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ABSTRACT

While it 'is generally accepted that adrenalettomy 1is

associdted with impairment of ammonium and/or titfatable acid excretion
by the kidney, 1t remains unclear whether renal net acid excretion 1s

similarly affected and whether the absence of the adrenal‘gland Egi.gg,
or other concomitants of adrenal insufficlency mediate such changes. For

example, dramatic increases in NHE excretion can accompany the normal-

ization of potassium status. Less directly, there is also evidence that

reduced rates of acid excretion can result from changes in food intake,

urine flow rate, urine pH or distal sodium-delivery rates. In.this éontéxt\\;\'
our studies were undertaken to isolate the chronic effects of adrenalectomy

on renal net acid excretion rates in the unanaesthetized rat. Pillot

studies showed adrenalectomized (ADX) animals are sucqessfully maintained
without steroid replacement if drinking water.is replaced by saline.

Results showed these animals develop hyperkalemia without concommittant
metabolic acidosis when compared to sham cperated animals (sham rats).

The capacity of ADX rat to maintain acid balance after acid
loading was assessed by giving pair-fed ADX and sham operated rats equal
amounts of NH4C1 by gavage}(lOmEg/Kg twice daily BID) for 3 days. Hyper-
kalemia was avolded by dietary K* restriction. Results showed ADX rats
developed metabolic acidosis while pair treated sham animals maintained
a normal acid-base balance.

To document chronic changes in net acid excrétion during adrenal

+

insufficiency ADX and sham operated animals were placed in metabolic

balance cages for 24 hour urine collectlons uninterrupted for a 5-8 day S



control period followed by a 5 day acid loading period during which time

animals received 10mEq/Kg NH@Cl on day one and 20mEq/Kg in,2 equal dosages

on day 4 and day 5. For these experiments animals were paired by weight

4Cl intake. Ad-

i ‘
difional dietary changes in Kt and Nat intake were made so that urine

+-

flow rates,urine pH, and distal Na' delivery rates were controlled.

from among litterimates and paired for food;drink and NH

 Under these conditions the mean control period net acld excre-
tion rate for %ach ADX rat was less than that for each pair treated sh;m
operlted rat. In response to NHQCl loading, 10mEq/Kg BID, the increase
in net acid excretioﬁ rate*from the mean control period value for each

ADX rat was again less In ADX rats when compared fo tH!rpair treated sham

animals.,

1
In a final protocol, we demonstrated that the severe metabolic

acldosis in ADX rats seen after NH4C1 loading was prevented with steroid
replacement (lpg dexamethasone, 2pg aldosterone BID).

Accordingly we conclude that the adrenal gland is essential for

normal renal acid excretion.

~> | . ) \,




CHAPTER I ,

. . (

Introduction

\\\.

-

It is well known that the' adrenal gland greatly influences

1
i
f

the physiology of the kidney. This has“been appreciated since 1933,

when adrenal insufficient animals and man were known to defelop meta-
bolic acidosis, kyperkalemia, hyponatremia, and sodium deficiency
(L, 2, 3, 4). These changes in blood‘chemistry had also been
correl d with inappropri;tely high rates of sodium excretion (2)

N
and“lgw rates of sulfate excretion (3). It had been amply demonstra-
ted that without the adrenal gland, animals become moribund and die
in vascular colla;se.. Since these Pioneering observations, the
regulatory infltence of the adrenal gland on the sodium and potas;ium
balance has been well established (5) while its role in.the excretion

3f acid continues to intrigue scientists,
There is no doubt at in normal animals and man ‘the
- . ‘
‘xeabsorption of filtered bicarbonate and the formation of titratable

-
[y

acid and ammonium all contribute to the excretion of acid (6,7,8,9).
' ' "

Central to these processes is- the production of hydrogen ions by -

renal tubular cells. These protons decompose bicarbonate in tubular
i~

fluid to carbon dioxide and water which effectively prevents the loss
.
of alkali in urine. Gradually this process reduces the pPH of

tubular fluid and titrates filtered acid anions. The capacity of
s
‘these anions to participate in acid excretion depends on the amount and
) -

the pK value of each. 1In general the pK values are too low for the

excretion of equimolar amounts of ﬁ;drogen ions in urine containing the

.
~

e

L

[y
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maximal concentrtitions of protons against which the tubular cells
X

can secrete. To avoid thi; pPhysiologic limit on proton secretion and
therefore acid éxcretion, renal tubular cells produce ammonia, which,

by diffﬁsing into éﬁﬁglar fluid, buffers the tubular pH above this

critical value. As a result, the conteht and rate of excretion of -

acid in urine can equal the amount of acid necess§f;\£o maintain the

LY
acid balance (6,7,8,9). In adrenal insufficient animals and man

§everal 6f these p:&cesses are impaired. ’ ) 3

In the ADX rat, rafes of ammonium and titratable .acid excre-

s i
tion are reduced under bdsal conditions gnéiép response, to metabolié
acidosis (10,11,12,13,14,15) while ;&fﬂkd'impioveﬁénts are seen after
. Yy .

