no infarmétion was
available relating net movements of ions to electrical driving
forges and concentration gradlents in the collecting ducts, and
an exact ovaluation of the nature of potassium tremsfer coyoss the
collecting duct aéithelium must await a more precise knowledge o!
the electrochemical potential gradient between the collecting duct
lumen and vasa recta plogma,

It is now generally aceepted that the resbsorption of bicarbone
ate and acidification of urine are stcomplished by the tubulor
secretion of hydrogen dons in exchange for reabsorbed sodium
(Pitts, 1963), and accumuilated evidence suggests that coupled
exchanges are also involved in the gecretion of potassium (Berliner,
1960). In this the rensl tubules show slmilarities with other
blolopgleal systems, for such exchanges have been implicated in the
trensport of sodium and potassium in xorve (Hodgkin and Keynes,
1955), in ved blood corpuscles (Glynn, 1957) and in frog skin
(Koefocdwfohnsen and Ussing, 1958).

The evidence for an ion-sxchange mechanism in potassium

secretlon by renal tubules is based largely on two phenomenas



first, the dependence of potagsium excretion on the excretion of
modium and, second, the lagk of velationship between the glomerular
fltration rate and the oxcretion of potassiuvm when the excrotion
of sodium is modnteined. The first phenomenon was mosmt strikingly
demoristrated in stop«flow studies by Jaenikeand Berliner (1960)

vho showed that potassium concentrations were minimal in samples
whichy from their very low concentrations of sodium and c¢hloride,
wore identified as having scjourned in distal conveluted tubules
durdng the papriod of stopped flow. It was podnted out that sanples
from this site must traverse the yemainder of the tubule system
bofore they arve collected and that more distal parts of the tubule
can and do secrete potassium (Pitts st al., 1958; Sullivan gt ol.,
1958).  The low concentrations of potassium were therefore inter-
preted as being due to fallure to secrete potassium into these
particular samples since they contained virtually no sodium to be
euchonged for potassium. This explanation was styongly supported
by the findings of Walker and Cooke (1960) in experiments using a
modified stop~-flow technique in which the total periocd of stopped
flow (& min) was interrupted {after I min) to permit samples from
one tubular site to move down to another. Interruption of the
pardod of stopped flow allowed the urine whieh had sojourned in
the most distal regiong qt.‘ the nephrons %o eusape. These samples
showed the typloal pesk in potossium concentvation which 48 token
to indicate the occurrence of potassium seoretion et this site, but
during the second stop-flow period this most distal region of the
tubules was ocgupied by urine which had become low in sodium and
potassiun concentration, during the initial Period of stopped flow,
and had then moved down the tubule. Vhen the concentration pattern
from this second ocelusion was exauined, high concentrations of

potassium woere no longer found in the samples from the momt distal
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reglons of the nsphrop.

The lack of a relationship between the glomerular filtration
rate and potassium excretion yhen sodium exeretion is maintained
vag demonstyated by Dovidson, lLevinsky and Berlinor (1958) in
czleamnizé axporiments on unancesthetized dogs in whioch provision
for the mpamtﬁ collection of uring from each kidney had been
made by prior surgicsl division of the bladder. One kidney wos
used to glve control veluegs for comparison with those obtained
from the othes kidney when subject to experdimental reductions in
filtration rate. Reduction of the filtration rate of the experi~
mentel kidnay, by inflation of a euff previously placed around the
renal artery and connected to the exterlor by a fine polyethylene
catheter, resulted in a sherp drop in sodium ex«:x@ﬁmx acconpanied
by o morked, though smaller, drop in potnssium exovetion. When
nttempts were made to maintain sodium excretion by the admlnistrae-
tion of the morcurial diuretic selyrgan, or by the carbonic anhy~
drase inhibitor acetazolomide, or by infusions of sodium sulphate,
reduction of the glomeruler filtration rate by up to 3546 was entirvely
without effect on x:a%saiwn excretion, although ﬁndiﬁm excretion still
féll]t;o an gxtezit agual to or greator than the reduction in giqmeruw
ler filtration rate. These results were consistent with the inter=
protation that the effect of veductions in glomerular filtration
rate on potassium excretion were not due primaxdly to reductions in
the quantity of potassium filtered but to the decrease in the sodium
avsilable for oxcheinge with potassium in morve distal perte of the
nephron.  Attempts to maintein sodium excretion during impcmd
reductions in filtration rate were unsuccessful, but maintained
potassium excrotion since these procedures presumably made an
inoreased proportion of the filtered sodium ovallable for exchange

with potussium. Thus pobassium excretion was maintained but sodium

.



excretion wag, in consequence, still depressed.

The hypothesis that potassium excretion is accomplished largely
by a process of tubular seevetion involving concurrent reabsorption
of sodivn hes required modification to account for the relationship
exdeting between the excretion of potassium and of hydropen ions,
Berliner, Kemnedy and Orlofi (1951) made the fmportant observation
that when the availability of hydrogen ions for excretion was
decreased, by acetazolamide, polassiwm excretion ineremseds This
inerease in the excretion of pobassium was apporvently the result of
an aotive secrotory process since it vas inhidvited by mevcurial
ﬂiumtiaaf A similer yesponse to acetazolomide sdulnistration has
also been reported in mem (Counihan, Bvans and Milne, 1954).
Borliner gt gl (1951) thevefore suggested that in distal reglona:
of the nephyon potassium ifons and hydrogen ions compete for secre-
tdon in exchonge for recbsorbed sodiume This addition to the
simple ion-exchange hypothesis hes proved valusble in the interpree
tation of a number of obmervations. For oxample, i% has long heen
known that oral administration of potessiwm salts, in addition to
ingreasing potaseium excretion, also inorsoses tho excretion of
bicarbonate, the reahsorption of which is dependent on the tubular
secretion of hydrogen ionss TFuller; Macleod and Pitte (1955) have,
accordingly, shown thet intravenoug dnfusion of potassium saltc in
the dog reduces the rate of recbsorption of bicvarbonate. Similerly
Hills and Stanbury (195h) have prosented evidence that in the
diurnal rhythn of electrolyte exeretion in wan there are converse
chayges in the output of potassium and hydrogen dons, and Blavk and
Hille (1954), 4n a study of nocturnal excretion in man after smell
doses of sodium and potassiuvm chloride amd bieanrbonate also found
that the observed changes were consistent with this hypothesisz.

Experimental investigation of renal progesses involved 4n the



exoration ofvaadium and potassium have mainly been conducted on
dogey although findings using human subjects, laboratory animals and
amphibia have also made importent contributions. This aspect of
kidney funetion may be brosdly sumnarised om the reguletion of
upinery losses of sodium and potassium in relation to their intoke,
end to the body's requirements: The emphasis of rensl mechenisnms
which have been elucidated using one species may therefore be
different in others which chow differences in the dietary intake
of sodium and potoseium, or ddfferences in metebolic activity.
Toctation and pregnaney olearly will glve rise to differvences in
motabolie vequirements boetween individunls of the same species,
-whigh may well be reflected in the urinary excretion of water and
sloctrolytes. Howevery by resivieting the compavison to nonsproge
nant and non-loctating animale any differences in the urinary oxerew
tion of sodium and potassium presumably will be the result of
differences in dietary intokes

éha normal diet of grazing animals compsred with that of men

and the dog is high in potassivm and low in sodium content (Morrison,

7 X

1951)«  Thompson (1960) gives figures of analyses of various pgrasses,

legumes and herbs which show ratios (potassiumtsodium) of 15.3, 3h.4
and 20.5 respoctively. Feeding prepared concentrate mixbtures,
minerel suppleuments, oy provision of salt licks, in many cases will

jveresse the sodium intake and reduce the potassiumesodium ratio of

the total food intake, bub; with veyy few ewceptions, foliage, whother

prazedy fod as hay, silage, or after other treatments, provides the

maﬁmé dictary component of cattles Thae feeding of concentrates,

noreovey, oven o high-producing animals, is reduced in those seasons

when grase is ropldly growlng and more readily meets tho mutritional

requirement of the animals At these times ratios of the potascium:
sodiun content of the herbage are widest, and are sustained by the

modern practice of promoting mnd maintaining ropid growth of pastures



by trootment with nityvogen and potash-containing fertilisers
(Hemingwayy 1961).

The efficlent absoyption of dietary sodium must therefore be
regoarded as an important funotion of the aliweniary tract of
herbivores, and in cattle Ven Weerdon (1961) has shown that in the
lower part of the small intestine and in the large intestine
sodiue abgorpbion occurs against a considerable concentration
gradient so that velatively 1ittle sodium is lost in the faeces.
This work indicated that the cow can subsiet on surprisingly ewmall
quentitios of sodium: less than 0.1% of the dpy matter of the feed.
Theve io evidence also that the intestine contributes to the regus
lation of sodium exeretion and retention.  Sodium concentrations
in Wltrafilivates of fuecal juice from cotbtle fed a dlet with 2 low
sodium content were signlficantly increased when sodium chlovide
was added to the dlet, and mean valves of fascnl exovetion of sodium
rose from 196 meequiv/day to 752 meequiv/day (Renkemn, Senshu,
Gaillard and Brouwer, 1962). These suthors almo noted that
potassium concentrations in ultra filtratos of Ffaeces vere distinoie
1y highey vhen the andmels did not veceive the dietawy supploment of
godiume Similar results wore veported from studies in which cotion
orchonge vesins were fed, in man (Pmerson, Kohn and Jenkins, 19543
Sponcer, Ross and Dloyd-Thomas, 1954), in the deg (Mield, Dailey,
Royd and Swell, 19545 TField, Swoll, Dailey, Trout and Boyd, 1955)
and in the rat (Rose and Spencor, 1954).

However, there is evidence that the alimentaxy tract of the cow
makes no compoyable coniribution teo the regulation of potassium
oxcretion ond retention. Absorption of thim dlon from the alimene
tary tract appavently is not reduced when guantities of potassium
ave ingested far in oxcess of nubtritional reanlrements: In balance

expoviments, Van der Hovst (1960) showed that when daivy cous were



changed from hay to grass-feeding the potassium intake increased
greatly and faecal lossos of potossium in fect were slightly
decressed. There was a lavge increase in the urineyy excretion
of potassium and it was concluded that the exeretion éf potassium
in urine wou epproximately propovtional to the inteke. A tine-
Yoz 4n this process is sugpested by the observation of de Groot
(1062) that the suddon inerease in the potassium intoke, which
occeurred when cows started to grage lush spring gressy incressed
the serws potassium concentrations for a few deysy it was sugpested
that the potassium content of the cells might also be ingreased in
these elrcumstances..

Apert from balance studies there ave fow vaports of investigaw
tlong of the renal vegulation of sodium and potassium excretion in
the ¢ows Sollers and Roepke (1991) shoved that potassium excretion
wag several times greaber than sodium in eows in pid-lactation, and
in late pregnancy, and alse vhen non-pregnant and non-~lactating.
Water diuresis had no effect on pobtassiuwm exoretlon but resultisd in
inereosed urinary losses of sodinms  Sellors, Gilis and Roepke
(19%1) showed in five lectabing animals, four of which were prognant,
that dosiog by stomech tube with 0.5 g KOL/Ib body weight, in
approximately 10 gallons of waber, vesulied in incresses in potassium
exavetion renging from 1.2 to 6.6 times the preedoglng vate, and
incroasas in godiun excretion which ranged from 2.7 to more than
1200 tinos the pre~dosing rate. This very large percentage increase
in soddum excretion oscurved in ope animal in which the preedosing
rote of excretion of this lon was very lowe This animal: wes also
glven a larger dome of potassiug chloride {0.65 g/1b body wt.)e In
all the animals a rise in plosma concentrations of both potassium
and sodium was noted after dosing, Similar dosing with modium

chloride in two animals resulted in large increases in sodium excres



tion and smaller increnses in potageium exeretion, accompanied
by inereases in the plasme modium g¢oncentration. A slight rise in
plasua potaspium congentration was also noted.

The measurement of glomerular filtratlon rate in the cow
using an imlin clearance procedure was first deacrlbed by Poulsen
(1957)«  Vogel (1959) noted that potassium clemvance values in
cattle were similar to inulin c¢learance values, and during intraw
venous infusion of pm;mssium chloride consistently exceeded inulin
clearance valuest. He also yeported that sodium emcretion was
not affected but plasma potassium concentrations rose durdng the
infusion to o maximum of 7,1 meequiv/l. Ketz (1960) in a study
of the urinory excretion of electrolytes in calves and cows also
recorded potassium elearanves which approached values obtained for
inulin clearance. The response o an oral water 1024 showed the
expected inverse relailonship betueen the rateg of urine flov and
uxsiixa osmolarity, but the parallel inoresses in the cleararces of
endoganous oveatinine and potassium noted durixig the diuresis were
probably due to improved eff:!.caiemy of urine collection at high
rotes of urine flow, ‘Uater diuresis has been raported elsewhere
to have no effect on potassium exeretion (Sellers and Roepke,
1951) and eveatinine excrotion similarly is believed to be indepenw
dent of the rote of urine flow in the cow (deGroot and Aafjes, 1960).

Knudsen (1960) studied electrolyte excretion in the cow during
vardations in the uvdine flow produced by oral water-loading and by
adninistration of the diuretics mersalyl and chlorothiazide. The
clearanse of endogenous creatinine was determimd as a measure of
glomerular filtretion rate. His findings durdng water diuresis were
in agreemont with those of Sellers and Roepke (1951)s  Mersalyl (a
mereurial diuretic) inercased the rate of excxwétﬁ.on of sodium and

chloride but had no effect on potassium excretion, It was also
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noted that two of the animals developed ascute nephrosis after

‘the infugion of mexsulyl. After chlorothiamzide the excrotion

rate of both sedium and chloride showed pronounced increases

and theve was a moderate incresse in poltassium excretion. Potaw
salum cleapances rose Yo exteed creatinine cleavance after adminis-
tration of chlorthinzide, a finding which was attributed partly to
the increased rate of excrotion of potassiums but mainly to the f£adl
in pleosma potassium concentration which was consistently observed.
No reduction in creatinine clearance was seen after the drug and in
two supplementary experiments, in which a small dose of chlorothi-
azide was glven, smaller increases in urine flow cccurred which were
unaccompanied by increases in potosstum exeretion. A fall in plasma
pqﬁaaaium concentrations was recorded, however, and potassium cleorw
ange increased in parallel with wrine flow from 60% to 80% of the
cm_at:i.nim tleavrancea.

These findings suggest that chlorothiaside promoted the
disappesronce of potassium from the plaosma to some less accessible
gite within the body, rather than to the urine, but no attempt was
mad,e.v in those experiments in which kaliuresis was recorded, %o
assess quantitatively the relative contributions of increased urinary
losses and undefined extrarensl effects to the obsepved reductions
in plasna potassiumy and no explamation was offered for this effect
of the doug.

Knudgen (1960) alee pointed out that the animals showed varying
depyess of excltement on introduction to the restraining stall in
whilch experiments were carried ont, snd this was associated with
high vates of uprine flow and electrolyte excretion at the outset
of his experdments. The transient diuresis described by Anderson
(1961) in response to, or in andicipation of, the painful stimuwlus

of brachial artery puncture confirmed that physical or mental stresa



¢an influence kidney function in the cow, go that these factors
should not ba overlooked in any study in which conseious animals
are used.

The present study wes underteken to confiruy and extend some
Tindings of carlior workers on bovine kidney function. It has
invelved iha gpplicotion and ascessment of teohniques for investe
igating electrolyte emretian; with particnlar veference to sodium
and pobaseium. The findings are compared with those of other
workeys and any differences in the renal responses of the cow from
those deacriged in man and the dog are discussed in relation to

the different exoretory requirements of these species.
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Flame photometry provides a simple and rapid methed for
the eshimabion of certain elements, It iz parbticularly suitable
for the alkali metala, for whieh albernative mebhods of estima~-
tlon may be ]ifflieuls and bime-consuming, This fact has led %o
the widespread use of flame photometry in biological analyses, and
egpeclally for the sstimation of modium and potassium in body fluids.

Many paperg on flame @hétometric,applica_ﬁiona and technique
have gppeared over the past tuenty~five years,  The literatuve
has been extensively revieved by Burriel-Marti and Ramlrez-Munoz
(1957), and Wynn, Simon, Morris, MeDonald and Denton (1950) give
a deballed prachleal desoripbion of the use of flame phobometry in
the analysis of body flulds. It is clear that flame phobomebry,
whiled basleally sinmple, can give rise to errors and inacecuracies
necegsitabing a variety of precautiong before reagonable accuracy
ig achieved, 43 in obher analybie vrocedurcs, overall accuracy
in flame photomebry is inflnenced by the accuracy of the prepargw
tory procedures luvolved, in additlon %o the deterainative preee-
dure itself, If adeguate cure be obgerved in the inibial preparaw
tion and handling of sanples for analysias, the sources of error
in flame photometry fall inbo four main categories (Wym ot al.,
1950) 3

(1) Variations in flame temperature during the course of
analyses. These errors become negligible if the
ecompositlon and pressure of the combusbive gases

are sbrictly controlled.
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(2) Viscosity differences betueen the unknown and
ghandard solvubtions which affect the rate of delivery
of the solutiions to the burner, Wynn eb al (1950)
state that this source of error is overcome In
analyses of biological flwilds if all solubicns are
snalyzed at high dilution.

(3) $uperimp¢aitiaﬁ of the emission energy of other sub-
stances on the emission energy of tho test bubstance,
It 19 generally held in the case of sodium and
poﬁaésium that the wavelengbths of their regpective
emissiong are suffieiently far apart for efficient
geparation to be effected by filters and monochromstors,

(4) Direct depression or elevsbion of the omission energy
of the test substance by other ions or golutes present

in the test solutlon (interference).

The EPL flame pholometer was ased throughout the present work
for the estimation of sodium and potassium concentrations in bloed
plasgma and urine, The psrformance of the instrument was investiga~
ted and a roubine analyble procedure was developed and tegsbed.
Various medifications of the manufacturers' operating instructions
vere introduced in order %o minimise innacuracies arising im the

determinative procedure.

Method

General
The insbrument was sited in a small, windowlegs room in the

veberinary sehool, Buceleuch Streect, for the first half of the work



involved in this thesis, and in a laboratory at the veterinary
hospital for the remainder. A mixture of mains coal gas and air
was used for the flame. In nelther situation was special
provision made for removal of exhaust gases when the instyument
wag in use. An extractor fan.proviQGa reasonable ventilation
in the former site, and ventilation without droughts was
possible atﬁtpe veterinary hogpital by opening]yonduwa on the ‘
opposite si%e of the Laboratory ' Thie iﬁstrument was mounted on
slabs of foam rubber te reduce transmission of mechanical shocks
and vibrations from the bench tp the galvanometer suspension.
Ay prossure was aﬁjusteﬂ‘by means of the needle valve on
tho instrument to 12 1b/sq, in. and was carefully meintained at
this pressure whenever the instrument was in use. '
Variation in the pressure of the mains gas supply was noted
using a water manometer attached to a tap adjacent to the flame
phatometer.»gfgvg Jeavons W55' gas governoy (supplied by the
regional géé %ggfd) wan fitted in the supply live to the machine.
The governor was set to regulate gas precsure to the machine
at 3 ine. water and the pressure wds recorded continuously over
2k hre to demonstrate its efflciencys By means of water
ﬁannmeters. the pressure from a gide arm of the machine supply
was wecorded on a kymograph simulteneously with the pressuve
of the supply to a Bunsen burner from an adjacent tap with
no governor fitteds A scction of the predsure trace when
fluctuations in gas pressure were maximal is shown in Fig. 1
and illustrate thab the governor was effective in ellminating
these £luctuationaav
The manufacturers of the flame photometer later pointed out

that a gas governor was incorporated in the instrument which was
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set to stabilize the pressure of the supply to the machine at
2 ine water. lHaving demonstrated that mains gas pressure was
subject to sudden changes of pressure of 12 in. water, the
external povernor was yrotained as additional insurance against
thege chaonges affecting the flame.

Droinages  The drainoge system was modified to improve
atability of the instrument by leading the drain tube vertically
down through the instrument casing and the benchs. Provision for
continuous drainage of the atomizer chamber was made by fixing
the tip of the drain tube in a small crucible supported over o
large (3 1.) beaker, With this arrangement, waste dripped from
the crucible as drops trickled down the drain tube so that back
pressure from waste accumuleting in the tubing was avoided, whilst
esoape of gas from the atomizer chamber was prevented.

Under these conditions, the stability of the galvanometer spot

allowed readings to be made accuvately to 0.5 scale divieions.

All glessvare used was of Pyrex or borosilicate glasc and
after vaching vas vinsed at least three times with deioniged
vater (Mgastat, Flga Products Ltde.) of resistance greater than
106 ohmss Care was token to avold contzet with the fingers
of interior surfaces of all containers: Smoking was not
allowed in the viednity of the instrument, and contamination with
dust parﬁiélea from the atmosphere was avoided as far as possible
by covering all unstoppered contalners when not in use.

Standard solutions were preparved using 'Analart NaCl and KCL
and deionized water. The roagents weve dried by heating in an

oven ab 1409G. snd cooling in a desiceator to constant weight.

&



In the early stages of the work a series of standards from

20 meoguiv/l. to 2000 meaquiv/l. were prepared at 20 meoquiv/i,
intervals by wolighing out accurabely the caleulated amounts of
the salts, TLaber it vas found more convenient bto make up a
single standard of 50 meaquiv/l. from which a range of dilubtions
oquivalent to a chogen range of gtandards ab a dilubion of 131000

wag readily prepared,

Oporabi i

A length {25 em) of fine polybhene tubing was attached o the
tip of the atomizer capillary tube for convenience in feeding
sanples %o the machine and to minimise handling of the small cups
conbainiong diluted solotions for analysls.,  Analyses were carried
out in batehes of twelve samples, carrled in the Hrays provided
wibh the inetrument, by dipping the ehd of Gthe polybthsne tubs into
Individual contalners. In order Bo reduce the possibllity of
bloclkage, the atomizer sysbem wae never allowed to dry out.
Delonized water was sprayed when not reading dilutlong of standard
or unknown solubions, and the tip of the exbension to the atomizer
caplllary tube was kept imuersed in deionized wabor whenever the
machine vas nob in uae,

The gensitivity of the instrument was waintained constant
by adjusting the pobenbtiometer sebting go that a 13240 dilubicon
of a 50 meoquiv/l, solution of HaCl or KC1 gave full scale deflec=
tlon of the galvanometer for Na and K readings respechively. Zero
wap pet using deionlzed wabter, and checks on sengitivity and zero
setting wore made ag a roubine afbor overy six readings. Readings
betueen 20 and BO per cent of the geale lengbh vere cbtained for
samples undergoing analysis by making appropriate dilubtilons of

she gamplea, and not by varying the instrument sensitivity.



Daplicate readings wers nade on each series of twelve samples,

in reverse order to the initial gseries of readings, in an attempb
to avoid 'cbgerver bisa' (quwu)e The readings were noted after
the best solubion had been pasging into the machine for 20-30 see,
#hé operator observing a sbop clovk (not the galvanomeber spob)
until the tlme to nobe the reading, The procedure was repeabed

if necessary until agreement within 0,5 scale divisions between

snecepsive readings was achieved,

The poasiblliby was congldered that legs varlabion mighb
arige bebween replicated measuroments on a polution taken from
the game bolbile than between measurements on the same solubion
baken from dlfferend Dobiles, through a subconagelous bias on the
part of the operator, Leadlngs mighbt preferentially be noted
when the galvauoueber gpob reached a value previously noted for
the game solubion, regardless of subsequent shifts of the
galvanvmebor spot.  Thug, close agreement betwesn duplicate
readings wmight nolt reflect the true repeatabllity of the procedure,

The pregent procedure in which readings were tnken on a time
sehedule was designed do avoid this fendency. It wag tested by
nobing duplicate readings for a vinge of standards from 40 « 160
meecuiv/l, dilated 131000, Potassium was added to the sedimm
standards, before dilution, to give seven series of goluticns
with WaiK eoncentration ratics of 1:0, 131, 1:2, 1:3, 1:4, 1:8
and 1:16, and sodium was added to the pokassiun standarde to give
a ginilar series for pobassium esbimations. The bobtbtles vere
numbered in random faghion so that the concentrations of the
bost element and the Na:K concenbration in each solublon were
unknoun %o the operator,  One series of duplicale reudings was

taken, then the nusbera on the bobtles were albored and a gecond
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series of duplicate readings oblained,

The results are abown in PTables 1 and 2, The clozs agroes
mont apparent bobween the two series of readings for each bothle
ghowvad that 'obgerver blag! had no demensbrable influence on
duplicate agreements  The bechnique of nobing readings to a bime
sehedule proved alse %o be less fatigulng bo the operabor when
perforning a long seriss of analyses, since hig abtention vas not

conbinmially focussed on the movements of the galvanomstor spotb.

Bifach of gensiiivity gotbing op the.g

Beadings were obained for a mange of standards of pure NaCl

and KOL from 50 - 200 meequiv/l, at dilutions of 131100, 11250,
1:500 and 150000,  Zeyo was set using delenized waber and
gensibividy wag adjuated by wmeans of the potentiomefer ao that the
200 meoquiv/l. stendard fof cach seriss of dilufions gave full
scale deflechlon of the galvanometer, The readings obbained are
plotbed in Tigs, R and 3, 1% dis elear thab the callbration
carve for bobh godlum and potassium became less curvilinear ab
highor dilubtions.  Strict lnearity was not obbained by further
inerease in dilabion of this range of concenbtrations ainca dilue
tiong greater than 1:1000 approached the limits of genmitivity of
the ingbrument, Inshability of the galvanometer spot then gave
rige to difficulbieos in btaking accurate resdings. The shandard

genglbividy wolting ag deserdbed under YOperabive Procedure' was

therafore adophed in all analysas,

tInborferencet is used throughout this discussion to doseribe
direct depression or elevation of the emission cnergy of the tost
subsbance by obther ions or solubtos pregent in the tost solution.

Such effectns on the emisslon of elbdher scdium or pobasgium are nob



TABLE 1

Investigation of posslble 'observer bias! in replicate

annlyses:  Sodium readings
Ratlo  Na cono.  Bottle No. Bottle No, Instrument roadings
K ¢ Na C(nwequiv/l.) (lst series) {2nd series) 1ot serdes 2nd series
80 21 a7 41,5, 42 41.5 , b2
120 5 2 62e5, 62 62,5 , 62,5
131 | o | m | "!‘ o 21;5; a2 23 4 25
8o b 25 Wy o, 44 43,5 , Wb
120 12 6 65 o 65 6heS , 64
| 160 19 28 83  83.5 83.5 , 84
251 4o 3 8 23, 23 23, 22.5
80 1) 17 by o bh,5 48, 5.5
120 18 b {4] 66 o 66 05.5 4 66
160 a 2h laa.s, 85 84,5 , 8ul
311 W 19 12 22,5, 22 225 , 22,5
80 17 22 b5, 45 45 | 4S5
120 3 ) L) 66,5, 66.5. 65 65,5
bl o 26 3 22,5, 23 23.5 , 25.5
8o 6 20 5.5, 46 45,5 , 45
120 23 5 s 6546 G545 4 6545
16 1) 138 8 , 85,586 , 86
811 o 7 7 25 . 23 235, 23
80 2l 19 hh,5, 45 45 45,5
120 15 9 , 66 66 , 66
160 8 16 84.5, 85 85 , 85
1601 o 28 n 33,5, 25,5 255, 2345
80 16 21 46,8, 7 46,5, U6
S5

160

25

85,5, 86 85.5,
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Investigation of '"observer bias! in replicate

analysest  Potassium readings
Tatlo K cone. Bottls No. Bottle No, Inotyumont veadings
Ng 3 & (meequiv/l.) (lat sories) (2nd series) 1ot serdos ond series
031 o a7 18 2145, Flo5 2145, 21.5
23 17 L2, b2 42,5, h2.5
120 L 1 62 o 68  62.5¢ 63
160 4 2 Blswﬁg 81,5 81.5, 81.5
121 ko 2% 16 215y 22e5 22 , 22
80 5 25 LBy 43 b3, b3
120 22 19 63 4 6B 063.5, 63.5
160 i3 3 81.5, 82 82 4 82
23 ko 5 B 215, 22 22 4 22
80 15 15 42.5, b3 b3 , 43
120 6 5 65.5, 63 63.5, 63
160 21 20 B2 (82 B2 , 8L.5
31 40 12 6 25, 25 25, 2L5
8o 2 21 s, 43 bz,5, 43
120 16 L3 6345, 63.5 64 , 64
160 7 7 82.8, 82.9 82.5, 82.5
N Y B 2.5, 25 22 4 2B
80 1L 28 2,5, 43.5 43 | 43,5
120 1 8 6345, 63.5 Gh , 63.5
160 17 13 82,8, 82.5 82.5, 82.5
o N BRI " L griasiniredi . ! s . -
821 4o 8 9 215, 22 22.5, 22
80 19 23 b3.5, 43.5 b3.0; 43.5
120 10 26 6545y 6345 6345, 64
7 16e 25 10 8245, 83 85 , 83
1651 18 12 2254 22 22 , 225
8o 9 27 43,5, by 43,5, 43.5
120 28 11 635, 64 b, G
160 ; a8 83 , 83

8345, 83
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Fig, 2, Bffect of gengitivity sebbing on calibration curve
(sodium readings). The curves, from above downward,
correapond to dilubionm of 13100, 13250, :i500 and
1:100 reapectively, over the range of concenbtrationg
ghown, Zero was gseb waing delonised wabter and full
geale deflection was get for cach series of dilutions
waing the 200 awequiv/l, standard of that series.
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Effoct of gensitivily setting on calibration eurve
{potaseium readings). The curves, from above downe
ward, correspond to dilubtionn of 11100, 11260, 13500
and 131000 respectively, over the range of concenw
trations shown.  Zero was sob using delonised water
and full scale defliechtion was set for each seriey of
dilutions using the 200 meequiv/l, standard of thab
gsarics,
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denonpbrable when caleium, organic acids (oxalie, citrie and
acetic), ammonla, glucose, or lipid (cholesterol) are present in
concenbrationg approximately twice those which can be expected

in biologleal mateorials at the dilutionsg ugsed in flame photomebtric
analyses (Wynn afual., 1950), Protein similarly, apart from the
viascogity factor (which these anbhors showed conld be ignored ab
the dilutions used), was reported to have no effect on godium and
potaggium emissions,

Phogphate inberference has been emphasized by some workers
(Parka, Johuson and Lykken, 1948), although Shapiro and Hoagland
(1948) found that removal of phosphate by precipitation did not
affect algnificantly the valuss obbtalned for sodium and potassium
concentrations in urine, Hymn eiual. (1950) were unable to
demonstrate any iInterference by phoaphate on socdlum deberminations,
although significant depression of the polagsiun emission was
noted when increasing amounits of sodium phoaphute were added 6o
a congtant amount of potassium chloride, bub only after the
melar ratio of phesphate to potaussium exceaded unity. Collins
and Polkinhorne (1952), using the BEL flame phobomeber, shoved
bhat phosphate deprossed the values found in both sodium and
potasgium esbimationg, by 2 per cent and 11 per cent respectively.
These interference effects were obtained, however, with phosphate
concentrationa of 1000 pypam. , when podium and potassium concen-
trationg were 10 pspem = a most unlikoly ecilrcumstance in body
fluids.  The posaibllity of phogphatie interference has, there-

fore, been digcounted in the present work,

Burriel-Martl and Ramirez«dnoz (1957) conclude from an
exbenslive review that, in pgenoral, the presence of both sodium

and potassium in the solubion undergoing analysis tends to



inerease their reapechive light intengities.,  Domingo and
Kiyne (1949), using an air-acetylene flame, snd Wynn ot al,
(1950), using a cocal gas-oxygen flame, found that increasing
amounts of sodium, when added to a consbant amount of potassium,
inereased the photometer reading at 767 m A (the wavelength of
potassium emission)s The same amounts of sodium in the absence
of any potassium registered zoro emission at this wavelength,
Wynn gb al. (1950) also showed that the interference effect
depended on the ratic of the lonic concentrations and not upon
the absolutie amounts present, and that the interference effect

of sodium on potassium readings reached a wmaximam for a given
flame temperature when a parbticular concentration ratio had been
roached,  Ab higher flame tempepabtures the inersase of pobassium
emlission when sodium was also present was more marked, and reached
waximum valves ab considerably higher sodiumipotassiua concen
tration ratics.  Thua, when the high temperature air-acetylene
flamo was used, sodium inberference on potagsium readings d1d nob
attain a maximum value even at a molar ratio of 200:1 (Dominge
and Klyne, 1949). These findings may well explain the reports
that sodium does not enhance potassium emigsion (Berry, Chappell
and Barnes, 1946; Hald, 1947; TParks ot al., 1948) when gas
mixbures are uged which give a flame of relabively low tempora~
ture,

The interference effect of potagsium on sodium readings
gimilarly was reported to depend on the ratio of the ionie con-
contrabions, bub attained a maximum when the molur ratio,

Kslla, was quite low (3. 5:1)s  Also, and unlike the interference
of gsodlum on pobagsium, the interference effact of potassium on
gpodium estimabions showed 1ittle gensltiviby to alterations of

flame temperature (Wynn et -ale, 1950),

wd
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¥atual interference offects bebween potassium and sodium
vere demonshrated with the BEL flame pholometer by plotting the
readings obbtalned in four series of standards for cach element.
The series contnined increasing amounts of the interfering ion
to give molar ratlos of Osl, 1:l, 4:1 und 1631,  The readings
for all solubions wore taken wilbh the ingbrament sensibiviby set
to give full scale deflechlon with a L3250 dilution of 50 meequiy/
1. stondard solutions of pure (Analar Reagent) NaCGl and KGL
respectively.

Peogregaively higher readings for the sodiun standards were
cbbained in cach gerdien as the proportion of polassium present
inereased (Figy 4)y  Pobasgiom readings vere sinilarly affected
by the presence of increasling proportions of sodium in the
solubtions analyxea (PMge 5)  Furbhor ineressea in potassium
readings were not cbtained aftor furbher inercascs in the propors
tion of sodium present, In Fige. 6 and 7 scale readings
oblained Por golublions containing bthe same concentration of the
test elenent with incrowsing concenbvabions of the interfering
element are plotted apuinst bthe molar concenbration ratio, The
enhancanent of potasalam emisglon reached an apparent seximm ab
a eoncontration ratio (Naik} of approximatoly 8si (Fig, 6), bub
potagpium inberference on sodiun readings apparontly had not
reached a meximum at a concentration ratio (KsMa) of 20:L (Fig. 7).
Thig contrasts with the report that potassium interference in
sodivm estimations boromes nuximal at a molar ratio of 3,5:1
(Wyan et al,, 1950).

In the pregent work standard solutions of potassium were
propared from Yanalap' XCO1, and this reagent way conbain WaCl
(mazimm permitted limits 0.2 por cent by welght). Thus, when

additiong of potagsium wore made to the sbandard solubions of
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Flg. 4« Bffect of pobaussium on sodium readings, Zero wag set
using delenised wabeor, and full scale deflection using
a 13250 dilubion of 50 meoquiv/l, MaCl, Over bthe
concentration range shown, abt a dilution of 1:1000, the
readings plotted are, from above downward, for mixbures
of sodium and potagsium standards with molar ratfios
(K g Na) of 1611, 431, 1:1 and 0:l respectively,
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Fig, 5. Effect of sodium on potapsium readings. Zero was seb
uging deionised waber and full scale deflection using
a 13250 dilubion of 50 mesouiv/l, XKCl. Over the
concenbration range shown, at a dilubion of 1L3:1000,
the readings plobted are, from above downward, for
mixbureg of pobtassium and godium sbandards with
molar gatios (Mo 2 K) or 1631, 4:1, 1:l and Osd
ragspactively.
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sodium, oboerved increases in sodium readings probably reflected
Interforence offacty due to potapeium, and, also, a direct
contribution from amall amounbs of godium present as an impuriby
in the KOl solution added,

The presence of sodium in the potasgium standard was confirmed
by obgerving the yellow colour of the flams when the pobaspsium
gtandard aleone wag fed inte the machine, The cquantitabive
contributions of this contaminant to the sddium readings plotbed
in Fig, 7 were meagsurasd by recording the sodium emission of the
pptassiun standard alone at concentrationg which had been used in
conabruching ﬁhé interference nﬁrve, Sodium contawinabion was
not debocted at the two louest concentrabions, bub became lncrone
asingly #pgarant ag the concenbration of the potasainm shbandard
inereaged, By subbracting these readings from those plotied on
the interference curve for sodium, a correchbed inberforence curve
wag congbructed {lower line in Fig. 7) which was nobt distorted by
the emlsaion of sodlum Infiroduced as a conbaninant of pobassium
addeds It was then apparent that enhancement of sedium readings
by potassiun readhed a twue maximum ab a molar ratio (KiMa) of
approximately 4il, in agroement with the findings of Wynn eb al,
(1950).

No potassium conbaminabion of the NaGl used in the congbtruc

tion of the pobassium interference curve was detocted, and

pobagainm doss nob appear in the list of permitied lupurities of
tAnalap! NaGl,

Beroyrs ariging from interfeorence effects may be eliminanted
by uping standard solutions which approximate 4o the tent solution
in the ratio of the inberfering snd test lons.  This mebhod is



applicablo particularly to deberminations on blocd plasma, bub
1s unsabisfactory for cobimations on urine since the composibion
of urine is exbresely variable and the approximate ratio of
inberforing and test long in any sanmple camnot be predicted,

Alternatively, an excoss of the interfering element may be
added teo both the Yest sample and the standards, during the
prevarvatory dilutlon procedure, mo that the degree of inberfere
ence ia constant, ag demonstrated by the flalttening of the inter-
ference curves, This method was suggested by Domingo and XKlyne
(1249) and ia applicable to urine analyses, bub has the disadvanw
tage that analysis for hoth sodium and potaspium cannot Le pere
forned uping the same diluted gample, The possibility of inbtro~
dueing additional enounta of the test element to the sample as a
conbaninant of the excess of inberforing oleoment added ig an
additional disadvantage.

Wynn et al. (1950) point cut that since the degree of mutual
interference botween sodinm and pobagsium ig a fanchion of their
concenbration ratio unbtil the Interference effect beeomos maximal,
it is possible to gorrect the obssrved emission of the test
elenent if the concentration ratio of the inderfering olewent to
test element is knowm. For a given concenbration ratio the
pereentage inerease in the trangnisgion energy of the test sube~
stance above 1ta theoretical valus may be caleulated from the
interference curve, It is aspumed that the bransmisgion energy
of the test gubstance in the unknown samplo is increased propore
bionately by the presence of the interforing element,

Thig mebhod of correching for mubual interforence effects
entails a preliminary eshimation of the apparent concentrations

of sodium and pobtassium in the gample, From the concentrabion

LL



39

ratio found the theoreblcal tranamission value of the tost sube
gbance is then calenlated as follows:
Let A = thoorotical emission value of tesh substance,
B = found emission value of test aubstance,
® % pergentoge increage in 4 for the hnown concentration
ratio of interfering and test olement, as caloulated
from the Intorference ourve,

Then & * ﬁb@ﬁ = R

1008
100 + x

and A =

The concenbrabion ratio of inberfering and tesh element need nob
be aceurately determined: bthe correction factor lg for practical
purpoges bthe same whekher the ratio is 231 or 2,2:l,

Duthio and Melonald (1960), vsing the BEL flame phobomster,
describe a gimllapr aystem for correcting inberference effects in
the analyses of sodium, potagaium and caleium in bielngieal
materials.,  Algebraie correctlons of the ingbrument readings
were obbained from regression eguabtions relating bthe extent of
Interference o the concentrations of the interforing eloment,
Preliminary determinations of the apparent concentrations of
interfering and test elements wore again necessary.

Allowance for mubtual indorference effects were made in the
pragent study by nesing calibration curves whieh had been plotted
from sevaral series of standard solubions of tho test element in
the presence of Inereaging quantibies of the interfering element.

Sodiun eshimationy, Three series of diluted gtandard were
propared, each covering an effective concenbrabtion range of 0-200
neequiv/l. ab a dllution of 131000,  Appropriate uantitics of

pobaasinm standard vers added to each series before dilubion to



give molar ratios (Ksla) of O:l, L:l and 4:1 reapectively, The
flame photometor readings obtained were plobbed as in Pig, Z.

At the 411 ratio, tme pobaselun inberference on sodium readings
ig meximal {as shown In Fig, 7), and any increase of the sodium
readings due teo scdium present as a contaminant in the potassiuum
added is only slighk,

After noting the sodium and pohassium readings of a test
sample the approximate molar ratio (Kil¥a) of the sample was cale
culated, and the sodium concentratilon of the pample, corrvected for
the interference effect of pobasaium, was then obbained by reading
off from the pencil of calibrabion curves at a position appropriate
for the K:la rabio found, Whilot this involved some approximation,
Bhe need fof mabbematical treatment as in the wethods of corroce
tion deseribed by Uyon b al {1950) and by Duthic and MeDonald
(1960) wos eliminsbed,  Anobher adwvantage of this procedure was
that the preliminary determinabtion of eancenbration ratio was pose
sible by divech comparlson of the inatrument readings, adjusted to
equal dilution where neespeary, sinco the callbration curves
for potaseliun and sodium ave closely similar (Fige. 1 and 2)4 and
full geale deflechtlion was sob Topr bobh sodium and pobasgeium
readings using standard solnbions of the same concenbration

(50 mmoquiv/l. ) ab the gams dilublen (13250).

Tour series of potaossium standards
were made up each covering an effective concenbrabion range of
0 = 200 neoquiv/l, at a dilution of 1:1000.  Appropriate
guantitieg of sodium sbavdard wore added Yo each zeries before
dllubion o give molar ratios (Nask) of G:l, 1:1, 441 and 8:1,
The insbrument resdings wors plotted as in Mg, 5  The series
of ghandards with the ¥a:X concentration ratio of 8:1 was

nesesgary since 1t had besw shown that sedium interferenco did nob



bacomo maximal until this ratio was reached (Fig., 6).

The concenbration of potasaium in a test sample was then
obbained from observed readings ugling this pencil of curves as
degeribed for sodium estimations,

Since the operating conditiona of the ingbrument were maine
tained uniform Shroughout all analyses, the same ealibration
curves were used from day to day. However, when fresh standard
golutions were made up, for setbting instrument sensibivity (full
gseale deflection), new calibration curves were plotted from

readings oblained using dilubed mizxbures of the new standard

golubions,
Igganens ol BCCREgey oL JAgsioq
Plagma eabimatliong,  Six sanples of freeze-dried serum of

known composition (€, Duvis Kebler, London) were roconshituted to
the supplier's instructions and aralyzed for sodium and potassiawm,
Sodium concentrations were read off the ealibration curve for pure
godiun chloride (éonceniration ratio Xs¥a = 0:1), and potassium
concentrations were read off tho pobassium calibration curve
allowing for maximal interference from sodium (concentration ratio
Mak = 8,1). Sauples were diluted L:50 for potassium readings
and 132,500 for sodium readings., The ecncentrations found agreed
on average within 1% of the valuocs stated by the supplicr (Table 3).
Urine egtipations, The accuracy of sabimations on bovine .
urine was asgessed by rocovery of known inecrements of sodlum and
potagsium added %o sanples of bovine urine, Preliminary analyses
wers earried oul to determine the approximate molar rabic of
scdium or potassium in each sample, A volume of scdium or potage
sinm ghtandard was then added to measured velumes of the samples,

hefore dilution, to increape the concenbration of the test element



TABLE_ 3

Analysis of serum of known composition

goddum t 145 mebquiv/l. Pobagsium ¢ 5.1 meequiv/l.
Ganen. “fouw. | Byrox | Contn. fmumi N Eyror
(m~equiv/l.) (%) {m~aquiv/L.) (%)
146 047 5.1 0
145 0 el 4]
143 Lokt 5.0 ' 2
145 o] 5.1 0
147 1 Bed 2

Mean errov O Yoan error 1.:0%




by emacbly 50 meoquiv/l,  Appropriate amounts of the interfering
olenent were also added, %o waintain the original coneentyablon
ratios of inberfering and test elemenbds in the samples.

The resullbts are shown in Tables 4 and 5, An average error
of 6.1% was found for gsodinm recoveries when the concentrabtions
were read off the calibrabtion curve for pare sodium,  This
error was reduced to 1,2% whon the sodium eoncentrations were
obtalned from the penecil of calibration ourves according to the
knovn Killa coneeunbration ratios of the samples, The potassium
recoveries dld not demonstrabe that inborfevence gave rise to so
large an error, This was oxpeched sinee the Naik céncentration
ratio in all the samples was less than unity. In samples cone
taininﬁ ag much or more sodlum bhan potassium, interference
effects presumably would give rise to a greater errvor in une-

corrected potassium estimabions,

Compaxduon of s ptogoiun concentrations 3u bovine end

Tzon uiﬁ.t@' \

Ao on ezowveiss dn (lave photomotrle techwigue, ond to
deponatrate the owistonge of spoclion dlfferencos in urinsey
conposd tion cindlar to thoso dozeribaed by vesvious vorkers
{spaotor, 1086}, sofiun and potzsndun eoncentrations wovs
detormitiod in velne sawmples gollected abt mid-dny from Hwonty
imale studonts and Deon tuenty cows of the daiyy berd nb the
yotorinory cohool foms (o 553y Roovldis of the analyses ore
plven in Tabls 6,

The concesirations fonrd varded widely both bodwenn aud
within gvoupss sresunstdy beesuse of fndisddusl vardiekions 4n

the dnbalke and omperditure of oleabryolyies aad waler, Detoils



TABLE  k

R

Recovary of sodium inorement added to samples of bovine urine

Génoﬁ;"ﬁ'Apéaré5tiu T Gcrﬁﬁ&téd§ 
Sample ratio incrament EBeror  dnorement Trror
(¥ 1 Na) (mesquiv) % {meequiv) %
1 246 1 1 5h,0 8 51.5 3
2 Wkl 535 7 5140 2
3 5811 5340 6 5045 1
b haty 3 3 5340 6 5040 0
5 3211 - B2.5 5 50.0 o
6 b2 s 1 5440 8 5140 2
i 2.5 3 1 525 5 50.0 Q
8 6.3 21 5340 6 5045 1
9 Fe3 % 3 5340 6 5140 2
10 2.7:1 52,0 b 49.0 2
Hoan evrops 6l & 143%

* Apparent yalues of increment weye obtained when concentratlons
wore yead from ealibration curve for pure sodium, corrected
¥olues when concentration yatio (X s Na) was token into account

as described in text.



LABLE

2

Recovery of potassium increment added to samples of bovine urine

Couen. fsppamnﬁ* Gorrected
Sonple  yatio inerement Errop  dacrement Erroxy
(Ma ¥ X)) {mesquiv) % {twequiz) %
1 Ot 2 2 5045 1 495 1
2 Oult 3 1 K5 1 h9,.5 1
3 0.2 1 1 - BOW 0 500 0
h .6‘05 t 1 535 3 h9.5 L
5 O 3 3 51.0 2 505 i
6 0.6t 1 52.0 k - 51.0 2
7 C.2 18 2 50,0 0 5040 0
8 Ouh 2 3 0.5 ) 19,5 1
9 051 1 5240 L 5140 2
10 0.3 5 1 505 3 50 0
Mean errors 1.7% Qa9%

* Apparent velues of increment were obtalned when concentrotions

were read from calibration curve for pure potassium, corrected

valnes when contentration watio (Na 1 K) was taken into account

as described in bewbs



PABLE 6

Sodium and potessium concentrations in bovine and humpn

urine.

HAW

9]
o
=

12

Sample Ha B Ratio Na K Ratio

{mwequiv/L,) (meequiv/le) Killa {(meequiv/l.)(meequiv/1l.) KiNa

309.5 42,5 0.4 34,5 87.0 2.52

1
2 43,5 26.8 0.62 9ke0 241.3 2457
3 268.8 5348 0.20  122.0 307.5 2.52
b 322.5 104 0.32 18.5 385.0  20.81
8 L2245 5l.1 0412 635 280.0 bl
6 195.3 85.0 0.3 11k 0 238.8 2.10
7 1813 103.7 0.57  116.0 266.3 2430
8 135.8 113.8 0.85 G40 367.5 575
9 16046 h1.5 0.26 8040 348.8 L.36
10 191.3 3640 0.19 13645 225,0 1.65
ik 178.8 1550 0.87 28.0 18745 6.70
12 21143 110.6 0452 93.0 30040 3.23
13 23348 694 0a30 9145 383.8 L.22
i 268.8 93.8 035 88.5 22040 2.49
15 22540 ol lt O.h2 6355 40040 G+30
16 25245 38.8 0.35 45,5 53245 7431
17 243.8 108.8 Ol 2h.5 323.8 13,22
18 16546 88.8 0.5k 3540 353.8  10.72
19 21040 975 046 95.0 185.0 1.95

20 133.1 80.6 0.61 8.5 222.5 2.75

Mean & 8,0 0.3 T 0,21 5,39 & 4,95




of the total intoke and losses of sodium and potassium of the
subjects were not available but the mean value of the molar
concentration ratioy potassium to sodium, in bovine urine
(5.39 % 4,75 (8.D4) ) wae over twelve times groater than that
found in human urine (0.43 % 0,21 (S.De) )« This difference
was statistically highly significant (P < 0.,001) and reflected
differences in the intake of sodium and potussium in these
gpecles aws suggested from differences in the mineral content

of human and bovine foodstuffs (Morrison, 155L).



pliy total CO, and bicarbvonete estimations

Techniques foxr the measurement of the pH and the total Coa
content of bovine urine and plasma had been studied previously
in our laboratowy by Andersony and the methods he described

(Anderson, 1964) were adopted in the present work,

Anaerobic treatment of samples

Arterial blood was taken into an oiled, heparinized, 10 ml.
syringe ffomhxhagﬂﬁcygeal artery os described elsewhere (p. 63),
and the sywringe nozzle closed with a rubber cap. Within 5 min
of withdrawal the syringe was carried to the laboratory and the
pH of the sample memsured. The remainder was then centrifuged
under oil in stoppered tubes and the plasma separated into
amall stoppered tubes ond storved in a refrigerator for determinoe

tion of total GO, content on the following day.