mineralocorticoid and glucocorticoid geplacement (11,12,15). These
observations are confif&ed in the dog and man (16,17,18,19). The'sugf‘
gestion that the adrenal glana plays a role in the normalization of
the acid—base Balanée in HCl acidotic ddgs after chronic hypotonic ex-
tracellular fluid volume expansion (ECFV), is supported by the fact that,
’8ham animals .respond but ADX animaly dé not. Interestingly, associated with
thif.; response are dramatic increases i e plasma aldosterone
concentration and rates of Urinary aldosterone excretion (%0).

Similarly, NH,Cl induced metabolic acidosis in man also stimulates a

rise in the plasma aldosterone con'éntration (21Y. Since adrena-

lectomy leads to a reduced ca for acid/eéxcretion when compared

to infact_or'steroid replaced animals, .the \adrenal gland appears to

- 9
have a beneficial effect on acid excretion.
Several explanations for the’ above observations “are possible.

. “, *
Firstly, adrenal steroids, par cularly aldosterone, are essential for
Nl

the maintenance of potassium lance. Several lines of evidence

indicate that this effeat is im
. ”.
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excretion. A classic experiment by Szylman et al (18) strongly
supports this notion. By normalizing the §otassium béiance in a
patient with “reduced rates of amgunlum excret;;1, and hyperkalemlc
metabolic E;SHOSLS, the/acih-base dzsturbance disappeared. This
effect was documente 11e the patient contlnued to suffer from a >
deficienéy of‘aldosterone.\ The authors propesed that potassium

s

retention and hyperkalemia effectively interfered with the excretion
of ammeonia. Such an efféct had alre;dy been documented in paired
studies on normal subjects given potassium suppleménts in their diets.
Thg results show that potassi&m chloride reduces the capacity for
ammonium and net acid exéretion after ammonium chloride loading (22).
Normal rats receiving potassium chloride supplements either chronic-
ally or achtely are equally sensitive to these suppressive effects
(23,54,25) wﬁile hyperkalemjic ADX dogs exhibit a reduction in renal
acid excretion which, at least in part, is attributable to potassium

[3
retention (16).

.

A number of mechanisms have been suggested to explain
how potassium exerts its effects. Tannen et al (23) working on
kidney tissue slices showed that potassium reduced the production of

ammonia. In addition, because potassium increases the renal blood flow

-
[

(RBF) (26) ammonia is diverted from remal tubular cells to peritubular blood
rather than to. the tubular fluid and ultimately into the urine.-
This wouid result in a fall in the rate of ammonium excretion.
Countefacting such an effect is the resultant'increase in glu ine
delivery (27} for ammonia synthésis, As yet, the relative
ks

importance of these two effects are unresolved.

// Potassium may also influence urinary_acidification Ey com—
peting with hydrogen ions for secretion from renal tubular cells to

“

N
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tubular fluid (28)}. This view is suppofpéd by numerous experiments

ﬁ’in which the adminisé?ation of potaésium salté yaé demonsgrated to 'y
eﬁhance the secretion of potassium while inhibiting the secretion of
hydrogen ions (29,30,31,32)7 V .

It seems likely that both the lack of ammonia as a buffer th//

the diminished rate of hydrogen ion secretion contribute to reducei
. <
rates of acid excretion. In view of the fact that adrenal insuffiéiendy
leads to potassium retention and hyperkalemia and stercid replacement
promotes potassium excretion, an increase ;n a:id excretions is expect~
éd secondary. to their kaluretic effect (12,19).

I Secondly, several lines of evidence indicate that changes in
sodium: metabolism lead to important change%:in hydrogen ion secretion
and consequently urinary acidification. It is therefore é possibility
that the effects of adrenal steroids:on acid excretion are secondary to
the maintenance of sodium balance. This is emphasized in the following
stuéies.' |

After ad?enalectomy Ditella et al (33) were able to reétore
no;mal rates.of ammonium and net acid excretion and Eisvent meéabolic
a;idosis by simbly Salt‘loading the animals‘to prevent ECFV contrac-
tion and a large reduction in GFR. lTherauthors concluded that "ammonium
excretion rates were ;ffected by changing distal’scdium -delivery rates
rather than by an action of mineralcorticoids per se.

That ADX rats can be maintained in acid-base balance witp salt supple-
ments has been supported by éther authors (34,35). Analdosterone human
subjects are maintained wighout an acid-bage disturbance if an adequate

sodium intake is preserved (36).