2
Urine samples were taken at the mid-point of 15 min clearance
periods into ciled 20 ml. syringes and were retained in the syringes
with the nozzles oceluded by rubber capse. The pH value of the
sanples vere measured befove gome of the volume remaining was
transferved, under oil, to small stoppered tubes for storage in

the refrigerators Tobal 608 content of the samples was measured

on the following day.

o
Moasurement of ol at 39°C

A *Wibron' electrometer (Bledtronic Instruments Lid., model
33B) with a pH measuring unit (Plectronie Instruments Ltd., model
C=33B) was used in conjunction with n capillary glass electrode

syaten enclosed in a water jacket through which water was pumped



4 e

at a thermostatically controlled temporature of 39°C (Electronic
ingbromenta Lbd. , Roplaeable Caplllary Glass Blectrede Sysbem,
Model SHH33), Readings were geb woing the procedure described
by inderson (1964), with bufferg prepared as described by Bates
and heree (1945), Hamer, Pinching and Acres {1946) and Manov,

Do %ollis and derce (1946). The buffors used to ghandardise
the Ingbrument inibially were 0.05 wolal potassium hydrogen
phthalate (pH = 4,027 at 39°C) and a mixed phosphate buffer of
(s 025 molal disodium hydrogen phosphate and 0, 025 molal petassium
Aihydrogen phosphate (pi = 6,833 at 39°C),  For daily uee bhe
meher was sbandardised on tho phosphate buffer only,

Samples were introduced inte the elechrode system withoub
exposure to the air via a flne polyethylene tube attached to the
caplillary electrode, Suction wag applied to the gystem from a
filter punp.

Upipe. Measurements were made at least twice and were
congidered acceptable if within 0,005 pH unitg of each obher,

Aebepial blood, Difficulty was encountersd in obiaining
cloge agreoment betucen duplicate determinations, Repeated
measurements were posgible because of the small volume of blood
raguired by the capillary glags electrode and were mads unbil
agreenend botween succesasive readings of i 0. 01 pH unite wasg

<) Bhi@?@d.

Measuremanﬁ of tobal 602

Total Gﬁg in samples of urine and arterial plasma was opbie
mated naing the Van Slyke manometric apnuratug by the methods
degerlbed by Peters and Van Slyke (1932), Because of the high
concentration of hicarbonate in bovine urine the modification

described by Andergon (1964) was adopted, namely, replacement of



0,2 m, Yan Slyke pipebtte uvsed for addition of a measured volume
of the pample, by an 'Agla' nicrometer syringe of 0,5 ml.capacity
eapabla of delivering to an sccuracy of (0, 0002 ml, Determinae
tiong on each sample wero repeated unbil replicabe agreemend

within & 1% was obtained,

Calenlation of HGGB amneanﬁm;_tion

The blearbonate concentrabion in samples vas caleulated
from the valueg found for pH and tobal (382 vaing the Hendergon-
Hasselbaleh equatlen arranged in the following form {Peters end
Van Slyke, 1932)

[BHGB] = [Tc:‘hal GO;J i ‘1 ——
3 L . [ﬁﬁ’]
K

[ Tota1 cm?]

1+ anbilog (pK' = pit)

=

A valne for pK' of 6.1 was assumed in plasma samples. For ecach
urine sample the value of pK' was caleunlated using tho Tormula

given by Hagbings and Sendroy (1925):

i' = 633 =05 (B

Where B iz the bobtal eoncentration of cations in the sample.
Since sodium and potasaium consbitute at least 95% of the tobal
eation concentration in bovine urine, the sum of their wmolar cone

coentrationg was substituted for 8,

4ty



Suloride estimations
Ohloride estimations in samples of urine and venous plasma
vere determined electrometrically using an BEL chloride meter,
All samples were estimabted in duplicabto unless duplicate agreement

vas legs than = 1%, when a third estimation was carried out,
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Inulin estimations

Inulin estimations were carried out by the direct resorcinol
method without alkali treatment (Roe, Epstein and Goldstein,
1949}, using a Unlecam 'SP 600! spectrophotometer, and inulin
standards of 1, 2 and 3 mg/200 ml. for each series of estima-
tions. Plasma and urine samples were diluted with deionised
water to glve estimated inulin concentrations within this range.
Plasma was diluted 1:10 and urine between 1:100 and 1:1000
according to the yrate of urine flow. Urine dilutions as low
as 11100 were necessary in some experiments in which very high
rates of urine flow oceurred in response to procedures which
promoted diuresis.

Tnulin is a polymer consisting prineipally of fructose mole=w
cules and in the direct resoveinol method it is estimated as
fructose, after hydrolysise Contamination of inulin with free
fructose can give rise to errors in clearance determinations
pince contaminating fructose is recorded as inulin in plasma
enalyses but does not sppear in the urine becuase of ita reabe
gorption by the wenal tubules. The inulin used in our lshoratory
had previously been shown not to contain free fructose in measurable
amounts (Anderson, 1964).

The accuracy of the ebove method of inulin estimation in
our laborotory hed been investigated previously (Andersoin, 1964).
The mean goncentration found in ten samples of plasma to which
inulin had been added 72 hours previously, to give a concentration
of 15 mg/100 ml., was b4 £ 0.4 (S.8.= £ 0.1) mg/100 mi., when the
optical density of each tube was measured ns soon as possible
after colour development, and 15.1 % 0.6 (S.B. = £ 0.2) mg/100 ml.

when the optical density was measured 30 min after the first



reading, This experiment algo showed that inulin in solution in
plagna remained falrly stable at room tempsrature for at leash

three daye.

<.



Determinations of PAH concentrations in plasma and urine
ganples were ecarried out photonetrically after dlazobiuing the
peaminoe group of PAH with nibtrous acid and cmﬁl&ng with Ne
(1~naphthyl) ethylene dlamine, as described by Snibth, Finklestein,
Aliminosa, Crawford and Graber (1945), with the modification
Bhat plosma samples were diluted 1:10 with deionized wabter and
plasma proteins precipltated using zine sulphate and barium
hydroxide as in imulin esbimations (v.e.).  PaH gtandards of
Dsly 0.2 and 0,3 mp/i00 ml.were included in each serics of estiw
mabiena, the urine samples bheing diluted with waker from 1:500
to 132,500 to give an ostimated PAH concentration within this
range,

Invagbigation of the acouracy of PAH esbimabions showed
an avorage recovery of 100.3% (range 98,3% w 102, 2%) for plasma
samples with PAH concentrations of 1.8 = 5.4 mg/100 ml.(Table 7).
These plasma solutlons were prepared by adding knowm volumes of

a sbtandard solubion of PAH 4o measured volumes of bovine plasma,



TABLE 7

Recovery of PAH sdded to samples of bovine plosmn

PAH  PAH concn.
Sample  contn. found Recovoery

(ng/100 wle) {umg/200 wl) ()

1 1.80 1e7? 933
2 1.80 1484 ma;é
3 3.60 3.6k 101.1
oy 380 3.62 10046
5 510 5436 9943
6 540 Gehi2 1004

Mean 3 100.3%




Eaperiments Involving elesrance procedures wers carvied oub
lmn healbly, non-pregnant, non-lackabing Ayrshire cows, In the
gunmer months the animals wore kept at grass withoud supplementary
feeding, and from late avtumm o speing were housed and fed hay
(20360 1b, 941 = 13,6 Kp) and a commercial concentrate mixture
(7 1, 3.2 Kg) daily, in two feeds, Water was available ad
1ibibum, Praliminamy hydration of experimental anbjacta,i;; ig
commen prechice in renal investigations on man and the dog, was
nob carried out before experimenta,  The experiments lashed
46 e and waber, bub nob food, was available during this poriod.

Bocanse of the rdsk of ﬁamaga to equipnent and porsonnel,
dehorned animala, judged o be of placld bomporament were pure
chased for this work, Recenitly dehornsd animals often showed
regentment when bhe head and neck were manipulated so the early
pracbice of dehorning experdmental animals in the hospital was
abandoned beeanse of the long delay hefore such animals were
sulbteble for use.

In addition to the incenvenience of an animalts struggling
during an exporiment, any emobional disturbence of the animal
agaceiabed with the experimental procedures may compllcatoe the
experimental findings. Knudsen (1960}, in experinents on cows,
noted thalt the rate of excretion of sodiun declined in successive
clearance poriods and akbtributed the high initial rates of
exerabion to bhe Initlal excibenent assoclated with introduetion

o the experimental roomy and the disturbance of urebhral

SR



catheterization, Miles and Do Wardensr (1953) described an
enblonal diuresis with increased salbt excretion in women which
cocurred on bladder catheberizablon or resulted from apprehensibn
of a surgical procedure, and Anderson (1261) has described a
similar phencmencn in cattle: a warked, btransient dluresis seen
in reaponse to the painful sbimulus of brachial arberial. panchure,
Afber repeated experimonts on the same animal, a similar response
was olso geen during the proliminary procedure of clipping, suwabe
bing and anassthetislng the aite for puncture, In the present
study, thereforo, the animals were handled gquietly at all times
and pain or discomfori during experiments was minimised wherever
possible by the use of local or regional anaesthesia, Newly
parchaged animals were allowed a pericd of at least a fortnight
to bacome accustomed bo their new locations Dalry cows are
accugtoned to close contact with man se that, with care in hande
Lling, most animuls beecame readily amenable to experimentation,

On two oceagions nouly purebaged animnals became fracbious in the
experlnental reom and were replaced, bub other animals became
fully acengtoned to the experimental procedures; they ruminated
freguently and rarely showed gigns of disbress or discomfort,

Cn the morning of an exporiment the animal was brought in
from the field or byre and placed in a restraining stocks or erush,
The stocks conalsted of four stoud corner pogbs of metal piping
carrying lateral rails of tinmber and two removable bars of btimber
which slobted respsctively across the front and back ends of the
animal,  The crush was of tubular and sheet metal construction
of a design commonly used on farmg. T4 had a romovable bar ab
the back and a half door at the front over whieh the head of the
animal could be regtrained by meana.of a yoke in the sbap2 of an

inverted Y. The yoke wag brought down on a ratchedt by means of



a levory it was occcaslonally uveed during the Initial preparation
of the animals bub was ssldon necessary.

Cannnlation of the jugular veins was carried out under leocal
anaegthagia with the animal firmly restrained by the noge.
Catheterization of the bladder was carried oub under posterior
epidural anaesthesia and required no special regbraint of the
animel.,  After cannulation of the jugular, therefore, restraint
wag reduced to a minimam with the stecks or crush preveabing
excessive movement whille the animal's head was held loogely by a
halter, Detailed description of these preliminary procedurcs is
given in later sectlons,

in early survey of the rate of exeretion of sodium and
pobasslun in urine samples collected serially under epidaral
anaestheaia over pericds of 34 hr wag cerried oub on a cow
gbanding in a byre at the veterinary hospital with no cther
restrainb, Urine samples for investigation of flame photometric
bechnique and for comparison of sodium and pobtassium concentras
tlons in human and bovine urine were collected during normal
mieturitlon from male student volunteera and from cowa of the
dairy berd of the velerinary school farm,  These animals were
healthy and in various stages of pregnancy and/or lactations
Thay were under en indoor sysbem of management, fed on burnips,
silage and hay fer maintenance requirements with additional

concanbrabes according do wilk yleld.
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In studies or renal funecbion it ls generally agsumed that neo
alberation in volume or composition of the urine occurs during
passage along the urinary tract,  Albhough there ls little evid.
ence that the urine formed by the kidneys 1o modified during urc
teral. passage, or during storage in the bladder, Garby, Risholm,
Thoren and Ulfendahl (1957) ahowed,hin man, & stabtistleally slge
nificant tendency for concentrabions of urinary solutes o be
lower at the lower end of the ureter than at the upper end or ab
the venal pelvig; and Bapoport, Nicholson and Yendt (1960) state
that in some cirenmatances the composibtion of bladder urine need
not be identical with that of urine as il leaves the kidneys.
Thege latbor authors measured changes in bhe concentrations of
glectrolytes in solutions introduced into the bladder of dogs.
The magnitude of the chanpes depended on the concentration grade
lent acrogs the bladder wall and was influenced alsc by the pil
of the solution, the time bhe solubtion remained within the blsdder,
and, probably, by the volume of the test solubion., On #he other
hand, gtudies In dogz on the permeability of the bladder wall %o
water (D.0) by Jommson, Cavert, Lifgon and Visocher (19451} showed
that when the bladder was moderately distended a congiderable
exchange of water melecules took place across the mucosa, bub
that net volume changes were barely demonsbrable.

In the present study, urine was collected by an indwelling
urethral eathobter., The urine collectsd was agsumed to have been
unaltered by passage down the ureberg and, since the urlne wag
eollected continuonaly, any ewchange of water and electrolytes
acrosg the bladder wall was asgumed to be negligible,

The technignes used for urine collection in investigations

W
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of kidney funchlon in catble have nol baen extenslively described.
Assessnent of the aceuracy of collschbion over short periods of
time is generally lacking and any resentment shoun by the expori-
mental animal is only briefly mentioned.  Sellers and Rospke
(1951) do not give dotails of the catheker which they used during
two hour colloction periodg,  Cunningham, Iredericlk and Brisson
(1955) demcribe a self-retaining urethral catheber with an
inflatable bulb vhich they employed for tho conbinuous collection
of urine over long porlods (up bo three weeks) and they report
that some cows showad slight discomfort when first catheterized.
Sellers, Pritchard, Weber and Saubter (1958) mention a sofh
rubber cothetor gsecured to webbing straps for urine collection
during clearance pericds of 1530 win duration, Poulsen (1957),
Vogel {1949), Kotz (1960) and Knudsen (léﬁO) describe *halloon!
cathetors similor to that used by Cunningham EE_EE:_(Igﬁﬁ) which
were uged in clearance experiments involving ecollection periocds
ranging from 3O min to 2 hr, Do Groot and Aafjes (1960) repord
Incongloteont resulls when they used urethral catheteras in adulb
cattle and thoy adopbed the apeciel apparatus deseribed by
Van Ba and Voght (195 ) in which catheterization was avoided,
Thig apparatus Aid not measure continuously the produeticn of
urine and would seem to have no application when 15«30 min
collection periods are employed, None of these workers mention
the vse of any form of anaestheals,  Knudeen (1960), howevor,
emphagiged the excitement and strugeling whieh occurred at the
ontset of his experiments, and describsd assccisbted varlabions
in electrolyte excretion,

Aceuracy in the measurement of the remal exeretion of any
substance le largely dobernined by the efficilency of the teechnique

uged for urine collectlon, Winbon (1956) stated that renal



cleavanes neasurenents under good steady-state condltions, involved
uncertaintios of 5=10%, and Smith (1951) aseribed such uncertaine
tiss to the diffienlisy of obbaining complote bladder drainage.
Such inaeeuracias apre euaggeraﬁed ag the poriod of collection is
phortened, In the cow a pessible residual veolume of 50 ml.is

a anall proportion of the average volume of urine (3 1) voided
during normal mieturition (Katomgole, 1964) and is inaignificant
in proportion Lo an estimated dally oubput of 1520 1., bub a
residual volune of 50 ml represents a large srror in a 15 nin
collection pericd,  In addibion physical and pasychieal disture
bances aspociated with the ecollectlon procedure must be minimal
vhen congelous subjschs are uged in investlgablons of renal physe
lology, since those facbors have been shown %o affect the rate of
urine flow and the rate of excrebion of elecirolytes in cattle
(Xnudeen, 1960; Anderson, 1961),

Iﬁ cur laboratory diffieulties were encounbered in early
abbenpbs to collect bovine urine conbinuously using modificabtions
of the Foley catheter (Warne, 20F, G, & 100 ml,bulb capacity)
{(Anderson and Pickering, 1961). Catheterizatlon without any form
of ansesthesla was never accomplished withoud manifeatations of
regentmend, and, although gross struggling subsided ence the
catheter was in positlon, animals cenbtinued to show signs of
discomfors and agliation.  These varled from frequent shifting
of the hind feet wibth btwitching of the tail and lowing, o repeaw
ted or oven gonbinucus abbamptes to micturate. Determined atbtempls
to mioturate comaonly resulbted in some loss of urine arcund the
eathetor and occcasionally in foroeful expnlsion of the eatheter,
The animals also defaccated froguenbly, soiling bhe catheter and
collection tubing, Whilst urine collection in cattle by urebhral

cabheber wikhout annenbhesia may be satisfactory over leng perlods,
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vhen animala might become aceustomed to the presence of the
cathetor, the resenbment shown by our animals to this procedure
indicated that 1t was unsuitable for the physiclogical studles
proposeds

Additional, diffienlties encountered in urine collection were,
firgt, an entry of alr inbto the bladder during catheberization so
that the siphon initially egtablished to allow continaous collete
tion could nobt e maintained, and, second, an irregularly intere
mittent flow during continuous collection vhiih was attributed to
oceluaion of the perforabions on the catheter by folds of bladder
mucous membrane,  That these oceasional stoppages were not refloxw
iong of the actual rate of urine formation was supported by the
observation thgt on gome occaslons, after clamping the ecollecting
tubing for 30 min, an immediate flow of urine was not asen on
release of the clamp,

Enbry of ailr inbo the bladder during catheterizatlion oceurred
becanse of the subatmospherie pressure which normally obtaing
within the bovine bladder {Anderson and Pickepring, 1961). Mozt
previous workers do not mention thia phenomenon and it has not
baen exnbensively sbudied, However it doss not indicate that the
phyaioclogy of the bovine bladder differs from that deseribed in
other specles, Katongole (1964) showed by simultaneous recording
of intraabdominal and inbracysilc pressures that both these values
were subabmospheric in the standing cow, Intraabdominal pressure
wag vocorded by needle punchure of the abdominal wall in the
sublumbar fossae.,  Increases of intraabdouinal pressure produced
by inflating bthe abdominal cavity with oxygen were faithfully
reflected by the inbracystle pressure, and both rogse above atmoge
phorde pressure when the animals were tilted inbo lateral recumne
bottéy,  BDovine cystometrogranms showed the typical features of

thepe described in other specles except that values of inbracystic



preasure in the cow remalned subatnospheric until mieturition
ccearred. It wos concluded that the prosgsure within the bladder
wag probably a reflexion of the progsure which obtained in dorsal
roglong of the abdominal cavity, and this preasure was subatmog
pherie in the standing animal because of the downward drag of the
viseora on the abdominal wall.  Albheough eystometiograma demon-
strated the relationghips of intracystic proasure to bladder
volume, the abgolube value of inbracystic prossure was largely
deteormined by the intraabdominal (exbraeystic) prossure.

In the present work, therofore, catheterization and urine
collectlon were carried ocub under posterior epidural anacsthesia.
The alternative procedure of inducing local anaesthesia by topleal
appllcation of amethoealne o the micous menbrane of the vulva,
vagina and torminal urobhra was nob adopted ainee Anderson {(19264)
bad shown the effecht of this procedure %o be incongsistent and
variable in duraklon. When introdueing the ecatheter, precauntions
wore taken to prevent the enbry of air into the bladder and a
cabhobeor with a coiled, mlbipsrforate tip was used so that some

perforations were shielded from ccclusion,

Method

The skln over the sacro=—coccygeal space was clipped and
gwabbed with Tineture of Cetrimide B, P, (L C.I., "1incture of
Cetavlion')s A ne., O hypodermic nesdle (20 SUG x 1,5 in) was then
ingerted throupgh the skin into the epldural space and 4 ml, of
5% Yfy procaine hydroehloride with adrenaline (May snd Baker,
'Planceaine') was injected, obnorving the eritoria for proper

location of tho needle described by Wright and Hall (1961),.



Flaceidity of the tail developed glmost lmmediately and logs
of sensation in the valva developed during the followlng 5«10 min,
Abgenee of micturibion, defaccabion and motor function of the tail
theon porsisted for 2«3 hr, Berly signg of rebturning sensation
wore tall tultching and defaeccablon and 1f the experiment was not
complete ab thie time bthe ansesthesia wao reinforced by a further
injection of 3 ml.of anaesthetlc into the sacrewcoccoygeal space,

If this proceduro was nob followed, recovery from the initial dose
of anacgthelic conbinued and was marked by straining and inoreaging
rostlessness in wmost subjeels with, usuwally, an inerease in the
rate of urine flow,

Using the method described, sensation from the vagina and
ureobhra vwas never eomplstely abolished,  The animals always
ghowed glight reactlon during eatheterization and to the stimulus
of pulling on the cathoter when in situ, However, if the catheter
was left undisturbed once it had besn introduced the animal
ghowed no reaction to its presence unbtil the effect of the anacgw
bhetie bogan %o wear off, In addifiion, the anaesthesia of the
Sail resulbing from thia procedure allowed sampling of arterial
bloed, from the cocoygeal artery, without disturbing the animal.
In some cages 8light mobor pavalysis of the hind limbs was nobed
when animals were led auﬁ from the experimental room before the
effects of the epldural anmestheble had worn off, and during many
experiments the anlmals were seen to rest thelr hindgquarters on
the transverse bar at the back of the restraining crush.

Most animala wore subjected to epldural annesthosia on at
least ten ocecasions without diffleulby op apparent 111 effect,

I% wvas nobed, however, bthat after repeated epidural anaesthesia
on the same animal induction gometimes hacame progrossively more

diffienlt, In sueh cases it was probable that fibrosis resulting
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from repeated puncture of the epldural space limited the distribum

tion of the sanaesthebic.

After adninistration of the anaesthetio the tall was bied to
one side, the wulva, anus and perlneul area wors washed with soap
and water and the lips of the valva swabbed with antiseptie golu-
tion (Reekit and Colmani 'Dettol'), A catbeter of moulded rubber
with two or three additional holes ecut on the inmide of the coiled,
malsiperforate tip wae used (Vicarey Davidson, Glasgow, 'Vieson
Ramghornt, 14 E&)‘(Fig. 8)e For introduction the catheter was
straightened with a stainlesa stesl gtilette and lubricated with
mﬁ@ri}é, water soluble jelly (Joknson & Johnson, *KY' lubricating
jelly)s The colled tip retained the catheter in situ when the
stilette was withdrawn, During eatheborization a tightly fitting
rubber cuff around the stilette plugsed the open end of the
catheter and proventad air from entering the bladder, The stile
ette was partly withdreawm, through the euff, once the bip of the
cathotor was in tho bladder and the catheter elamped before the
atilette, and the ouff, wore completely removed. With the
catheter in place, polythene drainage tubing was abtached and the
bladder empbled by cstablishing a aiphon. Urine was then collec~

ted continnougly.

A continious flow of urine once the bladder had boon emptied
wap a consistent feature of this technigue. Tuwo ordterila ware
used to gssgess the valldity of this method of urine collection:
firgt, recovery of a known volume of sterile wator injected into

the bladder, and, second, comparidon of the values found for



Fig»

8«

Tb# *r»m6hom* mretbral catheter with introducer and
bung (bottom) and polythene drainage tubing (top)# With
the introducer in place the tip of the catheter 1la
Btraightened and its open end ia |4.ugged by the bung#
The collection tubing ia fitted with nylon adaptera to
facilitate attachment to the catheter and aspiration by
a ayringe to eatabliah a siphon#
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succegsive determinations of inulin clearance over wide varia-
tion in urive flow.

Bladder waghout. In a preliminary experiment urine wag
collected over a period of 50 min with the volume measured every
10 mine Five injections of 100 ml. of sterile water were then made
into the bladder and the total volumes recovered in succeeding 10
min ¢ollection peviods wove measured (Fige 9).  The mean urine flow
hefore washing out was 21.6'm1./min. The total volume recovered
durirg the washout period was 718 ml. Assuming that urine flow
had rewadned constant at 21.6 ml./min, the recovery volume expec-
ted should have been 10 x 21.6 4 500 = 716 nl. Thies agsumption
of a vonstant rate of urdne flow ig supported by the pocd agree-
nment betueen the urine flows measured before and after woshing out,
The covrelation between the anticipated volume (716 ml.) and the
volume actuaily recovered (718 ml.) was taken to indicate that
there was a negligible residual volume of urine in the bladder,
Further experiments of this type were not carried cut since no
evidence of inefficient urine collection was epparent from inulin
clearance determinationss

Lvidence from measurerenys of inuiin clearsnces Glomerular
filtration rate normally rowaine falrly constant despite wide
variations in urine flow‘(Smith. 1951). Ify in the measuremont
of glomeyular filtration ratey urine collection is inefficlent,
ahérrank valaes are to be expecteds In the course of repeated
mneasurenents of plomerular filhtration vate by the inulin clearance
procedure descpribed on pid 65y there was no evidence of errors which
aould be attributed to incomplete bladder drainages Repeated measure-
meats of glomerular filtration vate romained constant within the
abaégted 1imits of gsid% CWi%tcn; 1956) deapite variations of 200=

% in the urine flow. Reoults of reépresentative experiments on
three cows are presented in Table 8,

If the urethral cathotor falled to drain a significant frac-
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T ABLE 8

Inulin clearance (G.F.R.) befors and during diuresis produced

by intravenous infusion of potassiunm ehloyide.

Urine flow G.FoRe

Cow Nos {mle/min) (mle/min)
12916 18.8 1265
1641 1199
675 127k
6843 k2
6147 1162
14711, 1544 918
749 843
2949 o
322 93%
2747 8ok
3643 864
14948 843 958
5040 1003
3747 92l
28.2 970

2249 995




tion of the bladder urine, an increase in urine flow wauld give
rise o an apparent increase in the inulin clearvance because of

an inerease in the percentage recovery of urinary solutes, Lower
values of imalin clearance were noted, howvover, after adminigbraw
tion of the diuretiec drug acetazolamide (p. 108 ),  This provided
further evidence of the effieclency of the methed of urine collece
tion since, desgplte the diureusis promoted by this drug, a fall in
imlin clearance values to 50«70% of presdosing values was observed
gimilar to that noted aftor administration of acetazolamide in
the dog (Berliner, Kemnedy and Orloff, 1951). On the obher hand,
no alteration in glomerular filtration rabe was noled during similar
experimenta on the same animals in which diuresis was produced by
adminigtration of hydroehlorothiazide (p.108), a drug which has

not been reported to affect ths glomerular filtrabtion rate,

N



Meagurement of glomerular filtration rate,

The meamaremsnt of glomerular filtration rate is of erucial
importance in studies on kidney function, Withoud this datum a
quanbitative agsessment of the contribubion of tubular reabsorp-
tion and seerebion $o chserved rates of urinary exerebicon cannot
be made, In inbact animals theo glomerular Lilbtration rate may
not be measured dirvectly, bub 1t lg measurable using clearance
procedures,

The term Y"elearance! was first used by M8ller, MacInbosh
and Van Slyke (1929) in studies on urea exeretlon in man, in
which the urea clearance was deseribed as a whole blood clearance.
This was uged as an empirlce measurement of one remal fuanction,
namely, bthe ability of the kildney to remove urca from the blood
and deliver it into the urine,  Since norfial renal procenses
oporate on blood plasma, plasma clearance values are more meaninge
ful vhen applying the clearance concept to the study of renal
function, Any subatance which appears in She urine has a
clearance value, which may be defined as the volume of plasma
whieh containg the amount of the substance appearing in the

urine in uanit tines

v
c = = (m/min)
P

#

vhera: € the clearance valne,

3

i) urinary concenbration

4

v rake of urine flow (ml/min)

P = plasma concenbration

That the clearvance concept afforded a means of measuring
the glomeralar filtration rabe was foreseen by Rehberg (1926).

Thus, if' a roference substance be freely filterable at the
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glomeruli and be nelther reabaorbed, excrebted nor metabolilzed
by the renal tubules, then 1ts clearanee valune ig equal to the
glomerula filbration rate, The clearsnce of inulin was firsh
deseribed ag a measure of glomerular filbtration rate by Richards,
Wostfall and Botb (1934), in the dog, and by Shannon and Smith
(1925) in man, The various criteria by which inulin clearance
has come to be aecepted ag & measure of the glomerular filtra-
tion rate in a wide varieby of vertebrates bhave been deacribed
by Saith (1951),

The measuremont of the glomerular filbtration rabe in adulb
cows, using an inulin elearance procedure was firat deseribed
and aggessed by Poulsen (1957). Vogel (1959) and Ketz (1960)
have algo determined inulin ¢learance values in gtudies of kidney
function in catitle, Sellers, Pritehard, Weber and Sautter (195%),
using a constant infusion technloue, showed that the clearance
ratic of endogenous ereatinine to inulin was close to unity in
calves and heifers varying in age from 1 week to 2% years,
€learance values of endogenous creatinine, however, wore consigbe
ently, albeib slightly, greator than simulbaneous dei;erminationg
of inulin clearance, as had previously been noted in the sheep
(ﬁhannc;)n, 1937), Simlbaneons measurements of the clearances
of inulin and exopenons éraaﬁinina in goats and sheop by Ladd,
Tiddle, Gagnon and Clarke (1957) showed oreatinine clearance
valnes normally to be greater than inulin clearunce values ab
low planma concentrabtions of creabinine, and that ereatinine
clearance was depressed, absolutely and relative to inulin
clearance, by elevation of the plasma concenbration of creatinine,
or of p-anino hf!.pmmme‘, opr by intravonous probeneeid, In conw
trant, lnulin cleavance appearod to be independent of alterations

in the plagma concentration of inulin and creabinine, and was not



g T

W

s

affeched by probenscid,  The aubthors concluded that btubular
geeration of erecatinine normally occurs as an active mebabolic
procaas in those gpoeies, and that tubular reabgorption of
ereatinine must alse be congidered, as a passlve procoss abthonw
dant upon a residual tubular permeability to croabinine relative
o inulin, Simultancous determinabion of the clearancos of
inulin and exogenous creabinine in footal and in adult sheep

by Alexander and Nixon (1964) confirmed the ogcurrence of tubular
secrobion of creatinine in this speclea and ghowed that this
achivity 1o egbablished early in foetal life. The evidence
justifies the agsunption that, as in man (Smith, 1951), elearance
values of Imlin give the more reliable estimate in ruminants of
glomerular flltration rate,

The accuracy of renal clearance measurements is dependent
not only on the accuracy of the determinative, chemical, procew
dures for tho reference asubstance, bub also on the accuracy of
recovery of the urine forned during caech olearance poriocd
{ses p. 55 ), and, in additlon, involves the assumption thab
plagme samplas Sraly refleet the concentration of the reference
subgbance which obbtaing throughout each ecleuranee poricd, In
inulin clearance procedures tho usge of a satigfachory system for
infusion will ensure the validiby of this assumption, Numerous
attonpbs huve been made to avold the use of intravenoug infusions
in clearance mebhods in man, lovolving sither single inbravenous,
intranuseular, or subcutaneous injections, or combinations thereof;
but eofforts bto replace the infusion mebhed in this way involve
aasunmpbions one or more of which ig nob valild when the plasma
concentration of the reference substance is changing rapidly
(Smith, 1951)s The inconvenience of the consteant infusion

procedure ig clearly justifiable in secking less precarious
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esbimatos of glomerular f£iltration rate,
The clearance procedures ugsed in the present study woere

developed jointly with R. S, inderson.

HMethod
Fach experiment ccoupled a porlod of two days. On the firsh

day sampleg of urine end plagma were obbained during four to gix
elearance perdods and urine samples were diluted to reduce the
risk of inulin precipibation at the high urinary concentration,

On the second day chemical analyses of the samples for inulin,
and, in later oxperimenta, for other congtibuenta of plasma

and urine, were carried oub, and exerebtlon rates and clezrance

values vore caleulated,

Sapnulation of Inswlars
Cathebers 15«18 cm long (Portland Plastics Ltd., No. 4 nylon

tublng) were introduced inte each jugular veln to facilitate
infuslon of solubions and withdrawal of blood samples,  An arca
of skin, approximately 3 c¢m aguare over the jugulér vein on each
aide about 15 cm from the angle of the jaw was elipped and
swabbed with Tineture of Cetrimide B, P, (I1.0. X, , 'Tincture of
Cetavlon'), With the hoad of the animal held by an apsisbant,
each glte wan ancesbhetized by subeutansous infiltration of

6 ml.of 2% (W/y) procaine hydrochloride with adrenaline (May and
Baker, 'Planccaine'), and the underlying vein then punctured
percutanecusly weing a 13 G x 1 in hypodernic noedle.  Approxim
wately 10 en of a floxible stilette, 30 em long (Portland

Plagtics Itds , L 5 mm dilan, nylon rod) was thon passed through the
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needle inbo the vein towards the heart and the needle then
withdrawn,  The jugular cabhater was then threaded on the
atilette and pushed through the needlaehole in the skin inbo
the vein, and the stilette withdrawn, The catheter wag then
fitted vith an adapber of rubber tubing, was £illed with hepare
inized saline, clamped with a spring clip, and fixed with
adhesive plaster to a 2 in wide bandage tied round the neck of
the animals One cathober was connected through a 3-way tap to

infusion tubing and the other was used for blood sampling,

Inaldn infusion

Before infusion was begun, blood and urine samples were
tuken for inulin blank estimations,  Since urine values uere
invariably sero, the pre~infugion urine sample was nob taken in
Jater exporiments.

Solution for infusion was prepared by dissolving commercial
inalin (British Drug Houses Ltd,) in sterile Nall solution
(0.9 g/200 ml.) to a concentration of 52/100 ml. & priming dose
(10 ml./50 kg body wt.) of this solution at 39°C was injected
intravencusly and the infusion immediately begun, at 2.5 ml, /min,
by gravity feed from a 2 l. agplrator bottle fibtted with an alr
inlet tube of congbant helght, The infusion was led through a
Mupphy drip tube, previougly calibrated, and the rate regulated
by adjustnent of the outflow tap of the aspirator hottle., The
rate of flow of drops was checked at repgular intervals, but
further adjustwent of the outflow tap was rarely necessary.

In later exporiments this infusion apparatus was replaced
by a pump (Distillers Co, T4d, , Micropump type 'S'), set to
deliver at 2.5 ml,/min.  Anobher modification introduced in later
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experimenty was %o halve the coneenbration of the inulin solution
and double the volume of the priming dose whilst increasing the
rate of infusion to approximately 10 ml/min.,  This medificabion
was inbroduced to reduce the rigk of preeipikation of inulin

from golubion in the infusion veservoir, The more concenbrated
golubion was used, with the lower rato of infuslon, in experiments
involving concurrent infusion of other solutions (in partieular,
potagsiun chloride) so that the total volume infused per minute
vag gimilar in all experimsnts,

In order to allovw tho plasma concenbrabion and upinary excrew
tion of innlin to stabilize, the first clearance period was nob
began unbtil at least 30 min after the sbart of infugion. Tnikial
gtudies shouwed that plasma concentrations of inulin had stabilized
within 15 min of the start of constant infusion, and it wag agsuued
that iaulin exerebion had also etabilized 30 min after the sbark
of infusion,  Poulsen (1957) suggested thab the main porbion of
an exerebory load, follewing a single intravenous injection,
appeared in the bladder afber a delay of approximately tuice the

urinary appearance tino of 2«3 ain,

Elasna ganples
Blood samples of 25 wl, were taken from the free jugular vein

using a syringe which had been sinaed with hepirinized saline,
Tha samples were immediately transferred to 12 5 ml.cenbrifuge
tubes containing two drops of Heparin (1000 unite per ml),
centrifuged without delay, and the plasma separated.

In five experiments the concentration of inulin in arteriel
plasna was deternined for compurison with that found in venous
plagma,  Samples of arbterlal blood were taken inbo a heparinized
syringe, by puneture of the coceygeal aprtery using a 17 G x 1 in

needle, within 15 min of withdrawal of a venous samples The
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concenbrabions found in venous and arberial gamples showed close
agreement {Table §) as oxpected when using a conabant infusion
procedure, and support the assumpbion thal conecentrations of
imulin as measured In venous plasma wore presenbed to the glomere
uii,

In the first experiments, clearance perlods were of 30 min
duration, wibth venous blood samples aken at Q and 30 min, the
mean imalin concentration of these two ganples beinpg substitnbed
in the elearance formala, Fluetuwablon of plasma inulin
concentration, however, was nover marked and in later work, when
inulin clearanco was measured simulbtanecusly with obher paramebers,
15 min elearance periods were used in vhich a asingle plasms
gamnple was obdained between the 7th and 86h minwte. The adopbion
of 15 min elearance periods allowed Invesbigation by repoated
clearance meamireonents of the effeehs of various experimental

procedurss wibthout exeessive inorease in the volume of analybical.

work,
Urine sgmples

Urine was collected conbinuously under epidural anaesthesia
ag deseribed elsouhere (p, 58 ).  The urine was collected in 250
nl.neasuelng eylinders and the volume noted at the end of each
clearanco paried,  The normal urine flow of the eow proved to he
large enough for the catheter to achieve efficlent drainage: in
early experimenbs waghing oub of any uncollected urine at the end
of caah perlod with Lthree separate volumes of 100 wl.of water or
galine wag not found Ho improve the overall accuracy of the
Sechnigue,  After each elearanes period elbher the whole or an
aliquot of the collecbed volume was tranuferrved to a polyebhyleno

bottle, shoppered and labelled,



TABLE 9
Inulin concentration of arterdal and venous blood
gamples codlected during intravenocus infusion of inulin

solution.

Inulin concentration

s ome
1044 10.2
De? De3
.3 13
13.1 149

* Arterisl sowples were token from the coccygeal

axtory within 15 min of the venous samples



Measurement of ren: osma_flow

In quantitabive studies of renal function it is desirable to
estinote the volume of plasma perfusing the kldneys since any
alteration in glomerulsr flltration rate might be the result either
of altoration in renal plasma flow or of alteration in the fraction
of this volume which ils separated as glomerular filtrate.

The Fiek principle provides a well«known moans of measuring
the blood flow through en orgems If a substonce is either token
up by or excreted from the blood perfusing am ovgan, the blood
flow may be caleulated from the equation:

Blood £low{nl./min) = Quantity of substance taken up(;:g e;;;eted

Arteric-venous concentrabion difference
(per nl.)

This priveiple is readily applied to the kldney and any urinary
constituent may be employed provided that it is not mamufactured by
the kidney. Thus:

Rencl plosma flow = - ml./min

-V
where V = rate of urine flow {ml./min)
U = urinary eoncentration of reference substance
and a and Vv = respectively, renal arterial and venal venous
plasma concentrations of reference substance,
Wolf (1941) has pointed out that this simple formula is not strictly
correct and should be written:

V(Unvz

Rennl plasma flow = aw v

to allow for the Tact thet renal venous ontflow is less than

arterial inflow by the voluwe of the urine flow. The error involved



ig emall, however, if urine flow is low and if btho exbraction of
the subatance by the kidney g high,

The ALffienlty in applying this principle for the measure
ment of renal plasma flow iz that of obtaining renal vencus
plasma,  However, if exbracbion of the roference substance is
complete, thut is, if all of the subpbance in the blood is transe
ferred o the urine In one pasange through the kidney, bhon the
renal venous concenbration is weve and the Rick princigle formula

is roduced to tho classical clearance formala 3

vy
Renal plasma flow = e
awd
If other tissues extract none of the subatunce from the blood,
then venous blood from a superficial vein may be ubilized fop
a clearance procedure and orterial puncbure is unnecessary.
Ho substance which is excreted solely by filtrabtion can
be ronoved complebely from the plasma in a single passage through
the kianay;' In the case of a substance which is excroted by
tubnlar secretion, as well as by filtration, however, it is
posaible that the farther removal achieved hy tubnlar secrotion
from the posiglomerular blood, as it traverses the peritumlar
caplllaries, resulbs in the removal of the last traces of such a
gubabonce from bthe renal blood before it escapes from the peris
tubular caplllaries inbo the renal veing,
The high rate of emorebion of phenolsulphenphbhalein
{phenol yed) wvas shoun by Marshall and Vickers (1223) 4o involve
tubnlar seeretion, in addifion to glomerular filtraticn, and

phenol. red clearance hag been used ag an approximabion of renal

ry
(;; A

plasma flow, Beeavse of grossly incomplete exbraction, however,

1% 1o no longer go employed (Smith, 1951).  Diodrast



(3, 5wdilodo~dmpyridone-N-acobic acid), a compouand originall&
introduced into urology for intravencus administraticn or retroe
grade ureberal injection to ald in Xeray visualization of the
kidney and urinary traed, ils another subsbance which is axc?etad
both by filtration and by tubular secretion. Tt has been widely
uged in invesbigations of renal physilology since it is almost
complotely exbtracted from the renal blood and its clearance
value gives a satiofactory approximabion of renal plagma flow
(8mith, 1951)s The analybical difficulbles of determining
organic iodine prompted a search for pther compounds having
assontially complote clearances and amensble Lo easier analysia
than diodrast (8mith, Finklestein, Aliminosa, Crawford and
Graber, 1945)., The atudy of various hippuric acid derivatives
discloged that they had the same clearance values as diodrast in
both man and the dog, and from them peamino hippuric acid (Pau)
waa selected for practical use (Chasis, Redish, Goldring, Ranges
and Smibh, 1945).

The extraction of PAH in one pamsage through the kidney of
normal man is, on average, 90% complete (8uith, 1951), so thab
the PAH elaarance represents only 90% of the trae ronal plagma
flow, Howaver, Salth {1956) poinbta out that YA clearance is
probably more significant than a more approximation of renal
plagua flow, Some of the remal arterial bleod is disgbribubed
o the perirenal fabl and fibreus capsule, to renal pelvos,
calycos and the supportive hissue surrounding them in the sinus,
and in vasa vasopwn, It iz unlikely that this blood ean also
reaqh tubular excrebory tiasne,  Smith (1956) suggests that the
deficit in the exbracbion of Bl below 100% in in part abbribue

tabla 50 blood which passes from the renal arberies to renal veins



bheough these chammels, and that exbtraction of PAU from the blood
which porfuses active excretory tissue ig probably very close %o
1004 complete.  Therefore, PA clearance may be taken to pope
rogent the volume of plusma presented for clearance to the
funcbioning renal parenchyma, and ity valvue may be deglgnated as
the effective renal plasma flow, or glmply as the renal plasms
flow, with the term tobal renal plasma flow reserved to designate
the tobal flow, calenlated from PAH clearance and the pereentage
exbraction of PANl when the two terms have been measured gimi-
taneously.

Satislactory measurement of PAH clearance entails the maine
tenance of uniform plagma concentrations of the subgkance by cone
gbant intravenous infuglon, ostablished after the administration
of a sultable priming dose.  The errors involved in the use of
gingle injection methods are particniarly large with any aube
stance which is elearod as rapidly as PaH (Saith, 1951).

In catble the renal plasma flow hag been eshimated by cloare
ance procedures using diodrast (Poulsen, 1957), and PaH (Vogel,
19593 Hebtzy 1960)  The values found for filtrabion fractlen
{(inulin clearance/dicdrast or PAH clearance) were slightly lower
then %hoge reported for man (Pitbts, 1963),  The clearance of PAU
haa boen determined in gheep by Parry and Taylor (1955), who used
a single injection technique, and by McDonald and Macfarlane
(1959), Vogel (1959}, Alexander and Nizon (1962) and Gans and
Horcer (1962) using constant infuslon procedurcs,  Accepbance of
PAH ¢learance as a meaguve of renal plasma flow in ruminants
ageunes a high percentage exbraction of PAH in these gpecles aa
in man, This aspunpbtion is supporbed by the Linding that while

tho ovine kldney filters at a rate comparable with that of wan,



the secretory capacity of the ovine kidpey for PAH surpasses
that of any other large animal so far deseribed (MoDonald and
Maefarlane, 1958). It has been assumed, therefore, that such
pecrebory abilify will achleve an exbractlon which at least
approaches 90%, and that the sheep and the cow are similar in

this respect,

Method

Determinations of PAH clearance were carried out simulbane
eonsly with inulin clearance using the experimental techniqme

described for inulin (p, 66 ), with all elearance periods

of 1% min durabion,

Defore each oxporiment a quantity of the gedlum salt of
PAH was prepared from the fyee acid (Light and Co. ), using the
following procedure,

75 nl, of water were added to 30 g PaH (apid)
in a 250 ml. beaker and stirred to make a creany sugpehe
slon,

EN MaOH was ron in from a buretite, stlrring conbine
uonsly, unbil the solubion was just neutral to litmus,
and the volume of WaOH added was noted. (The theoretical
volume required to neutralise 30g PAH = 30,9 ml. 5N HaOH).
The sodium salb formed i1s more solable than the free aeid

and a clear yellow solublon resulbed.



Water we# added to bring the total volnme to
approsdiaately H5 #l# end the pH cheeked using narrow
range (pH 7*0 - 8.3) indicator paper. More 51 MaOH
va# added, drop bj drop, to bring the pH of the eola-
tion to 7.4, end the final volume va# made up to 150 ml.
with vater.

The resulting eolation contained 30g PAH a# the

eodium eali.

PAH 1Bfta<lobt»

Before infusion vas begun, blood and urine sample# were
taken for PAH blank estimation#. Zwo values were consistent-
1/ obtained for urine blanks.

PAR was infbsed at a ecncentration of IgAoo ml. in
sterile saline (0,9g/100 ml.) which also contained inulin at a
concentration of 2.5 gAOO ml. This solution for infusion was
prepared by dissolving 75 g inulin in 2,850 ml. saline to
which was then added the solution of PAH sodium, prepared fron
30 g of the acid, to make up the total volume to 3 1» A
priming dose of 200 ml. of the mixed solution (Approximately
20 ml./50 kg body weight) was injected intravenously and con-
stant infusion then begun at 10 ml./sin, using an infusion
pump (Distillers Go. Ltd., mieropump type *3%). This rate of
infusion vas chosen since it vas known that inglin concentrations
of 20 - 25 mgAoo ml. would obtain in plasma, so, assuming inulin
clearance to be 1/f — 1/S of PAH clearance, PAH concentrations
in plasma of 1 - 2 mgAoO ml. would be achieved, as recommended

for estimations of renal plasma flow (Smith, 1956).



Meosurement of the volume of extracellular fiuwid

The extracellular fluid comprises the blood plasmn, intepr
stitial flnid and lymph, and also a specialised fraction desig-
natod transcellular fluid (Pitts, 1963) which includes cerebroe-
apinal fluid, intracccular, pleural, peritoneal and synovial
fluide and the digestive scorotions, Tranaceliular fluid
differs from the other divisions of extracellular fluid in that
each of its fractions is separated from blood plasma not only
by the capillary endothelium but also by a layer of epithelial
cells, This layer of epithelial cells modifies the composition
of the tp&ns&ellular fluid in varying degree. However, the vole
ume of transcellular fluid, with the exception of the digestive
seoretions is a very small fraction of the body weipht., In
man, mofeoever. digestive secretions in the fasting state
represent only 1 ~ 3% of the body weight, although im herbivora
they may amount to as much as 6% (Pitts, 1963) because the digestive
processes are so prolonged that a comparable fasting state in a
normal herbivore is rarely encountered.

The glomeruler filtrate, in view of its composition and mode
of formation, may be regarded as interstitial fiuid, the fraction
of the glomerular filtrate volume which is ultimated voided, and the
final ceneentrations of the urinary constituents being determined
by renal tubular activity. In the study of kidney function, a
measure of the volume of the extracellular fluid ié valuable in
relating, quantitatively, the effects of observed variations in
the rate of excretion of urinary constituents to observed altera-
tions pf the concentrations in plasma.

Heasurement of the volume of extracellular fluid is possible
by dilution tec¢hniques, in which a known amount of a substance

vhich distributes throughout the extracellular volume



ig injected inbo the animal, When the subgstance is uniformly
digtributed, its concentration in blood plasma is measured and

the exbracellular volume then calenlated from the relationship:

M
vV = i

where ¥V = exbracellular volunme,

i

M woight of subatance Injected,
and € = plasma concentration of subabance.

A number of difficulties are abtbendant on this mothod of
neasuring extracellular fluid volume,  The marker substance
must be sufficiently diffuasible to cross capillary walls readily,
o enter the most dlstand reaches of cell inbterstices, and yet
be absolutely excluded from eellag, Allowanee for inevitable
lozses of bhe substance in urine must be made, and, ideally, the
subatance should be oxcreted glowly in comparison with the rate
at which it distributes throughout the exbracellular volume,

Also the subsbtance must be non-toxie and must not ibtself alter
the digtribution of £inid in the body., Wo such ideal subatance
is known and measures of the extracellular volume vary according
to the marker substance used, lUstimates of the exbracellular
fluid volume found in man, for oxample, using inulin, raffinose,
gucrose, mannibtol, thlosulphate, radiosulphate, thiocyanate,

' raflicchloride and radiogodium range from 16% of the body weight,
for inulin, to over 30% of the body weight for radicsodium (Pitts,
1963).  In estimating the extracellular voluume, therefore, it is
easential that the warker substance employed be gpecified.

Althongh lsotopie tracers are finding inereaging use in the
neasurensnt of body compartments (Hoxhe, 1964), the volume of
digtribution of inulin (inulin space) provides a useful approxie

mabion of the exbracellular fluid voluae, Bacause of its molee

79
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eular plze and the faet that 1% is nob significantly metabolized
in the bodyk inulin most probably doesg not entier cells, bubt sinece
1ts rate of diffusion is low, its dlstribublon throughout the
extracellular volume, especially in poorly vascularized struce
tures, can cnly be achleved after a protracted period of ogquiliw
bration (Kruhgffer, 1946). In the cose of nonenephrectomized
animels it appears Gthat continuous Infusion must be nawinkained
to allow this equilibration, Sehachber, Ireinkel and Schwartz
{1950) domongtrated that in the dog and in man, after a single
Injection of inuiin, aquality of concenbtrationg in plasmz and
interstitial fluid was ovanomeent, Beforo this point in bime,
plasma eoncentrations exceed coneentrations in interstitial
fluidy after 1%, plasma levels fall below concentrationa in the
Intoratitlial compartments These aubhors concluded that, since,
In different subjects, identical concentrations of inulin cbtained
in plasma and interstitdal finld at such variable intervals aftor
injeeblon, single injection tochniques for tho determination of
the inulin space were unveliable, Levy, Ankeney and Berne (1952),
in studying the kinetics of inulin distribubion and exerebion in
the dog, following a consbanbt infusion, assuned that equilibra-
tlon bebween plasmp and inberetibilal compartments had been approxie
vated afber an infusion of two hours durabion, and noted that
plasma concentrations of inulin thon declined more rapldly than
its concentration in the interstitial fluid, The diaparity
hetween the rate of exeretion of imulin and its rate of diffusion
into Intorstihial fluid seewma, therefore, to exclude the wse of
single injection techniques in deberminabions of inulin space,
Most determinationy of the imulin gpace in the dog and in man
have, therefore, employed 9ona%ant Infusion techniques, to allow

equiiibration of inulin concenbration botween plasma and intore
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sbitial fluid,  The recovery methed involves ths collection of
urine for a perlod of 5 « 12 hr on stopping the infusion, The
inulin contient of the eallachea urine ig debermined, and the
inulin space calenlated by dividing the total guantity of
inulin excreted afbtor nbtopping the infusion by the plasma cone
cenbration which obtained at that fime {Gaudino, Schuartz and
Levitt, 1948).  In the dog infusion for 2 hr is belioved to
be adequate for equilibration of inulin bthroughout its volume
of dlstribubtion, since increases in inulin space wers not found
with further prolongation of the infusion {Caudine and Levitt,
1949), although infusicns for 3 hr are roported when no priming
doge was glven (Paisaz, Young and Stanson, 1953).

Afber stopping the infugion the rate of excretion is
asympbobic te complete elimination from the body, necessitating
a prolonged peried of collechion, to ensure complete recovery of
the inulin,  Levy et al. (1952) point oub that the graph relating
the logarithm of exeretion rate to time is virbually linear
during the last 2 he of a § hr collection period, so thab bhe
quanbity of inulin which could theoretieally bs recovered until
infinity may be calenlated from bhe glope of this line, By
adding this amount to that recovered during the eclisction period,
the volume of distribubion of inulin may then bo caleulated by
dividing this sum by the plasma concentration ad equilibrium,

In other papers (Berne and Levy 1951; BRalsz eb al., 1953)
the measarement of inulin space is described using & procedurs
in which the amownt of inulin dlabributed in the body at equilie
brlun i3 calenlabed as the difference bebtweon the amount infused
and the amount excrsted up to that time.,  This procedure (the
difference method), although complicated by the need to collect

urine during infusion and do know bhe total awmount infused up bo



oquilibrium, has the advantage over the recovery method that
prolonged collection of urine afber sbopping bthe infusion is

not necessary, and also peralls successive measurements of inulin
ppace In the same animal ag an experiment proceeds,

There are fow reporbts of the measurement of inulin space in
catble. Ketaz (1960), from wneasurements of tho decline in plasma
concenbration after 2 single injection, found a mean value for
inulin gpace of 10.3% of the body weight, Using u single
injection technicqne on one cow, Anderson, R.R. and Mixmor (1960)
found that inulin space wag 15.3% of body weight, and thene
authora claimed that inulin reached equilibrium in the body 45
win after injection,  Anderson, R.8, (1964), using an adaptation
in cattle of the aingle injechlon technigue described in man by
Robson, Forguson, Olbrieh and Stewart (1949), cbiained values
for inulin space of 16% 3% of body wolght at 27 min after injoce
tion, but noted that in all cases the apparent Inulin apace roge
between 27 and 97 min after injection. This aubhor concluded
that there waa little justification for uge of a asingle injection
teehnique ag described by Anderson, R R, and Mimmer (1960) for
the measuronent of oxbracellular volume in cattle, In Ghe
pregent work, therefore, a constant infusion technique was used,
and inulin space wms calenlated by the difference method using a
sinilar proceduro to that deseribed in the dog by Ralesz et al.
(1953),

&6



Mathod

Succegsive egtimates of the inulin apaco were wade during
experimonts in whieh the clearances of inulin and PAY were also
meagsured,  The animals were prepared dsing tho vrocedures

deseribed for inulin clearance deteruinations (p. 66 )

Apulin dnfusion
A priming doge of 5 g inulin (a})proximtaly 0.5 g/50 ki

hody weight) was injected intravenously in 200 mil, saline

(0.9 2/100 nl, ), and urine eollection and intravenous infusion
wan immediatoly begun,  Conetant Infugion from a meagured
volume in a reservolr wae maintained ot g rate of approximately
16 mb/min by an infusion pump (Distillers Co. TLid, , micropump
type 18').  The molution infused was of the same concentration
as that uveged for the priming dose and the infusion tubing wae
£illed befora filling the roservoir.,  The volume remaining

in the reservolr wag measured at cach interval after the onsot
of infusion when irulin apace was determined, %o allow calculaw

tion of the emact quantiiy of inulin infuged,

Ining colleckion

Urine wag colleched eontinuously by an Andwelling urethral
cathetor ns desdrlbed on p. 58 . Values of inmulin apade were
ealenlated at intervals of 120, 150, 180, 210, 240 and 270 min
afbor the onset of infuaion and the volume of urine colleched
Auring each Ilnterval was megoured and gsampled for analyais to

allow oalenlation of the cumnlative exorebion of Inulin,



Blood samples, for ecatimation of plasma concenbtrabions of
inulin were taken from the jugular vein 7 min before the ond of
each period of urine collection, Tdeally these semples should
have been taken at the end of each periocd of urine collection for
measurement of the concentration of inulin which actually obtained
alt this time.  Saupling ab the time stated, however, was part of
tho schedule for concurrvent clearance determinations and it was
agsumed that any difforences betwsen bthe inulin concenbrabions
of theme gamples and those oblaining in plaswa 7 min later was
negligible, Thege somples were taken at intervals from 120 =
270 min afber the onset of infusion and during this period
variation in plasma concentrations was only 2light, as illustraw

ted in Fig, 10,

Toulin concontrations in semples of plasws and urine and
of the golution infused wers measured as described -ia tan
earlier ssction (p 48 ). Plagma concenbrations were
expressed ag wg/l00 wl, plasma vater by multiplying the concen-

trations found per 100 ol. plasma by the factor:

100 (Goldring and Ohassis, 1944)

100 » g of plasma protein/100 ml.

Plagrea protein cbneentrablons vere deteramined by the biuret method
using the biuret reagent described by Welchselbaum (1946),.

Values of inulin space were calculated from the egquations

0 Uy
oF

Inulin space (1,) =

vhere, at time & min afber the onset of infualon,
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imulin coneentration of solution infused (mg/ml,)
total volume of golubion infuged up to time &,
including the priming dose (ml.),

urinary imulin concentration (mg/ml.),

tolial volume of urine produced up to time ¢ (nl, ),

plasmna inulin concentration ab time & « 7 min
(mg/100 ml, plasma water).
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The offeet of the urine collection procedure (p. 58 ) on
urine flovw and electrolyte oxeretion was invegbigaled before
attonpbing clearance procedures, Urine was collected conbine
uously for 3 ~ 4 hr .in Dive exporivents on one cow under the
conditions of managenment deseribed sarlier (p. 53 )s  Serdal
gsanpleg wore taken at 10 nin Intervals and the eoncentrationg

of gedium and pobassium debermined by flame phobometer (p. 31 ).

Eeaults

When arine collecblion wag begun within 30 min of adminige
tration of the epidural anaesthelle and urethral catheteriszation,
high rates of flow were rocorded whiech declined during subsew
quend collection periods.  The ratesof exeretion of sodium and
potaggium ran approximately parallel with the urine flow (Fip.11),
When urine collection was delayed wuntil 40 nin afber adminishram
tion of the epldural ansestheble, this initial diuresis was not
seen (Fig, 12).

Whon the effects of the epldural anaestheble wore wearing
of'f'y the animal showed resentment to the presenco of the catheter
(frocuent twitching of the tail and shifting of the hind feet),
accompanied by an inecrease in the rate of urine flow,  These
slgns were abolished on roinforeing the ansesthetic and urine
£low returned to lower levels (Figs. 11, 12).

Peaceful conditions were not maintained in one experiment

[Eog
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which was conducted in the large animal demonstrabion room,
There were freguent Intrusions from hospital staff who vere
preparing to receive a bhateh of calves from the market, This
oxporiment is illustrated in Fig., 13, asboud ferty calves uere
adnitted to the room during the laght 40 min of this experiuent
and the rate of urine flow rose markedly as nolse and goneral

disburbance increaged,

These findingn were obtained at the oubsed of the invesbiga-
blong described in this thesla.,  Whilst recogniaing that
different animals may raact in different degree, the rogullts cone
flrmed the effect of abress on the rate of urine flow and eleetrom
Iyte axereﬁio£ in cattle degeribed by Knudsen (1960) and
Andersen (1961), and emphasised the need for careful control of
the experimental conditions in etudles involwving urine eollection
over ghord perieds, For subsequent clearance experiments, thoree
fore, the present findings suggeshed bthat at leoast 30 min should
bo allowed to clapse after cathebteriszation before commencing an
experiments that when necessary, the initlal epidural, anaoge-
thesia ghould be promptly reinforced; and that possible distrace
tion or disturbance of the experimental animal from extraneous

nolse or the presence of unfamiliar personnel muat be prevented,

8o
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Determinotions of mlomeralav filtvation rote
Using the methods described on p. 66 , clearance ocxperiments

were carried out on geven non-pregnant, non-lactating Ayrshire
¢ows whose weights ranged from 410 to 547 kg. Values found in a
typleal experiment are shown in Table 10, in which four successive
detorminations of inulin clearance showed agrecment within & 10%
of the meal vaiue.

Experiments were mp’;agtad at least once on each anlmal and,
in most cases, inulin clearance valuos were determired at inters
vals over a period of several months. Table 11 shows the colw
lected results of six experiments (26 observations) on one cow which
extended over a period of 18 months. Most values werd within = 10%
of the overall mean and there was no constant drend for the values
to »ise or fall over this periods However, significant diffeorsnces
were found between mean cleavange vaiﬁes determined on different doys.
Foy oxample, although the mean cleavance value found on 1/8/60
(1031 ¥ 59 nl./min) vos almost ddential with that found on 10/11/60
(1028 T 141 wl./min), 1t was significantly highor (P<0.01) than
that found on 7/9/60 (393 T 39 ml./min). Similer findings were
rvecorded in other cows, but in no case wag a general trend detocted.
Tables 12 - 17 show the resulis of imilin clsarance measurements
on the other six animels.

Table 18 shous the mean valwes found for the woven tows in
a total of 30 expeximents dinvolving 103 measurements of the renal
clearence of inmline The mean rate of iuulin oleavance varied
between animale from 838 1 96 ml./uin to 1234 ¥ 133 mla/min,
giving a velus for the overall mean of 1005 ¥y mle/min.  VWhen
the mean value for each avimal was calouvlebed on a unit weight

basio, the overall mean for the seven animals was 1,100 A 236
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TABLE 1
Inulin cloavance determinations
Cow No. 34711 (457 kis)

Date Gel'oRe Mean daily G.7.R,
{mle/min) ml.e/1iin)

BeRell 868
| 1018 ) 9@3

23.2.60 1000

28460 | 996
gk
1063
1050

1087 1031 £ 59

7 9460 918
k3
9HL
929
8ok
86k 898 * 39

1041160 1131
1256
8ho
956
998
1000 1028 ¥ 1

892
893
1026
907
920 927 % 56

20.7.61

Meon end S.D, 968 & 95 965 = Sh




mABLE 32

Inalin ¢learance detevminations

Cow Nos 12016 {449 kg)

Date GeFRe Mean daily G.F.H.
{ml.e/min) {ml./min)

Be 6459 1207
1317
1209
1230 12bo & 52

Te 759 1151
1128
1110

086 h 1004 % 74

Ge 7459 1559
1207
1219
961 1187 & 165

33.8.59 1205
1137 1161

A5 7460 1396
122k
1502
1437
1292 1370 % 112

Be 860 1265
1199
1274
ke
3162 :
1351 1229 & 73

1‘?11106() 1537
1232
1283
1008 | 1288 % 193

“Moam and GuDa . 123% & 135 1223 ¥ 89




LARLE. .10

Inniin clearances detornminations

Cow Noe 200L8 (b7 k)

Date N GeFale Mean dﬂiw GaFaRe

Cmb/min) | (m:!_../min)

8. 860 , 953
973
1160
8L
1055
936 990 & 102

20410.60 1036
8ol
959
ob2
1023
589 981 & 51

24420460 8u7
972
9?7
800 912 ¥ 83

Mean and S.D. o67 & 83 961 & 79

ety



ABLE. Ih

Inulin oleavance determinations

Coy No. 2122/237 (484 xg)

Date GAF!R. Meﬂn daﬁ-ly GyFnR.
(nﬂ-u/m{‘aﬁ) (ml./mi.n)
he 3459 908 %8
284 he59 78k
853 819
120 5.59 1096
1095
» 95:5' 1041
25. 5.59 777
02 739
850 360
Moon and SeDa 887 £ 133 873 % 112

L



PABLE 15 :

Inulin glearvance datorminations

Cow No. 13107 (423 kg)

 GJFaR. lean dedly G.TR.
Date (L. /udn) Cale frdn)
5,5,50 981
a6k
OB o5
18.5.59 890
a2 A
2045459 760
800 790
146459 GO%
716 205
Te6459 925
762 Bhle
Moan and SeDa 838 % 96 828 & 88




TABLE 16

Inulin clearance determinations

Cow No. 1122/315 (LO1 kg)

o "

| GeFuRe " Mean daily G.F.R,
Date (1o fiae) (e /min)

13. 759 1438
521
1295
1139 1293 & 132

15« TeB9 3103
1090
1103

989 1071 * 55

Mean and SeDa 1182 ¢ 11 1182 & ok




TABLE 17

Inulin clesrance determinantions

Cov Noe 12401 (118 kg)

Mean dally G.T7.R.

D&te GDFDR!
(ml./nin) (m1.,/min)
21, 4459 89‘* 1021
1048
8¢ 450 940 glio
Moon and S,D. 961 % 79 981 & 57




TABLE 18

Collected values of inulin clearance determinations

Cow No. Body Weight  No. of No. of  Meon Clearance

ke Bxperdments Observations  (wl./min)

12916 g 7 29 1234 * 133
KAV 547 6 26 968 £ 93
14948 by 3 16 969 £ 83
13107 423 5 11 858 T 96
182/257  48h 5 10 887 % 133
1128/315  hoL 2 8 182 {151
12403, 418 2 3 961 % 79
457 % w0 %0 203 1005 £ 147

Moan ¢learance ml./min/500 kg 2100 + 236

Average welght over the period of expexrimentation



mi. /min/500 kg body weight.  The increase In the standard
deviabion when the overall mean wag exprogsed in this way
indicated that no relationship was apparent in thege animals
betueen inulin clearance and hody welght,

No untoward reachtions bto the experimental techniques were
noted except on one occaglon, when, affter infusion with 2, 5%
inrlin solntion at 5 ml, /min for 60 min, an animal showed
tachypnoea, dyspneoesa and coughing., A venous blood sample
taken at this time was nobiceably darker in colour. The infusge
ion waa stopped and bhe animal recovered within two hours of the
onget of respiratory disbress, On geveral occaslons hransient
coughing oecurred in obher animals during, or immediately after,
injection of the priming dose of lnulin solublon into the jupular

vein, but no subsequent reactions were seen,

Digeuggion
The overall mean and the range of imulin clearance values
found In the present study and by earlier workers are ghown in
Table 19, For comparison, all figures are expressed as wl. /min/
500 kg body weight.,  Tho results of Sellers ot al. (1958) and
Ketz (1960) were expressed in the original text ap nl, /min/sq m
body surface and have been converted to ml,/min/500 kg by

using the formulai

]

b

A= 0,10 x WS  (Dukes, 1955)

feu

where A = body surface area (sq m)
W = body wt {kg).
These authors 4id not gpodify how they estimabed the body sure

face area of bthe animals nsed. 3ince the value of the mean



CABLE 319

Inulin ¢learance values found in adult eows by various workers

Authoy Noe 0f No. of No. of
experi~ obsecrva~ Inulin ¢learance
COYR mente tions (mla/ Imn/ﬁog kg)

Poulgen (1957) 10 16 72 919 % 161(547-1262)

Sellers et ol

(12958) N 951" (B9hw1360)
etz (1960) 19 76 st d sy
Pickerding (1966) ? 30 203 1100 £ 236(878-1474)

*  These values wers ealoviated from those expressed in the
original papers as ml./min/sq m of body surface, by substituting
in the formula A = 0.10 Wg (see text),



&8

inulin clearanee poer 500 kg body veight éaleulabted from the
figure given by Kebz {(1960) is less Shan half of the obhers
quoted, it La probable that he used some formmla different

from that glven above,  This dlscrepancy is diescussed ab greater
Jength in the i‘oilowing sechion,

The clearance btechnicue used in the prasent study wasg
developed Joinbly with I, 35, inderson whose earlier investiga-
tion of the repeatability of the chemiecal methoda has been
pumnarized in an earlier becbien {p. 48 ).  In the absence of
gignificant errorg arising from this source:., Ghe vemaining
varisbility in the resulbts obbained may be abbributed to bwo
main factora: (a) failure to eliminate completely errore in
urine eollection, and {(b) actual warictions in glomerular £ile
tration rate,

H:rmx‘*a in urine collection must be considered because of Lhe
poasibillty of small volumes of urine remaining uncollected in
the bladder at the end of the clearance periods. The repsatam
bility achleved in elearance determluations in sny one oxporiw-
ment, however, was as consistent as that counonly obbained in
experinents veing slaillar technigques in doga and man, in which
uncerbainbien of & 104 (Winton, 1956) have been ascribed to the
diffienlty of obtaining complete bladder drainage {8mith, 1951),

(n the other hand, there is some evidence in the present
work to indicate that observed variabions in mean eleavance
values meamuared on different days may ba attributed to sctual
variations in glomerular filtration rate, Variabiliby in cctual
rateg of glemerulayr filtration are well recognised, particularly
under exporimental conditions (Deyrup, 19473 Davies and Schook,
19505 Wolf, 19503 Smibh, 1951; Winton, 1940), and statistice

ally aignificant variations In day to day elearance valueg, ag
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shown in Table 11, wero also ovident in the experimental records
of Poulsen (1956),.

MeDonald and Maefarlane (1943) described,in sheep,long
serm responges of glomerular £ilbration rate to climabic
changes,  In summor, glomerular f£iltration rate reached tuice
the value found in winter; it roge during 2-9 weoks exposure to
heat, but there wag no change of glomerular f£ildration rate
during 4 by acube heabting. In the prosent study, hovever, day
to day variations in inulin clearance valucs were nob associabed
with seagenal or climatic changes, nor was there any trend fopr
values to dimindeh towards the end of a series of determinations
on each day, such as wag described by Wolf (1950) and by Smith
{1951).

The prosent study wes undertaken to establish a roliable
technique for measuring tho glomerular fildratlon rate in cows %o
permit quantitative study of the exeration and rveabsorption of
electrolybes by the bovine kidney, The resulits Indicatoe that
the wethod was comparable in reliability 4o clearance techuiques
which have been widely used in man and the dog under controlled
laboratory condibions, Seriml clearance moasurements on indivie
dual animale suggest bhabt true vapriations in £ilitration rate are
measured by this technique Af @ifferences greator than & 10% of

acnbrol values are recorded.
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Taing the mebhods described on -p. 74 , olearance oxporie
menbs wore carried cub on two nonepregnant, nonw-lactabing
Ayrohire cows welghing 502 and 409 kg,  The values found for
PAH and innlin clearanceg are gilven in Tableg 20 and 21, Thege
figures are contrel values measured before the administration
of acobazolanide in experiments which are described fully in a
lateor section, Fllbirahilon fraction was caleulated for each
clearance peried as the ratio of inulin cloarance (gilomernlar
filtratlon rate) to PAH clearance (renal plasma flow),

The range and ovepall mean values found for PAH and inulin
clearances, exprossed por 500 kg body weight, and for £iltration
fraction, are compared in Table 22 with values glven by earlier
workers., Both Vogel (1949) and Kotz (1960) oxpressed their
findings as ml, /min/sg m body surfaco and these values have
been converbted to nl. /min/s00 kg body weight using the formula
A= 0,10 x Wi as deseribed in the preceding sections Vogel
(1959) did not state figures for inulin and PAYU clearances:
the values quoted in Table 22 were caleulated from figures btaken
from a graph in the original text, Poulsen's (1947) figures for
dlodrapt clegrance are of inbereat gince dlodrast and PAH cleare
ances are bolh accepbable as measures of the effoctive renal

plasma £low (Smith, 1951).

The values found for £ilbration fraction in the prosent study
agree closely with those found by Poulgen (1957), Vogel (1959) and

Ketz (1960): apparently one asixth to onoe seventh of the volume



TABLE 20

Inulin and PAH clearances

Cow No. 22340

Body wt. Cont Coy cxg/
(k) (nl./min)  (ml./min) Coau
511 6,725 1,087 0.16

7,089 1,138 0.16
74142 1,111 0,16
6,949 1,153 0417
500 74530 1,268 0.17
74987 14280 0.16
485 6,940 1,020 0415
7,581 1,093 Ooll

Mean ¥ 5. 7,205 £ 426 1,144 2 90 0416 £ 0,01




TABLE 2

Inulin amd PAH elearances

Cow No. 21271

Body wt. e}

paH Cin ®1
(k)  (no/min)  (odofmin) M

64387 1,006 0.16

8,548 1,158 0k
Loy 74136 1,111 Q.16

Mean % 8.0 7,521 ¥ 908 1,014 % 62 0,15 % 0.01




PABLE 22

Values for glomerular filtration rate, renal plasma fiow

and Filtration fraction in cows found by various workers.

Author No. of UNo. of No. of G.F. R Re PP .7,

cows  expbse observae {(ml./min/ (ml./oin/
tions 500 kz) 500 kg) (G.F.R./R.P,F.)

Poulsen 6 8 as - 485651223 -
(1057) ) { 2728-6592)

Poulsen 2 2 6 - - 0.156
(1957) (0.14~0.17)
Vogel ’ . "

{1959) i 11 > 398 2,520 0.15
Kete 13 - 96 hettosh®  2op0tygst 0,18
{1960}

Pickering 2 ? i 1zastioy  go8ktazio 0.16
(1966) (1060-1383) (6582~10242) (0.14=0.17)

* Using the formula A = 0.10 w§ {Dukes, 1959), theae values
were caloulated from those expressed iun the origlnal papers
as wle/min/sg m of body surface

Paulsen's figures for renal plasma flow are values of dlodrast

tleavange. This author did not give the values of inmalin and

diodrast clearances from which the ¢ited values of filtration

oy

fraction were calcuié‘%f‘&éd.



of plasuwa perfusing renal cormseles on the bovine kidney
normally is sepavated as glomsrular f1ltrate,  However, conw
slderable differences are apparent in the abesolute values found
for rondl plasma flow and glomernlar £iltrabion rate.  Foulsen
(1957) does not give the figures for dlodrast and inulin clear-
ances from which he ecglenlated the filtrablon fractlon, bub the
nean value found for maximal diodrast elearancs in his other
experinents was only 60% approximately, of the mean PAH clearance
found in the progent work. If clearance values of dicdrast and
PAY are comparable in the cow as in man, Poulgen's findings way
refleet true differences in renal plasma flow, expresacd on a
unit weight baasis, of his animals (Red Danish) compared with
those of the Ayrshire breed used in the present study, Sinilapr-
ly, Ghe mean value of inulin clearance weagured in Red Donish
cowg b? Poulsen was also significantly lower (P < 0,01 ) than
tho mean value of inulin clearance found using Ayrehiro cows in
the present work (Table 19).  In consequence, no difference was
roflected In the reapective values found for filbration Frachtion
(Table 22).

The values for inulin and PAU clearance calculated from the
findings of Ketz (1960) and Vogel (1959) are anly 30 - 40% of
the pregent mean findings,  Kebz used lowland black cattle,
while the breed used by Vogel waa nobt specified, but it is
unlikely that digerepancles of thig order may be explained on the
baals of hreed differences. Neithor aubhor degeribos how values
of inulin and PAH clearance, exprossed por unit of body surface,
vore dorived, and it is possible that the differences under dise
eunplon hawe arigen in part through the use of different foramwlae
relating body weight o surfaco area, Sellers et al. (1948)

oxpresged the lmulin clearance of cowg por unit of body surface



and their mean valunes when recaleulabed on a body weight hasis
are more Ghan twice thoge atated Ly Kets (1960) and plotted

by Vogel (1959),  Similarly the mean values of inulin and PAH
clesrances in sheep plobted by Vogel (1959) are only 4503, or
less, of values found in this spocles by MeDonald and Macfarlane
(1953),

In view of these findings the figures for PAH and inulin
clearance given by Vogel {1959) and Ketz {1960) cannot be |
accopted without farther details of their derivation; but
there 1s cloge agreement in the values of filtration fraction
found in ﬁatﬁle in the prosent study with thoge found by Poulsen
(1957), and with those found by the German aubthors, ‘This is
econglsient with the suggestion that the differences in c¢learance
values aeanrwhen compardng the present findings ulth those of
the Germsm workerg are in part abttributuble o the nebthod used
o express the values per unit of body surface, Unfortunately,
repeated attempts to contact these authors have failed, so it

has not been possible to establish what method was used.



bepainatiio ST

Uaing the methods deseribed on pa 81 , fordy eight
determinationg of the volume of distribubticon of inulin were
made in elght exporivents on two n@n«pséegmnﬁ » nonwlactating
syrshire cows,  Bobucen expariments the animals wafe‘ kept at
grags wibh access S0 deinklug vabter ad iibitum  The experi-
mentp vere conducted bo a abrict time schedule so that the
snccessive opbimations vers made in each oxperiment at the same
tine of day.

Debaliled resulis of one experiment are glven in Table 23,
%o lllustrate the method of ealenlabion, The valuea found in
all exporiments ave given in Tables 24 end 25 .and the success-
ive valuog obbained in each experiment are plothted separately
againgt duration of infugion in Fig, 14, Overall mean values
of dmulin space for each snimal were 13,5 % 3,5% and 18,7 4,04

vegpeebively (1. /100 kg bedy welght).

Digeusaton

The mean values found in the present study ave similar to
bhore reported by other workers using slvgle injeetion techniques.
Kotz (1960) in 16 determinations on 10 animals, Pound a mean
value of 10,3 - L 3% of the bedy weight, and inderson, B, R, and
Misnor (1960) in one cow veported imlin space to be 15, 3% of
the body walght when ecalenlotied 45 min afber tho injection,
Indepson, W& (1964), neing a single injoetion technique n
five animals, reportod a mean value of 16 & 3% at 27 nin afber

injection bub in all experinents noted a marked inerease in the
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TADLE _2h

D

Inulin space determinations

Cow Nos 22349

K

Date and wt. Inulin space Mean dzily inulin  Mean as 1./100 kg

space
(kg) (1.) (1) (%)
847463 55
63
(485) 6 .
59 69.5 - 308 1;?.05
58
6*
1547.63 85
- 86
(500) 85
86 %-3 "": 7.5 ,‘; 18.1
99
) | 101
25.7.63 48
52
(513) 51
he
49 49,0 ¥ 7.5 9.6
| 48
1.8.63 | 65
71
(511) 68
0
73 71.3 ¥ 5.5 14,0

a1

Overall mean = S.D. 67.8 L 16.3 13.5 £ 2.5




TABLE 25

Trulin space determinations

Cow No., 21271

Date and wt. Inulin space  Mean daily inulin Mean as 1./100 kg
space ,

(kg) (1) (1.3 (%)

ey

147,63 7h
78
(382) 0
72 75.5 £ 3.9 19.2

69

1147.63 46

(hoB) Ly
41 47,0 % 5.1 11.6

239,68 46

(h22) 62
58 58.2 = 6.2 13.8

30.7.63
(hap)

82 97.5 L 8,6 18.2

R

Gve&éll xﬁaan 3 3.25. | | 641 T 13,7 15.7 £ 4,0
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Inulin space (L)
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COW No.22349 ﬁL

COW No. 21271
1 1 i ) ]
120 150 180 210 240 270

Duration of infusion (min)

Flg. 14, Succospive values of inulin apace plobtted against

duration of infusion for individual exporiments,
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apparent inulin apace when ealoulated 97 win after injection,

Chien and Grogersen (I1960) state that infusion is a
necaessary procodure for determinations of ilnulin space in the dog
and in wan, and give normal valuea for inulin apace in these
opecles of A% and 16% of body wolght respectively, Thoy state
that when repeated detorminationg of lmlin apace are made in
the same aubjeet on different days over a period of 1-2 montha,
the average doviation from the mean value is less than 5% of the
mean.  Thig figure included nob only the error of the method
bubt also the physiological varlation of the volume with bima,

In the present study, however, the average deviation of values
obteined on different days from the overall mean valus for each
animal were 19% and 18% respectively, although the mean values
of average deviationg within days vere only 4, 3% and 7,0%
regpectively.

The large variation botween values found on different days
is difficult to explain,  The bedy weights of the animals showed
1ittle change over the month during which the experiments vore
carried oot (Tables 24 and 25). ffforts o mointaln identical
conditlons during the exporiments weve outwardly successful, and
the detorminations in each experiment were made at precigely the
game bime of day.  Simultanecus estimations of inulin clearance
showed an average deviabtion from the overall mean value for each
animal of only 5,1% and 5, 2% vespectively, so that errors in urine
collcetion or in the analysis of plagma and urine samples sre
pregumably not involved, On each day, sufficient inulin goliw
tion for infusion was made up in bulk. NG precipitation was
wag obporved in the solution during the experiments and in each
exporiment the concentration of inulin in tho solubion was dobere

wined, in duplicate, by ineluding a @iluded aliquot with the
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urine and plagma sanples, The possibiliby that varlation arcse
from mistakes made lo wmeasurlng the volumes added to, or
renaining in, bthe infuslon ressrvely ig in itself unllkely

and may be excluded gince large variationsg did not oconr between
puecoppive ezbimatlong in individual emporiments.

The large vapriations between walues of inulin space found
on different days, therefore, appear to reoprosent true day=toe
day differences in the volume of digiribution of inulin in the
animals studled. This dooa not necessarily imply that the
volune of exbracellular fluid fluctuated to the sawme exbent, bul
only that the distribubion of imulin through the exbtracellular
volune varied on different days,  Inulin has a low coefficient
of diffusion {Bunim, Smith and Snlth, 1937) largely because of
1ts molecular gsize, Bassir (1956) showed that solutions of
comwercial samples of imlin from various parts of the world
had different physico~chemieal properties and that, in man,
hoterogeneity of particle size appeared to be related to the
pattern of exeretion after a single Intravenous injection., Vardiae
tion bobween the valuwes of imulin space found in ropeated eptimae
tlong might therofore arise becauge of molecular inhomogenoity
of' the inulin used forr infusion in different experiments, In
the present study, howover, the imulin aolubtions used wore wmade
up from the pame bateh (2 x 500 g) of commercial inulin,

Chien and Grogorsen (1960) point oub that inulid doss nob
reach all ports of the exbracellular £luid because of itp
oxbrenely slou rate of enbry into poorly vasoularized structures
guch ag dense conneelbive tispue, cartilage and bone, Tho enfiry
of imulin into btigsue spaces of other gbructures, thorefore, may
ba variably Limited by local(reﬁuctioms in blocd flow,  Thus
bhe possibility remalns that the day-bo-day variations in inulin



space observed in the pregent work occurred because of day~tom
day differences iIn the pabency of mome capillary beds in the
animalg studied, IFurtheyr investigation of this hypothesis ia
required, I{ should be noted that reasonable equilibration of
inulin within i%e volume of distribution wag apparently achioved
in each experiment affer 2 hr of infusion since ne clear upward
oy dounvard trend was apparent in values caleulated during

infugion for a farbher 2% hr (Fig, 14).



FeTects of inbravenous,
Sn notasainm and podium excirabios
robe of urine formabion

Comparison of bovine and human urine (p. 43 ) showed
sbeilking differences hatween gspecies in arinary concentrations
of pobassium and sodium, which are in agreement with figures ouotied
for daily urinary oubpats of these elemenits (Spedtor, 19%6).
These differences prosumably arise from differences in dietary
intalke since it ia well known thal the norwal. diet of cattle
compared with that of man (and the dog) is high in potassium and
low in sodium content (Morrison, 1950)., Renal mechanisng
promobing the exereblon of potassium and bhe eongervation of
sodivm are prasumably more active in the cow than in man and the
doge The work to be described was therefore carried out in
order to detormine whebher the remal reagponse of the cow %o
intravenoua infusion of a pobtassium salt resembles that reported
for man and the dog in viev of the diffeorences in the electrolyto
contient of the diet,

Fleven expsriments were carrled out on three non~pregnant,
non-jaebabing Ayrshirve cows,  The animals wers at grass for
approximately half the period during which the work was carried
oufs bub wora kept indoors for the remainder, They were pre~
mreﬂ for clearance esbimationg during intravenous infusion of
solutions of inulin and potasgiun chloride as described on p. 66,
with two Infugion reservoirs abbached to one jupgular catheter
via a ¥ tubes  Urine was collected conbinuously by urethral
catihotoy as deseribed on p. 58. |

After one or two control clearance periods when inulin was

“infug.ed alene, iIntravenous infusion of pohassium ehloride was



started and continued for up to 4 hre  Normal KCL, in solution
in sterile waber, was iﬁfused at a rate of 7 = 9 ml, /ain from
an gapirator botble as described fer inulin infusion, and the
rate wag checked by measuring bthe residual volume at the ond

of the experiment. Clearance pericds wore of 15 min duration,
blood semples being taken for esbimation of plasma concenbra
tionp of Inulin, sodium, and pobagsium at the midepoint of each
pericd, Debails of the avalybical methode upsed for urine and

plagsma ganples are given in earller sections (pps 3.,48).

Regulta

Regults obtained in a typieal experiment apa shown in

Tabla 26,

Flagma gle 'f,“ . <q1gg.

In alkl experimenis, plasma concenbrations of potasaium
2050 L = 2 meequiv/l, as a result of the infugien, but progresg-
glve increase in plasma pobassium did not ocour, The individual
animals showed some variation bub, in goneral, the inereage in
plasma coneenbration occurred within 2 hr of the onset of infum
sion and wvag susbained around this level for the duration of
the experiment, as shown in Fig, 15, 4t tho same time the rate
of exerotion of potassium increased, and within 2 he, of the
onget of infusion, the rate of excretion had risen to equal or
exceed the rate of adminigtration (Fig, 16).

In all experiments potassium clearances rose to oxceed
inmlin olearance values, giving ratioa of potassinm clearance o
inulin clearance greater than unity and rvanging as high as 2,0

towards the end of the infusion peried (Mg, 17). Imulin
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Fig, 16, The effect of intravenous infusion of N - KCl at rates of
7¢0 = 9,0 ml, /min on the rate of excrebion of potagsium,
Different syubols are plotted o distinguish individual
experiments,  The horizontal broken line indicates a
rate of exersiion equal to the lowest rate of infusicn,
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Fig. 17 The effect of inbravenous infigion of N-KCl at rates
of 7,0 = 9,0 nl, /min on the rvatlo of potassium
clesrance %o inulin clearance, Different symbols
are plotied to disbingulsh individual expeoriments.



¢leurance values Wore nob affected by the infusion (Fig, 18).

The rate of urine flow before infusion ranged frem 3.9 to
25,1 ml, /min, with a mean vate for all oxperimenta of 13,26 =
5,64 (8.0 ) ml. /min,  In all exporiments the ecnset of infusion
wag folloved by a warked inereage in urine flow, bubd this diuresis
was not suatained, In most experiments urine flow folloued a
dighinet patbern, with a three - to sevenfold inerease over the
ilmmediate pre~infusion rate ccenrring l-2 hr after the onget of
infugion (Fig, 19). The diuresis then declined gradually bub
bad not returned to pre-infusion values 4 hr after starbing the
infusion, Peak dluresis ranged from 3 to 7.7 times the prow
infusion rate, with a mean peak diuresis for all experiments of
4,6 times the pre-infusion rate.

The rate of excreblon of sodium vapied widely betuween ox-
poriments,  In the twenty elearance periocds conducted before
potassium Infusion was bogun, sédiun excretion ranged from 0,03
0 4s 20 nwaquiv/nin, with a mean rato of 116 & 1,41 (8.D,)
neoquiv/min,  During infusion sodium exerebion in every cxperie
ment increased, and reachad peak valueg l-2 hr after the atart
of infusion, Like the concomitant diuresia, those values then
fell progressively bul peralsted above pre~infusion values
during 4 hr of infusion (Fig. 20). During this time no changes
wore noted in the plasma sodium concentration, Maximum increases
in the rate of sodium exeretion ranged from two to £ifty times
the pre-infusion figure, the larger porcentuge increases being

noted for the lowsr pre~infusion rates of excretion.
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Fige 19« The effects of inbtravenous infusion o N-KCl at
rates of 7.0 « 9.0 ml./min on the rate of urine
flows Different syrhols are plotted to distinguish
individunl experiments,
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Digousaion..

Theso experimonts showed that slow inbravenous infusion of
pobassivm chloride in the cow caused some rise in plasma concen
tration of pobassium, but no progressive rise with continuing
infusion, In addition, the rate of potagsium exeretion rose
rapidly to equal the rate of adninistration and clearance doter~
minabliong indicated an excess of pobtassium excreted cver that
filtered, 8imilar findings have been reported in the cow and
in the sheep by Vogel (1959).  In cattle this aubhor obtained
valuoes approaching 2,0 for the ratic of pobassium to inulin
elearvance during potasgium infusion, although the rate of infu-
sion need was only one third, approximately, of that uged in the
pragent work,  Howevor, Vogel (1959) recorded potassium cleare
ances before infugion which were already slightly larger ithan
inulin claarancé values, which suggests that the normal dietary
burnover of pobassinm in his animals was greater than in those
uged in the present study,

The dog has been shown to tolerate pobamsium loading less
roadily than the cow.  The increases in urinary excretion of
pobassium in the normal dog during alow intravemous infusion of
potassium salbs fallsd to equal the rate of infusion, so that
plasma pobassiuvm concenbrations inereased progressively, and
potageiun clearance values rarely rose high encugh to excead the
glomerular filtration rate (Berliner, Kennedy and Hilton, 1950),
Howover, a rcosponse similar to that deseribed In the cow occurred
readily in the dog if a supplement of a potassium salt had been
fed over a perloed preceding btho inbravenous infusion (Berliner_gﬁ.

al, , 19503 Madge, imes, Poulka and Gilman, 1950).  Since the



normal diet of herbivora ls high in potassium content it appears
that the abllity to tolerate intravenons loading with pobassium
aalts ls the rosult of adeptation to a large distary intake of
this eloment and involves a large excretory regerve capaeiby raother
than tolerance of high potassium eoncentrationg in exbracellular
fluid, In this, the seerctory capacity of the ranal tubules
plays a greaber part than is at firab apparent.  Comparison of
clearance values of potassinm and inulin probubly givoes un
orroneonsly lov esbimate of the quantity of pobassium secreted
since there is good cvidence that essenbially all the potassium
filtered in the mammalian kidney ig reabgorbed in proximal goge
menbs of the renal tubules (Black and Fmery, 1957; Davidson,
Levinsky and Berliner, 1958}, The technigue of stop~flow
analygis indicates that secretlon of potassium cecurs In a
distal tubular site (Pitts, Gurd, Kessler and Hierholzer, 1958),
where potagsium is bolieved to compebte with hydrogen ions for
secrebion by an loneaxchange process involving concurrent reabe
gorption of sodium (Berliner, Kennedy and Orloff, 1951).
However, bthe physiologleal mechanism promobing this large excrom
bory reserve capuciby apparently assoslated with a large dictary
intake of potassinm is nobt clear, 8o far no evidence haa beon
reporbed which indicates that adrenccortical activity is inereaw
sed, albthough there is good evidenca that aldostercne and other
mineralocorticedds stimlate tubular exchange of pobassium and
sodium (Giebiseh, 19623 Denton, 1965), and Vander, Wilde and
Malvin (1961) argue from analysils of stop-flow data that aldoe
sberone may act by increasing the nusber of distal tubnlar
carrier pites,

In the present work, however, the increases in potasaium

excretion did not ocecur with concurrent reductions in sodium
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oxerebions In all experiments a well-marked nabriuresis was
ohaserved which declined ag infusion contimued (Fig. 20),  Vogel
(1959) atated that scdium exeretion was unchanged in his experie
monts, although his graphs show a fourfold increase in sodium
excretion during KOl infusion in the sheep, In the present
work sodium excretion reached peak values 1 - 2 hr afbor the
gbort of infusion, a% the sane bime as the maximum diuretic
responge was observed.  This diuresic muy be due in part to an
increaged solube load in the glomerular filbtrate as a reguld of
the infusion of the hypertonic solubtion of potassium chloride,
with the subgequent decline in urine flow the result of inereased
seoretion of antidiuretic hormone because of the hypertonicliy of
the infusion, and the water lost during tho inibtiasl marked dive
rosis, This initial diuresis may givoe rise to natriuresis by
aweeping sodium out of the proximal tubules more rapidly than it
can be reabgorbed distally {Smith, 1951),

The decline in matriuresis wag ocbserved as pobassium excrcm
tion became esbablished ab a high Jovel, when the increased

tubnlar secretion of potagsium, by lon~exchange with godiumg,

proaumably resulted in enhanced reabserption of sodium, The
paergistonce of scdium exerebtion above pre~infusion values for
the duration of the infusion la emplicable by eonsidering compoe
titlion bebween hydrogen long and potasgium for seeretion by the
distal tubules, Competition of this type has been shown in dogs
by the infusion of acetazolamide, but the competition was not,
apparently, on a one~towone busis, since acetguolanido caused
increases in potagsium exeretlion considerably less thau the

concurrent decrease in hydrogen ion exeretion (Berliner,

Kennedy and Orloff, 19b1), It is therefore suggested that during potas-

sium loading in the present work, a greater suppression of
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hydrogen ilon excretlon oceurved than inercase in potassium,
which gave rise to a net reduction in aodium reabsorpiion, se
$hat sodium excrotion did not decline %o pre-infusicn values.
Thig inereased exersatlon of urinary solutes presumably vas
aspociated with inercased restriction on the tubular reabsorpe
Bion of water, since the rate of urine flow similarly pergisted

above pre-infusion values for the duration of each oxporiment.
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Bffecty of sulphonamyl din 1 _catt

Inveptigation of the effects of the carbonle anhydrage inhi-
bitor acetazolamide was underbaken in view of 1te r@poéted effects
on potassiwm and godium excretlon in the dog (Perliner, Kermedy
and Orloff, 1951) and in man (Ceuniban, Bvans and Milne, 1954).

No roport wap avallable of the offecte of this drug on bowvine
renai function, although its clinical use as a diurebic in cattle
has heen described (Vigue, 1961a).  Responses o the hoterow
eyelio sulphonamide hydrochlorebhiazide, whileh has 1ittle carbon-
ic anhydrase-inhibiting acbivibty, were also studied since this
compound has been shown in man to bave a potent natyriuretic
effect asgociated with 1little inerease in polassium excretion
(Bartorelll, Gargano and Zanchetti, 1959; Richberich, 1959).
Although hydrochlorothiaznide has been widely used in the breate
ment of varions oedematons conditions in ecattle (Cowie, 1960;
Fluckiger and Hofer ', 19603 Johnoton,1961; Vigie, 1961b),
little detailed Informaticn was available on its effects on

urine flow and electrolyte excretion in the cow

lograrigon of .2 o.agetagolanide and,

This work was undertaken in ecollaboration with R. 5, iAnderson
whoge interest in tho excretion of bicarbonate, by converging
wibh the present intorest in cationic exerobion, permitied a
more completa descripblon of the renal responses of the cow to
these compounds.

Twelve experiments wera perfoﬁhed on three non-prognant
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non=lactating Ayrshire cowa of 355«412 kg body weilght, In eight
experiments acetazolamide (!Diamox sodium (parenteral)t, Lederlse)
vas injected intravenously at a dosage of 5 mg/kg (approximately
2.0 g por animal), followed, in four of these experiments, by an
intravenous Infusion of the drug at a rate equal to twice the
initial dose per heour.  Hydrochlorothlazide (!Vetidrem!, CIBA)
vas administored in four experimenta, by a slungle, deep intra=
magculay injaei;:l.un,{ accordi.ng to the manufacturers! recomuendaw
tlon, at a dosage of 0.6 » 0,7 mg/kg (250 mg per animal).

Urine was eollected conbinuously by urethral catheter as
deseribed on p. 58, Bobh jugular veins were cannulated to
permit blood sampling, draug administration and infusion of
inulin solution, as described on ps 66 «  Inulin infusion was
egtablighed and urine Ilow wag measured conbtinuously for ab
least 2 hr before adninistrabion of the diuretic drug, During
this time Dlood and urine sampleos were taken for anulysis during
tuo 15 win clearance perlods, bto establish control values for
glemerular flltration rabe, for plasma concentrations of sodiunm,
pobagsium and chloplde, for urinary pH and for exerotion rates of
sodinm, pobtassium, chloride and biearbonate.  Urinary sodium,
poaggiun, chloride and inulin estimations were carried oub on
samples of the collected volumess urinary pl, total G0, and
bicarbonate concenbrations wore determined om additlonal samples
taken anaerobically at the mid-point of eadh cleapance period,
After administration of the drug, blood and urine samples were
token for analysis during four 15 min elearance periods, the
first of these starting 5 » 15 min afber dosing, with 15 min
bebween suceeepive clearance periods,  Thus obsorvalbions were
coubinned for 2 hr following adminigtration of the drugs.

Debailn of the analytieal mebheds used for urine and plasma




samples are glven in carlier sechions {pp. 31-49 ).

Results
Detalled results of all experliments are given in Tables
27 to 38,

Large diffevenceg were noted between pre-dosing rates of
urine flow in experlmente performed on the same animalsg on
different days, bul, in general, the pre-fosing rate of urine
formation wag maintained at a oteady leovel in ecach experiment,
Both drugs inereased the rate of urine formation, a diuresis

belng seen wlbhin 10 min of their administratlon, with no delay
apparent in the reaponge to Inbramusenlar hydrochlorothiagzide
vhen compared wlth inkravenous acebazolamide, Peak dinresis
varlied from a half to a btenfold increase of the pre~desing rate
of urine flow, the lower percentage increases being noted when
the pre~doging rate of flow was high ( > 20 ml,/min), Rep-
regentative cxperimonts are illustrabed in Pigs., 21 and 22,

Maxmimam dluresis oecurred usvally within 30 nin of dmg
adninisbration and, although remaining above pre~Goging values,
in most exporiments the urine flow then declined to mmeh lousy
levels, Thig decline did nobt oceur in one‘experiment with hydro-
chlorothlazlde and,in one experiment with acetazclamide, in vhich
the pre-doging rate of urine flow was very high, tho urine flow
fell below the pro-dosing vate within 2 hr of administration of

the drug. Tn the four experiments in which acetazolamide was
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infused aftor ite initial dope, the Infusion did not sustaln the

initial peak diuresis (Fig. 21).

The Lotal coneenbtrabion of the wain urinary electrolytes
(sodium, potassium, chloride and bicarbonate) in urine samples
taken before drag adminigtrabtion varied inversely with the rate
of urine flow and lay within the range 300 « 650 meaguiv/l.
Paring the diuresis produced by elbher drug the reduction in the
sun of the urinary concentrations of sodium, potussium, chloride
and bicarbonate was slight when compared with the inerease in
urine flow (Figs, 21, 22) and big Incroases were seon in rates
‘of oxerotion (urinary coneontration x minute volume), which
showed striking difforences botween drugs. FResultn from reprege
entative experiments are plobtted in Figs, 23 and 24, lydroe
chlorothiazide inereased the rate of excretlon of sodium to
200-300% of the pre-dosging .ﬂ:}.gam,‘and. thig inerease was parale
leled closely by inereased urinury losses of chloride, while the
rates of emcretion of pobassium and bicarbonate were little
affected (Fig, 23), Acetagzolamide caused increases in sodium
exerebion quantltativoly eimllar to those geen aftor hydrochloro
thiazide but, with acetewolanide, the increase in sodium excrebion
vas accompanied by an itierease in bicarbonate exeretion while the
excretion of chloride wap little affected by this drug (Fig. 24 ).
In goneral the inereases in pobussium excrebtion aftar acebanole
anide were only slight, althongh more marked inercanes wore |
recorded in two exporiments in whiech kaliuresis appreached and
excocded, reogpectively, the natriuresis (Fig. 25). Infugion of
acebazolanide did not susbaln the offceta of the inibial, dose of

the drug (Figs, 24, 25)s  Although large Jncreases in potassium
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x) and
on the rates of excretion (meoquiv/min) of sodium
(e——e), potassium (0—o), chloride (A——a) and
bicarbonate (&——a), 2, 0g acetazolamide were
injected intravenously at time O, followed, in the
experimont on cow No, 21271 by intravenous infusion
at 66 mg/min for 1 hp,
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&6—n), ©  2,0g acetazolanmide were injected intra-
venously at time O followed, in the experiment on cow no.
21270 by intravenous infusion at 66 mg/min for 1 hr.
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excrebion were vayrely seen, in overy experiment wibh acotarzolw
amide the ratle of pobagsium clearance to laulin clearance roge
to exceed uniby, largely because of the concurrent wveduction in
Innlin ¢learance whieh followed administrabion of this dvug (qeve)
Urinary pl showed alberablon in opposite dlreetions as a
resnlt of administration of the different drugs (Figs, 23 « 85):
after acobazolanide the urine bocamd glightly more alkaline and

éfﬁmr hydroehlorobhinside slightly less alkaline,

Blagmg, conponliic

Wo alterations in plaswa concenbrationg of acdium and
chlordde were seen afler elther diug, nopr was there any fall in
plasne potassium levels after hydrochlorobhiamszide,  Some
roduction in plasma polassiom concenbrations, hovever, uas seen
after acobazolanide (Fig, 26), bub in no ewperiment was the
reductlon greater than 1.0 meequiv/l,  The dwo experiments with
acetazolamide 1llustrated in Fig, 26 aro those in which the fall
in plagua potassiom was mosb marked, and these two expsriments
algo shovwed the groabest Inereases in ueinary exerebion of polage
glum after the drug, In aix obher exporiments with acetazolamide,
inersases In the rate of exorebion and reduction In the placma
concentration of polassium were nout go pronounced, although all

ghowved the trenmd towards hypokalaeomia,

Hydrochlorothiazide had no effect on laulin clearance, bub
affter adminisbration of acobazolamide inulin clearance values
foll to 5&) - '10% of the pre~dosing Fimures.  Yypical responses
are illuatrabted in Fig. 27,
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Disenggio

The inereases in urine flow observed afber adwinistration of
acetayolanide and hydrochlovobhiazide were accompanied by 1llibtle
alteration in tho tobal concentration of the main urinary elecw
trolybes,  The diuresio did not therefore ropresent increased
losses of ogmobically fres water bubt involved inereased solube
losces eongaguent on roduebions in the tubular reabgorption of
soluto with the inerease in urine volume providing the vehilele
for this inereased solute excretion,

The inereases in the rabes of exeretion of sodium and
bicarbonute after administration of acelazolamide can be explained
on the agsumpbion that the drug inhibited carbonic anhydrase
activity in renal tubules. The mechanism of bicarbonate reab-
sorption by renal tubules has been dearly deseribed by Pitts
(1963). Bicarbonate is bolieved bo be roabsorbed indirectly
by conversion to carbon dloxide within the tubular urine as a
conmequence of the tubular seccetion of hydrogen icne which are
made available by the hydration of carbon dioxide within the
colls,  This labber reaction lp eatalysed by carbonic anhy-
drase and bthe movement of hydrogen long into the tubular urine
ig matehed by sodium resbsorption.  Thus, restriction of the
supply of hydrogen ilons, by inhibitlon of carbonic anhydrase,
leads to reduced reabaargting (and increased excretion) of both
bicarbonate and sodium,

Indigbal roglons of tho nephren hydrogen iong and potasgium
lonn are believed Yo coumpeto for pecrebion in exchange for roabe
aorbed sodium pince in the dog and in man voegirichtion of the
gupply of hydrogen loms for seerchtion has been shown fo result
in an inereased exerebion of potapsium (Borliner et al., 19513

Counibon ob al., 1954)s The kaliurosis obssrved afier aceboe
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golamide in Ghe present work, whilst quantitatiyely mueh less
pronounced than in the dog and in man, probably represents a
qualitatively similar response, and the rise in urine pH noted
afbor acebazolamide is abbtributable to thieg action, The
quantitative difference in kaliuretic response presumably cccurred
boeguge acidification of the urine in the sows used wus procesding
at a low level before dosing, as indicated by the alkaline roacw
. tion of the urine, compared with the normally acidic urine of
mén and the dog,  Although weak, the lkaliurellc response to
acobarolanide in the present vwork was appervently sufficient to
aceount for the observed reductlons in plasma concenbrations of
potagsium, sinee the increases in potagsium excretion were greator
than theoretical inereases reguired o lower pobassium concene
bration in extracellular fluid to the pluswa levels observed,
These bhaoretical valnes were caleulatod assuming exbracellular
£1uid to be approximately 20% of the body weight, and potassium
eoncentration to be the same in interstitial fluild as in plasma,
as illustrated in the exanple below:

Cow No, 21270 (381 kg) 2.0 g. acebozolamide intravenously

followed by infusion of 67 mg/min for 60 nin,

Obaerved fall in plagns K?, 60 min after dosing: 0,75 mwequiv/l,

VYolume of extragellular fluid {204 of body wh) 76 1.

Theoretical loss of K to reduce e,c.f, concen-

tration by 0,76 meequiv/l. : 57 mesquiv
Obgeryed increase:. in K excrebion above pro=
* doging rate during 60 min after dosing

(calenlated from graph of excretion rate

agalnst time) ¢ 97 peaoquiv

The present work showed hydrcchlerothiazide to be effective

as a matriurebie agent in the cow and the absence of alteration




of sodium mnd c¢hloride concentrationg in plesma euggeste that
the diuresis promoted by hydrochlorothiazide roduced the extraw
cellular fluid volume in the same dogree by which the excretion
of sodium and chlowide was incyessed. However, the mechanism
of action of the drug is not clear. The sbmence of effects on
the rates of excrotion of bilcarbonate ond potassivm indicated
thot, at the dossge umed, the drug had little cavbonic anhydrasgw
inhdbiting nobivity. Beyer and Baer (1961) point out that
inhibition of c¢arbonie anhydrase by thiavides ls readily demone
stroable in yitro, but that a natriuvretic response to these drug;.s
occurs in vive at a dosage inodequate to offect blcarbonate
ex¢retion. The supgestion thot thiszide diurctics exert this
natrduvetic effoct by an action on proximal convudbited tubulos
(Boyer, 1958) ia supported by the findings of Kessler, Hier
holzew, Gurd ond Pitts (1959), and Vander, Molvin, Wilde and
Sullivan €(1959) in stop~flow experiments on doge. These
aunthors goneiuded that chlorothiazdde depressed proxiual reobe
asorption of sodium, leading to an iso-ommotic reduction iu water
reabsorption ot that site. Tt moy therefore e aoncluded that
the diuvesis ohseyved after administration of hydrochlorothiae-
zide in the present worls rosulted from reduced reabsorption in
proximal tubules of the sodium wolety which is norwelly accom-
panied into the peritubular fluid by chloride ions, with no
effect demonstrable on the normal tubular exchange of soddum ions

wi.th potassiun fons.
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Fapther atudies on the offectp of acebgzolamide in

Seven exporimonbs were carried out on two non-prognant, nohw
loctatbing Ayrahire cows to extend the £indings described in the
preceding section, and in particulars

(1) To confirm that the hypokalaemla seen after adminise
tration of acobazolamlde is the result of the slight
kallnresias promobed by the drug.

(2) To investigate whother metabolic acidopis might
develop in the cow ag a congequence of the reduction
in urinary acidification gecen after administration
of the drug, as hag been ghown to cceur in man during
treatment with acetaszclamide (Chart, Renzi, Barrett
and Sheppard, 1959).

(3) To investigatie whoether the reduetion in glomerular
filtration rabe observed after acetazolamide involves
reduchion in renal plasma flow or alteration of £ile-

tration frachion,

Al experimentg were conducted at the same bime of day and
followed an identical time schedule involving six 15 win elearance
perlods with 15 min bobuween successive periods.  Conbinuous
collectlon of urine was begun as soon as the priming dose of
inmalin was given, the flrst clearance period commencing 105 min
later, 4 single dose of 2.0 g of acebazolanide {(* Diamox sodium
(parentoral)?, Lederle) waa given 5 min before the start of the
third clearance pevicd,  The inulin gpace was caleulated by the
difference mobhed at the sud of each clearance pericd as deg—

eribed on p. 82, and peaminohippurabe (sodlum salt) was infused

. {4




with the imalin sclubtion as deseribed on pe 75 , to allow
gimulianeons dotesminations of inulin and PAU clearances,

During the second, fourbh and sixth elesrance pariods, in
two alperiments on cach anlmal, arberial bleod samples were taken
anaercbically from the coecygeal arbery, ag described on p, 68 ,
for the meagncewnent of blood pH, and plasma tolal QQQ ang bl
carbonebe concentratlons,  Sauples of arterial blood were nob
obtained in all the experimentis becausge delays avising f£rom the
diffieulty encountered lan obtalning succegsive samples were nob
allowed Lo disrupb the experimental sechedule,

damples of venous bleed were btaken at the nid-peint of cach
clearanee pericd for debermlinabion of plasme conecenbrations of
inulin, PaH, godium, pobagsium and chlordde.  Samples of collece
bod urine volumes wore similarly snalysed to peralt calculation
of oxcretion rabes and clearance values,  An additional urine
panple wag btaken ancerobieally at the midpnint of each clearance
perdod for delermination of urinary pH, total CO, and blearbonabe
concenbrations. Details of analybic precedurss are glven in

carlier psecbiong.

Dotailed results of all experiments are given in Tables 39 -
45.  XIn all experiments peak diuresis occurred within 30 min of
administration of the drag and averaged 30085 of the moan pree
dosing rate of flow, before declining almosh o pre~dosing levels
in the following 20 min (Fig, 23). ‘The rates of excrebion of
blearbonate, sodiwm and potagsium similarly reached peak values
within 30 min of drug administration and then deeclined, alihough

the nean rates of oxeretion of sodiun and bicarbonate were gbill

~
[

-




TABLW

39

Cow Noa. 22349 (511 kg)

2.0 g acetazolanide 1/v at time O.

tdme (indn)
Paraneter - : , »
peasuied w 55 o0 - 25 %o
- w» 10 5«20 35 w50 65 ~ 80 95 « 110
Plasmaz
Na (mM/1.) 138.0 138.0 140.0 138.,0 158.0 138.0
K " 4.0 3.9 3483 4,0 e 345
oxl " 112.0 110.5 111.5 1115 114.5 110.0
art. HOOR! - 27.9 25,0 - 2h.9
art, blaoé pH - 2elL - 741 o 741
U;iine:
Na (mM/1.) 138,83 153.8 180.8  206.3 2200 205.0
K " 161.3 180.0 §3.0 80,5 107.5 15143
el " 15445 1770 52.5 b1.5 39,0 oW}
HCO " 78.2 658 195,4 228.8 261.6 26549
vQ:L?’(ml./min) 16,93 12440 R Bl 27 ol g 19.27
pH 76l 7 o5l 7.77 7,85 784 72,85
Excreti‘;sm
Na (w/min) 24350 1.907 7.812  7.070 54339 3.950
K " 273 2.232 3.602  3.101 26351 2.916
(54} " 2,616 2,915 1.845  l.h22 0,954 04771
HGOB 1" 1.32h 0,793, 8.480 7.84 64501 5.2k
GoFyRe (c )(ml./hin)
1087 1138 G6h 841, 884  10%1
RP.F.(GPAH) " 6725 7059 5805 5624 5260 5553
cm/'cPAH 0.16 0.16 0.11  0.15 0.17 0,19
68 70 73 81

Inclin space (1) 65

s -

71




MABLE kO

Cow No. 22349 (513 kg) 2.0 g acetazolemlde 1/v at time O.

Paraneter Time (mig)

measured « 55 %o ’_ 25 &’

w 40 10 520 35 -5 6580 95110

Plasmas -

S Na (mi/L.)6 AhG.3 7.5 150.0 1h7.5 7.5 7.5
K " hy L 3.5 3.5 3el 33
c1 " 10,0  110.0 10645 111.0 1120 11k

art, HCO, ¥ - 2P - 26.2 - 2641
?. l - 7.‘*‘1

art.blogd plt

- 7:: ifa -

Urine:
Na ( mM/l » )
E 134
cl 1 I
HeO, ¢
volZ(m «/Imin)
pH

3.0 33'9 lglf‘qs 1,5605 155.0 l‘h‘ln}
12040 22040 1090 12040 17,5 172.5
67.5 14645 3545 e 3.0 32e5
%943 e 158.6 189.4% 22,9  256.3
37020 17.67 53.40 36460 26.60 19,00
25l 2alis 7.80 72.88 7.9% 8.01

Enwmtiqu
Na (wM/min)
K 1

1.153  0.892 64103 4,996  h123  2.685
Golh 3,887 64366 hey21 3,924 3.278

¢l u 2,511 2,589 1.956 1.263  0.798 0,618
G.TWRs (G‘m)(ml./ﬂﬂ.n) 1111 1153 867 8 893 o005

R.P.T, (GPIKH) "

Cr’ Conn

Inulin apace (l.)

-

7Lhe 6949 6208 sob2 5899 5778
0.16 01y 0u1h 004 0.15 0.16
i [3%:] 51, 46 Lo 43




TARLE M

Cow Noe 22349 (485 kg) 2.0 ¢ acotazolemide 1/v at time O

Paraneter Time {(min)
measured

55 b0 = 25 to
- - 10 5«20 35«5 65«80 95«10

Plagmas

Na (mM/1.) 1375 1370 138.8 13740 138.0 140.0
K " 345 345 3okt 3e3 3.3 3e3
Lo " 105.5  107.5 107.5 103.5 111.5 106,5
Urdnes

Na (md4/1.) 23,0 h5.8 10,0 133.0 155.0  150.0
cl " %05 1230 29.5 3340 L"?tﬁ 39-5
51003 " 19.6 15.6 145.4 168.9 230.7 217.2
Vol”(ml,/min) TR ) 15.87 56,13 L0493 2%433 21.13
pH 719 6497 771 7.88 2,88 790
Excration:

Na (mM/min) 1,069  0.864 5.669 B4 3,616 3170
K n 2,928  2.595 5e248 3,047 3,266 3,170
(o4} " 2,161  2.321 1.656 1.351 0.992  0.835
HGOE " 0911  0.20h 8.161 64913  S5.149 4,589
G,F.R.(exn)(ml./min) 2020 993 832 P40 766 957
RePyFa (cE m) " 6940 7581, 6654 5655 5923 6264

Cn/Cran 0.15 0413 0.13  0.13 0.3 0.5
Inulin space (1) 55 63 63 59 58 65




TABLE k2

Cow No. 22349 (500 Xkg) 2.0 g scetazolamide i/v at time C.

Paranetey Time (min)
measured

oy

55 to « 25 to
- 0 -10 542 35=-5% 65-8 95110

Plasmat :
No.  (md/Le) 138.8  138.8 138,83 138.8 0.0 140.,0
K u Bols Balt Belt 3.3 3.2 343
c1 " 1006.5 111.5 108.0 111.% 109.0 110.0
Urinet
Na (md/1.) 52,0 59.0  128.8 170.0 177.5  157.5
K " 160.6  177.5 7645 10440 1275 65040
a1 " 86.5  122.9 27.5 3145 28.5 32.0
mzc " 65.2 45,9  163.5 2170 2h2,6 1940
Vod- (ml,/min) 19.20 .73 55435  31.47 27,53 34,60
PH 7460 7438 7463 773 772 770
Exe retion:
Na (nit/min) 06998 04869  7.127  5.350 4,887  5.450
X " 3,072 2,615  h.233 3,373 3.510  3.144
GL L 1.661 1.804 1.522 04991 0.985 1107
}mj " 1.252 04676 9.046 6.839 64679 fe712
G.FoRe (Cp) (mLo/imin) 1268 1280 839 V23 853 887
RoPeFu (G ) (b /min) 7580 7987 5805 5289 654k 6684
a.m/ PAl 0417 0.16 015 041k 0.13 0.13

TInulin spoce (1.) 8% 86 85 86 99 103




PABLE i3

Cow No. 21271 (422 kg) 2.0 g ocetazolamide 1/v at time O.

Parameter Time (min)
neagured m— 4 .
- 55 o = 25 to
- b -5 5«20 35«5 65«8 95110
Plaamaz )
Na (/1) 16,3 146.3 150.0 7.5  180.5 147.0
K " 2,6 2.6 2.4 2.5 25 2.4
c1 no 1@2.5 105,31' 101.0 107.5  105.5 109.5
aﬂ HCQ 5 ?. ‘ - ‘?.lm L.d 7.“‘2{'
art, blo éd o - 35,2 - 3h,2 - 23,0
Urdne:
Na {md/1.) 100.0 10143 112,0 145.0 168.8 168.8
K " 3.56.3 136.3 5845 5745 95,0 113.8
cy " 9645 87.% 315 bp,5 20.0 26e5
He03 1" 5249 562 126.2  145.6  191.b 210.9
Vol(ule/nin) 1413 Lhe2? 61.80 42.80 25.07 21.87
pH 7-46 750 P75 785 7490 8.00
Eﬁnr@ﬁiopz'
Na (m/min) 1413 1446 6.922  6.206  h.232 3.692
K " 2,202  1.94% 3.615 .461 2.382 2.1489
Ha% " Os7hy  0.802 7.799 6.'232 ha768 !+ 612
SF R Co) n) 167 1158 638 695 699 637
RoP.F. (c )
(ml./mi‘%) 8645 8548 7528 5671 6768 605k
GIN/GPAH 0.1k 0ol 0,00 0.2 0.10 0.11

Inwlin space (1.) 46 50 62 =8 63 61




Cow Noe. 21271 (427 kg)

LABLE. M

2.0 g acotazolamide i/v abt time O

Parometer T4me (min)
measured e . - ,
- 55 to = 25 to
mta‘O jils} 5*2035»% 65 - 80 95 - 110

Plasnas

Na  (mi/L.) 148.8 148,68 148.8 k8.8 148.8 48,8

K " k%1 Zel 29 - 2,8 906

cL " 3.09.{3 106.5 1060  109.0  112.5 108.5
art, HECO W 331 - N2 - 3049
art, "blodd pH - N - L 3T - RO
Urdnes

Na (IHM/JJ) 2wl ?lb@ 117-9 1361(-’ 3.!5'3-8 113’1,3

K 1180 1420 G0 GBS 90w0 12400

Gl " 8@-5 9@0) 3395 ‘*000 1*5&0 35&5

HGO} o ba,n 5740 - 14146 151.0 157}‘* 196.?

Vol (ul./min) 22467 3.6.13 59.67 L45.60 32,33 13.67

PH 746 749 277 743k 786 7.92
Exc_mtiom

Na  {md/min) 1,247 1145 6.981 6.202 b Gho 2.638

K " 2,675 24290 3.819 3,124 2910 2315

ClL " 1,825 3..3460 1.959  1.92h 1.455 0.66%

}1003 n 1332 04910 B.ih9 6,886  5.089 3672
GeFa.Re ,(Gm)

(mle/min) 1158 1006 847 678 731 708
l'st?oF » WPAH
(wls/min) 6913 63}9? 5401 5107 5934 073

a:'.xN/gzlf,}m_;E 0.1 9.3.6 0«16 013 0,12 o.:uﬁ
Tuulin space {l.) 66 79 78 0 82 %0




LABLE

Cow No. 21271 (405 kg)

k5

2.0 g acetagzolanide i/v at time O

Papanetern Time (min)
ngasured _ -
~ 55 to =~ 25 to
w b0 w10 5 «20 35«85 65«80 95 - 110
Plasmat
Na (md/1.) 1.3 12 2.5 1.3 k2.0 1413
K " 2.8 2.8 a7 26 2.4 2ol
cL " 105,0 103.0 107.5 106.5  108.5  105.5
Urines
Na (mi/1,) T 605 9940 128.0  143.8 140.0
K " 136.3 1575 75.0 1.8  128.0  135.0
cl " 69.0 84,5 - 33.5 L 575 355
HCO, W 67.7 60,3 135648 19,0 199.0  211.0
VQ:{.}( ml.«/ mﬂ-ﬁ) 1‘*.07 9;'4*? 55 Lo 1*3 G0 21;67 19 33
pH 7458 Fe53 7e5h 772 779 7.80
E&mt&om
No (nl/min} 0655 0.57% 5485 5,504 3,116 2,706
K " 1.918 1402 L Okl 3075 2709 2.610
ca " 0.97: 0.800 1,856 1.484  0.824 0.648
G.ﬁ.ﬂ.wm) |
(ml,/min) 1111 1084 953 766 849 967
R-Pb?t(p H)
Gt maa) 36 7498 7761 6206 6736 7099
CoiCran 0.16 0,15 0.2 0.12 0.3 0.k
Inulin space (1.) 46 hs Lk 5} 5 55
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olevated at R00 -~ 300% of the pre~doalng rateg in the lost
clearance period (Figs 29). Meun values of potasgium oxerow-
tion shoved a maximum inerease to approximately twice the pre~
doging rate, while chloride ezereblon showed no inerease, bub Tell
to approximabely balf % pre~dozing rate (Pig, 29)y  Urine pH

roge progresaively afier administration of the drug (Fig. 29).

a Am. goneent

No chango in plasma sodium concenbratilons wua detected afber
dosing bub in all oxperimenbs plasma pobassium fell slightly.
Mean values, plobbed separately for each animal, are shown in
Figs 30, Tho theoreticzl decline in plasma pobassium concentra-
blong, as predicted from the observed increases in potussiun
excrebion and shown by the broken lines in Fig, 30 was greater
than the acbusl deeline, The ealonlation of those theoretical
values assumed that for eaeh animal the mean rate of excrebion
of pobtaasium befors ndministratlon of the drug represented a
sbeady x&le of losy from the exbracellular £luid, oqual o the
rabe of abgorpbion of polassium from the gub.  Cumulative lomses
of pobassium in the urine in @hcaaa of the pre~dosing rate were
meagured frog the graph of pokhssium exerotlon agalnst time and
wore sublracted from the figure for total extracellular potas-
gium, calenlated as the product of the Imulin space and the plasma
potassium concentrablon before doslng.,  The figures so obfained
for depleted total exbtracellular potassium were then divided by
inulin gpace values ho give theoretical concentrations of plasma
potagssion afber dosing. Dotails of thege caleulations for one

of the snimals are glven below.




2 7.0

120

Fig. 29 Effect of acetazolamide on urinary pH (x
on the rates of exeretion of msodium (e——e),
otassiun (o——o), chloride (6——a) and hicarbonaﬁe
{6——2)s mean valueg from seven experiments with an
ldentical time schedule, 2, 0g acetazolamide were
injected inbravenonsly at time O,

X), and
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Fig, 30.

4.0
3.0
2.0
COW No.22349: e
Yo cow Ne212711 0
] | t 1 I ]
60 30 o) 30 60 90 120
Time (min)
Bffest of acebazolamide on plasma potassium concenbration

(Hlean valueg). Poinks on the brolken lines represent
theorebical concentrations caleulated from mean increasen
in potassium excroblon observed afber dosing (ace bext).

2 0 g acetazolanide vere injected intravenously at time O,




nlagma iﬁ*l + Cow Wo. 22349

‘i‘ a
Mean presdosing plasma [K] s P 3 3.8 meequiv/L

Mean proedosing inulin apace, 8 $ 68 1.

Potal exbracellnlar K, before dosing,

Ps 268, & meequiv

Mean pre-dosing excrobion rate + 3,060 mesquiv/min
Inberval after doging (min) 20 50 20 110

Cumulatlve oxorction above

pre~doging rate, I (mwemiv) 1.2 47.9

L]

Total extracellular K , PG

(neequiv) ¢t 247.2  210.5

Inulin space, 8 (L,) : 67 65
Theoretieal plasma [I{f’ , f.gﬁ%
(quuiV/l. ) H 30 7 3e 2

An overall mean value of 14,6 = 3.6 1, /100 kg
wag found for the volume of dlstribution of inulin,
tlons were nobted, however, bebween values oblained
aninals on difforent days, albthough the gsucecssive
in each experiment showed much closer agreement,

are fully described elsewhere (p, 90 ),  The mean

6L.7 66,5

196,7 1919
70 T4

2,8 2.6

bedy weight
Hide variaw
for the same
ecsbimates made
These findings

guccosaive

values of jnulin apace for the two animals ranged from 63 to

741, and from 53 to 71 1. rempectively (Fig. 31); these mean

values were uged in the ealeulations of theorotical concentirae

tiong of plasma pobageiun described above,
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COW No. 21271

1 ] 1 1 1 L
120 ISO 180 210 240 270

Duration of infusion (min)

Fig. 31 Siccessive egtimaten of inulin space during conshant
fnfusion of inuldn, For ecach animal are plothted meoan
values of Cour experiments with an identical time
sehadule,
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pi and biearbonaje goncentral

In the four experiments in which arterial bleod samples
vore obbained, no change was debocled in the pH of samplos
baken 45 min and 105 min afbor administration of the drug,

The bicarbonate concentration of the arfterial plasma, however,
£oll by 2 = 3 meequiv/l, to 89 ~ 93% of Lhe mean pre-dosing
value (Table 46).

Slonerylar £ilirablon gafie and ranal plagng flow

Both inulin and PAH elearance values fell after adminlgbrae
tion of the drag,  The maximum reductions, expressed as percon~
tages of the pre~dosing value, ranged from 269 to 455 for inulin
and Crom 1A% to 4% for Pal, Mean values for cach animal showed
that maximal reductiona occourred within 1 hr of dosing, with the
reduction of imulin clearancs 10 « 15% greater than thal of PAH
(Fig. 32)s  In cne animal (No. 22349), hovever, thig difference
in the degree of depression wag nob susbained and during the lash
clearancs porlod inulin and PAY clearances were bokth approxi-
mabaly 85% of the pro-dosing value (Fig, 32).

Phe filtration fraction (isulin clearance/PAl elearance)
showed reductiona which reflected the dlfference in the degross
of depression of thepe elearance valumea, In both animals file
tration fraction foll from 015 ~ 016 to 0,12 ~ 0,13 within
15 min of dosing (Fig, 323).  Whiled this deprepsion porsisted in
one animal, in the obher, filtration frackion returned to ity pre-
doning value, since in this animal (Mo, 22349) the degree of
deprension of the tuo olearance values beeame equal as the expordie

ment conbinued (Fig. 32).




TABLE 16

Bffects of acetarolomide on arterial blood pll and plasma 31(303

Art;amgi o Total 0O, | 100,
Cow No. 22349
}}‘rﬁ"“aaﬁﬁ 70""]‘.“ c'.’.9.2 279
D4+ 45 7.1 2642 2540
D+ 105 7441 2641 2h,9
A prewdoss P42 28.5 27.2
D+ 45 7.41 27.6 26.3
D+ 105 YR 2744 26.1
Cow Noes 21273
Pre=dose 2 olily 54,9 3341
B+ Ll‘ﬁ 741{"2‘ 520"‘ 31.2
D+ 108 _ &8 3242 0.9
‘p!’euauae '?QZ{‘I{‘ 36.8 35.2
D+ "!‘5 ?‘lg.l} 57 3"3‘;2

D 4 108 R Bl b 3%40
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Fig. 32 Bffect of acotazolanide on inulin (e— —e) and PAH
(c———-—{a) ¢learancas, The negn clearance values
plotted are exprossed as parcentages of the respective
mean pre-dosing flgures. 2,0 acetazolanide were
injedted inbravencualy at Himo O,
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Fig. 33. BLifect of acebazclanide on filtration fraction (mean
values)e 2.0 g acetazolanide were injected intraw
venously at bine O,
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Disenggion

The pregent findings confirm the effects of acclagolanide
on the rate of urine flow and electrolyte excreblon described
in the preeceding section,  The values obtalned for inulin apace
are disensged in full in an earlier sechion (pe Y3 ) Albhough
wide variabiona wveve found hetupen determinations of the inulin
spaeo made on different days, the overall mean values for cach
animal vere sinilar ho those reported in cattle by other workers,
and wore used as a nesaurd of the exbracellular fluid volume
in caleulating theoretical reductions of plasma pobtassivm from
obgerved inereases in the rate of excrotion.

In thege calenlations pohagsium concenbradions vers agsumed
to be the same in interstltial fuld as in plagma. Vo allowvance
wag made for Lower concenbrations in inberatibial £lnid due to
the Donnan effect arlsing from the relative impermeabiliby of
the cepillagy valle to plasma protein,  Aseuming a normal cone
cenbration of plasma probeing, the concentration of a univalent
catlon fn Intersgtitial £1nid may bo calowlatod as 95% of its
concenbration in plasm water (Berliner, Kennedy and Hilton,
1280},  However, bthis factor wos not used in the prosent work
gince plagaa volumes were nol measured and, in caleulating the
totial exbracellular potasaium, the exbracelinlar velume was not
pmvtilsieﬁmd Into Inbra- and extra~ vaseular compartments, Fourthoere
more, 1f allowance wore wmade for the Donnan offech, albthough
slightly louwer estimates of tetal exbracellular potassinm would
be obtained, theoretleal plasma concentrations predicted from
chgerved inereases In potassium exeretion would be little difforw
ent from those plobbed in Fig, 30 ,  Those values ghowed thab

the hyopokalaemia seen aftor administration of acetazolamide was
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wholly accomnbable by the obzerved kallueeais, Tn fact dhe
observed falls in plasma potagsium conconbration were much less
than were predletod from the incressed exorebion, which suggesbs
that the incressed logses of pobmgaium from the exbracellular
fluid were In pard replaced by an Increased upbake, elther from
intracellular £lnid, which would involve some redistzibubtion of
the tobal body pobassium, or by increased absorpbion from the
alimentary tract,.

The great increase in bicarbonate excrobion geen after admine
iotrabion of acetagolamide was accomponied by an inerease In
urlnary pH, bub, within 2 hr of dosing, no chonge was recorded
in the pl of arterial blood; and, although the concentration
of blearbenate in arterial plasma foll by 2 = 3 meequiv/l,, tho
valueg found afber doging atill lay within the normal range for
couss of 22 = 33 meequiv/Ll. (Anderach and Pickering, 1962), Thus
no dishburbance of acld-bage equilibriuvm wag demonasbrable afber a
single dose of acebazolamide, bub the posguibility remains, in view
of the effeets of the drug, Ghat metabolic acidosis and hypow
kalaomia might develop in the cow if treabment were prolonged, as
bag been reported in man (Chart of al., 3959),

A fall in plonerular filtratlon rate afber the inbravenous
adminigbration of acetazolamide hag been desesribed in man (Maren,
Mayer and Wadsworth, 1954) and in the dog (Derliner, Kennedy and
Orloff, 1951; Madgon, 1954)s Tho fall obszesved in the prosent
vork invelved gome reductlon in the filtration fraction since
inulin elearance declined from betueon one glxbh and one sevenbh
to aboub one elghth of the PAN clearance, However, a comcurrent
reduction of PAH elearance (renal plasma flow) was also noted,

which may be a more imporbant factor, This is suggested

by the resulbs for one of the animals which showed that bthe
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filtration fraction had returned to normal values, 2 hr alter
dosing (Fig. 33 ), although at thiz time PAH clearance was still
‘depreased by 15%, as also wvag Lhe glomerular filbtration rate
(Fige 32). There is no evidence that carbonic anhydrase is
involved in the tubular transport mechanism for PAH (Lotapeich,
1959) so that thege cbgerved reduchions in PaH clearance were
probably teue Indicatlons of changes in renal plasma flow rather
than a consequenee of reduction In the percentage exbroction of
Pall cansed by inberference from acetazolanide in tubular transe-
port mechanigmg,

Madgen (]95&), wvorking with dogs, attribubted Lthe reducticn
in filtratlon rate seen after Intravenous acebazolamide to an
obgerved fall in arteplial blood pressure, fuch an exbra-renal
influence of the drug wilght account for the reductiong of renal
plagma flow and glogervlar filtration rato observed in the present
work,  Furbher work is remired to espbabligh whebher a £all in
blood pressure cecours in the cow after acetazolamide, and, also,
whether the aubtorsgulabory activity of the kidney is affected by
the dsug,  T% has boen shown in the dog that glomerular filﬁfan
tion pate and »enal plasma flow are 1ittle affected by changes in
pverfugion pressurs over a ange of 80 - 180 mm Hy (Bhipley and
Study, 1951), whercas the fall in blocd pressure nobed by Madgen

(3244) wvas onty 10 ~ 15 mn Hg,




SUMMARY

CONCLUSIONS




The scarcity of studies on bovine kidney function prompted
the present work, in which the renal responses of the cow to various
exporimental procedures were studied and compared with those of other
gpacies. The excretion of sodium and potassium wvasg studied in
particular, in view of the differences in the dietary inteke of these
elements when compared with that of man and the dog.

The historical development of medern concepts of renal function
has been reviewed in relation to the contrdbutions made by glomerular
filtration and venal tubular activity to the excretion ¢f these
elementa.

The moasuvement of sodium and potassium concentrations in body
flulds by flome photometry has been investipated and the need for
correction of mutual interference effects smphasised by the finding
that maximal interference could give rise to errors whichwere at
least 55 of the true reading. Interference became maximal when the
molar ratio of interfering to test element reached 8:1 for potassium
readings and 1l for sodium readinge, and was unaffected by further
increases in these ratios. Allowance for these effecis was made
by using calibration curves plotted from readings obtained for the
same range of concentrations of fhe test element in the presence of
inereasing proportions of the‘inxerfering eloment., The concentraw
tion of the test element in a sample undergoing analysis was read
from the point on the pencil of calibration curves which corres-
pondad to the concentration ratio (K ¢ Na) of the sample, calculated
directly from the instrument reamdings for potassium and sodium.

This method of correcting for mutual interference was less tedious
in application than those described by previous workdrs and effec-
tively ovorcame the difficulties encountered in the analysis of

urine in which, unlike plasma, the approximate concentration ratio
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of interfering to test element cannot be predicted before analysis,
and may alter considerably as a vesult of experimental procedures.
The method wlll therefore be applied in the continuation of the
studies begun in this thesis. Procedures described by previous
workers were used in determinations of chloride, pH, total Coa and
bicarbonate, inulin, p-amino hippurate, and plasma protein.

Methode of urine collectlon used in the cow have been revieved
and attention drawn to the difficulties encountered in making
sccurate collections over short periocds of time. These had not
been emphasiged by previous workers and the technique developed
for continuous collection using an indwelling urethral cathetoer
under posterior epidural anaesthesia was therefore described in
details - The aeccurate collection of urine is a crucial pre-
requisite of any investigabion involving clearance procedures, and
this technique will prove valuable in the further studies contenmw
plated on boviﬁa renal function, In addition the technique could
rendily be applied to the investigation of clinical conditions by
clearance procedures. The need for careful control of the experi-
nental conditlons was shown durdng 10 min serial collection periods
in which increases in urine flow and electrolyte exeretion vere
observed, asasoclated with disturbances in the experimental room
or with signs of discomfort from the presence of the urethral
cathoter.

The measurement of glomerular filtration rate and renal plas@a
flow have been digoussed and the procedures described which were
developed for the determination of clearances of inulin and p-amino
hippurates. The scaveity of information on these progedures in
cattle was reflected in the long time spent on this part of the work,
but the information given by these procedures is of such importance

to studles of kidney function that the techniques developed will

Y
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certainly be used in further investigations in cattle, and possibly
in othor farm animals. Their use in special examinations of
clinlcal cases 13 also olearly feasible.

In 103 determinatlons on seven cows, inulin ¢learance wss
1,100 % 236 mle/nin/B00 kge The vepeatebility of the method was
found to be within the accepted lmits of accuracy for renal
clearance studies; but otcasional dey-to~day variations in the
filtration rate of the same individunl were recordeds In 14
determinations on two cows; PAN clearance was 7,984 & 1,210
mle/min/S00 kge The filtration fraction caleulated from eilmultone
eous detorminations of PAH and inulin clearance in these two
animals had a wean value of 0.16. This was in cloge agreexent
with the figure caleulated from clearsnges of diodrast and inulin
(Poulsen, 1957) and from values of PAU and imulin clearanceé given
by Vogel (1959) and Ketz (1960)s It was pointed out, hovever,
that Vogel (1959) and Ketm (1960) expressed PAH and inulin clear
ance values as ml./min/aq m body surface, which, when recalculated
a5 mle/min/S00 kg body weight, were less than half of the clearance
values found in the present work. It was suggested that this
difference rdght have arisenlin vort through the use of different
formulae to pelate body weight to surfoce area, since the authors
did not specify how the surface area of these animals had heen
caleulateds Unfortunately, repeated attempts to contact thesze
authors and &o determine what method was used, were unsuccessful,
so that further clardfication of this anomaly was not possible,

Methods aveilable for the measurement of extracellular {luid
volume have been discussed and in eight experiuents on two cous,

U8 determinations of the volume of distribution of immiin were made
by the ‘difference method's The overall mean value found for each
animal wae 1345 % 3.5% and 15.7 £ 4.0% rospectively (L./100 kg

body weight), which were similar to those reported by previous workers
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uging single injection technlquos,

The values of inulin space found in the same animal on Aiff-
event days, however, showed much greater variation than did the
successive values obtained in each experiment., After discussing
possible causes of variation it was concluded that the differences
between days gppeared o repregent true dey-towdoy differences
in the volume of d;abribution of inulin, perhaps arising from day-
to~day differences in the patency of some capillary beds in the
animale studieds It was thought unlikely that these large variow
tions reflected similar changes in the volume of extracellular
fiuide The results of experiments using more readily diffusible
markey substances, such ss sucrose, mannitol, thiosulphate or
radiosulphate would be of interest in view of the poor repeotoe
bility shoun by the estimationsof inulin space.

Analyeis of human and bovine urine samples showed that the
potassiom:sodium concenkkation ratio was on average twelve times
greater in boviro than in human urine as a result of presumed
differencesn in,‘brimmrily. th@’didtmry intake of thewe elements.
The capacity of the bovine kidney‘to meintain high excrotory rates
of potassium has been investigated by clearance studiea carried out
on three cows before and during intravenous infusion of potassium
chlovide. Dn»@ng infusion, pleasma potassium concentrations ine
creased by 1 - 2 meequiv/l. and then were maintained around this
levels The rvate of exqoretion of potassium rose to equal, approx-
imately, the rate of infusion, and in all cases the clearance of
potassium rose to exeeed that of inulin. At the same time the
sodium excretion and the rate of urine flow showed & parallel
increase which declived as infusion continued but pevsisted above
pre-infusion ratesn,

The possible renal mechanisns involved in these responses were

&
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disgussed mnﬁ;.ih comparing these responses with those described
in the dog by previous workers, it was pointed out that the dog
showed a similar ability to tolerate intravenous loading with
potassium only if a supplement of a potassium salt had been fed
over o period before the intravenous infusion; and that this
ability to tolerate intravenous loading appeared to involve the
secretory capacity of the distal tubules. However the
physiological mechanism initiating and maintaining the tolerant
gtate was not cleaw, Although no evidence was aveilable which
:!.ndicaﬁad that adrenqcortical activity was inereased, this possib-
ility merita investigation in view of the known effects of aldo~
aterone and ather mineralocorticoids on potassium snd sodium excre-
tiony, The renal responses of the cow to drugs such as 5 U 4885

( "Metopironet, CIBA) which block steroid synthesis, or to those
which block the effects of sterolds on the kidney, such ag spirow
lactones, might provide velevant information,

The renal responses to avetavolamlde and hydrochlorothimzide
have been compared in twelve experiments on three cows. Both
drugs increased the rate of urine flow and electrolyte excretion.
Hydrochlorothiazide prcmoted inerecased wrinary losses of sodiun
and chloride while acetazolamide increased the excrction of sodium
ond 5icarbonateg Potassium excrotion was unaffected by hydro-
chlorothinzide but was slightly augmented by acetazolamide. Urine
pH rose after acetazolamidie and fell after hydrochlovothiazide.

No change: of electrolyte concentrations in plasma was seen after
hydrochlorothieside but potasgsium levels fell slightly after
acetazolamide. Inulin clearance values fell by about WOy after
this driag but weré unaltered by hydrochlorothimzide. Maximal
effects were obtnined within 30 min of a single dose of either drug,

then declined rapidly, but responses were still apparent 2 hr after
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dosing. Infu;ién of acetazolamide did not sustain the initisl res-
PONSA . ’

The diuretic action of both compounds apparently reéulte@ from
reduction in the tubular reabsorption of elestrolytes. It was
concluded that hydrochlorothlazide ¢aused weductions in the reabe
sorption of sodium and chloride in proximal tubules, and had no
effect on exeretory mechanlsms for potamsium. The ¢ffects of
acetazolanide on eleetrolyte exeretion were attributed to the
regtriction of the supply of hydrogen lons in venal tubular cells
vesulting from inhibition of carbonic aphydrase. In contrast
to ite reported effects in man and the dog this drug did not give
rise to large iﬁgreases in potassium excrotion ~ an obsevvation
vhich illustrated a difference in emphasis of mammalian renal
meghanisme in the cow. Acidification of thé urine ig thought to
oceur in distal regions of the nephrons, vhore potassium and
hydrogen ions are believed to compate for secretiony before dosing,
acidification of the urine in the cow vas not so pronounced as in
man and the dog. However, this weak kaliuretic reasponse to
acetazolomide was apparently sufficient to asccount fopr the obuorved
reductions in plasma potassium concentration since the incregses
in potassium oxeretion wore greater than theoretical increases
caleulated to be required to lower the potassium concentrations
to the pluema levels cbserveda

The repcponses to a single dose of acetazolamide were further
studied in seven oxperimonts on two cows. The effects of observed
increasee of potassium excretion on potassium concentrations in
placma were calenlated using values of inulin space as a measure
of the entracellnler fluid volume. The ci}culationa showed that
the hypokaleemin seen after administratianﬁof acetazolamide wos
wholly agcountzble by the observed kaliuresis since the observed

falls in plasma potmesium concentration were less than those pre-
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dicted from the increased excretion.

No change was recorded in tho pH of arterial blood samples
token within 2 hr of doging, and although the bicarbonate concene
tration of arterial plasma fell by 2 = 3 n-oquiv/l., the values
found still lay within the nermel range for cattle described by
earlier workera., Thus no disturbance of acid-~base equilibrium
wass demonstrable after a single dose of the drug, but, in view of
the sffects shown, it was coneluded that metabolic acidosis and
hypokalaemia might nevertheless develop in the cow if treatment
with acetozolamide were prolongeds

Measurement of the clearance of.p-amine hippurate and inulin
showed that the fall in glomerular filtration rate seen after
admindstration of acetazolemide involved reductions of both
filtration fraction and renal plasma flow, Since a f£all in
systenic artorlal blood pressure has been reported in the dog after
acetazolamide administratlon, it was concluded that further work
ghould determine whether this effect ococurred in cattle, and
inweatigaté ita possible contribution to the obmerved reductions
in glomerular filtration rate and renal plasma flow.

Further work propomed to extend the findings described in this
thesis falls into two nnin categories.

First, clarification of the results of the potossium-loading
experiments will be sought by a study of the responses of the cow
to administration of the mineralocoiticoid antagonist spironolactono.
It has been suggested that this drug exerts its diuretic effect in
man and the dog by inhibiting the sedium-retaining sction of
aldesterone on the renal tubules (Liddle, 1958), but it is more
probable that other steroids which affect electrolyte excretion
are also inhibited since the sodium-retaining action of cortisol

hag been shown to be blocked nearly as effectively as ‘that of




1414

aldosterone (Mills, 1962).

Investigation of the responses of normal cattle to this drug,
in experiuents similar to those in which the responses to acetnzo-
lamide and hydrochlorothiazide were studied should demonstrate any
tonic influence of mineralocorticoids on potaseium and sodium
excretion. Compaxison of the findings with those reported in man
and the dog may provide evidence of relative differences in
mineralecorticoid activity which arise from the differing require~
ments of theowe species fér sodium conservation and potassium
excretions The effects of prior administration of spironolactone on
the renal response to intravenous infusion of potassium chloride will
aleo be studied in order to establish whether increased activity of
the adrenal cortex is involved in the phenomenon of 'potassium
talerahce'.,

Second, the clearance techniques developed in the present
work will be utilised to investigate the infiuwence of differences
in the dietary intake of protein and of salt on the urinary excre-
tion of urea.

The classioal view of the mochaniem of urea excretion by the
kidheya is based essentially on a presumed iudifferance of the
renal tubules to ures presented in the glomerular filtrote. The
reduction in the volume of the filtrate which occurs during its
transformation into urine results in the urea concentration becomiﬁg
greatly increaseds In consequence some urea diffuaaé from the
tubular urine back into the blood stream so that urea clearance
values are always less than inulin clearance values, This reabsorp-
tion is prosumed to be a passive process 8o that the fraction of
filteréd urea which is exoreted is mainly influenced by the rate of
urine flow since this determines the concentration gradient promoting

the back diffusion. This theory, however, hes been questioned by
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Schmidt-Nielsen (1958) in a veview describing verious anomalies
and inconsistencles in a variety of mammalion species. In par=
ticular the fraction of filtered urea which appeaved in the urine
was seon in most cases to be reducad when compariug animals on
a low protein diet, but with a similar rate of urine flow, to
those on a high protein diet. This suggests that the renal
tubules either actively reabmorb urea, or vary thelr permeability
to ured in a highly selective manner. In the ruminents studied
(the sheep and ¢amel) this effect of the dietary intoke of protein
on the fraction of filtered urea excreted was qualltatively the
sane as in simple-stomached animals but was quantitatively much
move dramatic.,

This finding has special significance when the ability of
" ruminal micro-organisms to utilise urea in the synthesis of
bacterial protein is considered, It is well known that urea
enters the rumen both by diffusing from the blood stream across
the runinal eplthelium and also in the large volumes of saliva
mecreted by the ruminant, Thus, by returping a proportion of
its own nltrogenous waste to the rumen for utilisation in microbial
protein synthesis the dletary intake of the aninal recelves a
supplement of protein of high blological value when ruminal miero-
organlsns pass on and are digested in the sbomosum and small intese
tine, The studies on urea oxcretion (Schmidt-Nielsen, 1958)
suggest that this recycling of uren is fagilitated or encouraged
by renal tubular reabsorption restricting uwrinary losses of urea,
especinlly when the dietary intake of protein is low. This feature
of kidney funection presumably has become mowve pronounced in rumine
ants in the process of evolution since the reconstitution of nitro- -
genous waste to protein by microbial synthesis in the rumen has on

obvious survival value when food intake is of poor quality.
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The :Lntzﬁie of sodium chloride can also influence the excretion
of urea since the addition of aszlt to a low protein diet has been
shown in rats to result in greater conservation of urea than
cocurved on the low protein diet alone (Truniger and Schmidi-
Nieleen, 1964), | - |

There have been no reports of tho effects on urea exeretion of
diets of differing protein content in cattle, and investigations in
sheep {Schmidt~Nielsen and Osaki, 1958) 4id mot attempt to demons
strate any influence of the 'aalt intakes The clearance techniques
of the precent study will thevefove bo used to define the venal
responses of the cow to these influences by determining the fraction
of filtered urea which is excreted whilst feeding diets which provide
diifferent intokes of nitrogen and codium chlorides The responses
to water diuresis and to intravenous infusion of urea will also be
studiod.

The results of these experiments will be of interest not only
for the emphasis they might glve to the need for revision of the
classical concepts of ures excoretion, but also by defining quanw
titatively how renal congervation of urea might contribute to the

nitrogen economy of the cow.
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