Under different. experimental conditions, changes in the distalnephron

sodium delivery rates have’ been examined.Its importance in contributing,ao
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the capacity for net acid eXcretion has been supported in studies
designed to correct metabolic acidosis by ECFV expansion (20,37,38)

or to increase acid excretion by maintaining subjects on a sodium free

-
-

diet. In the latter case the induced increase in sodium reabso;ption

led to intensely acidiq urine with increased rates of amm;nium and net
acid excretion (39). BAs mentioned above, chronic‘hypotonic ECFV expan-
sion corrects HCl metabolic acidesis in intact dogs but not in ADX animals

(20). The difference is accounted for by a mineralocorticoid effect

- on the distal nephron avidity for sodium reabsorption (20). However,

when ADX dogs were subject2d to an acute isometric expansion of the

ECFV, increased rates of acid excretion followed {40). The different

results obtaineé may be related to the diﬁference in distal nephren’
sodium delivery rates. Si%ce éhe proximal tubule function is seﬁsitive
to ECFV expanéion, inc:easéd soéium deiivery t6 the distal nephron

would enhance tﬁe transtubular potehtial and facilitate the secretion of
hydrogen ‘ions (41). 1In éypotonically expénded_Abk animals 1t is po&sible

that their filtered load of sodium was too low.for a sufficient increase

in the distal nephron sodium delivery rates. As a consequence, the

I

- i Y
excretion of acid would not be increased (41,42). By increasing rates of

sodium delivery to the distal nephron with 'sodium phosphate infusions,
titratable acid excretion is also increased in ADX dogs albeit less
than in animals receiving mineralocorticoids (16). Consequently, rates
of net acid excretion are affected by the distal nephron sodium delivery
S’L . : _
rate and its avidity for sodium.
In considering the importance of the adrenal gland in contri-

buting to a normal capacity for acid excretion, the direct effects of

steroids are of interst. There is evidence that adrenal steroids.

-




facilitate the secretion of hydrogen ions and the productioh and

exbrefidh of ammonium. In experiments on ADX'dogs, after controlling for
both sodium and potassium balance a defect in acid excretion persisted
(43). while infusing ADX dogs with sédium phosphate, animals replaced
with mineralocorticoids were able to increase the rate of acid ?xcretion
more than non-repiaced animals, despite équivalent distal tubular‘
d;iive}y-rates (16) . In other experiments on ADX dogs, increasgg rates

of acid_e#creﬁion are seen by combining potassium deple%ion with mineral-
ocorticoid replécement. When amilorjde is given, it prevents this increase
Sy specifically blocking the reabsorption of sodium and the subsequent
generation of a lumen negative potential difference. Accordingly, the
increased rate of acid excretion is.dependant on an effect of the min-
-égalocorticoid (44) . Aldosterone also promotes hydrogen secretion in the
absence of 'sodium reabsorption. This is shown by the fact that even

after blocking the aldosterone mediated sodium reabsorption with actino-
mycin D hydrogen ion excretion persists (45). In patients suffering

from metabolic acidosis and hyporeninemic hypoaldosteronism, mineralo-
.corticoid replacement augments renal hydrogen ion secretion. This
improvement occurs even in the absence of ﬁre—gxisting potassium retention
and reducgd rates of ammonium excretion (19). 6

\/,/éonsiderable attention is being given to ﬁhe effects of

adrenal steroids on ammonia production and excretﬁon. Invariably,
.

miner&iocorticoid replacement in ADX animals +increases the rate of ammon=-
ium eﬁcretion (11,12) . These observations have been extended by the
finding that aldosterone replacement leads to increases in ammonium
excretion without inducing k;luresis or hypokalemia (46). In vitreo studies

using isclated kidneys taken from aldosterocne treated rats confirm these

preliminary observations. Glucocorticoids were also shown tc normalize



the rates of ammonia production in kidheys ;akenufrom ADX rats treatéd
with triamcinolone when coﬁpared to intact rats. Later a mechanism was
proposed to explain these results. It is believed stercids increase the
permeability of the mitochondrial membrane to glutamine thereby supplying
glutaminase I with a substrate for ammonia production. Ultimately this
ammonia diffuses into tubulér fluid to buffer secreted protons (47}.
Circumstantial evidencelsupporting a role for aldﬁste;one in
renal acid excretion comes £from work by Bummell et al (48}. ter dogs
. ) -

are potassium depleted, a dramatic decrease in the rate of ammonium and
net acid excretion is seen aséociated witp a fall in blood pH and pl&sma
bicarbonate concentrat}on. A possible m;;ﬁénism, to explain these reduced
rates of acid excretion involves the effects of aldosterone deficiency
secondary to potassium depletion (49). This explanation is particularly
attractive in view of the apparent dependancy of adrenaiectomizéd animals
and man on mineralocorticoids for a normal capacity for.acid excretion
(11,12,16,17,19).

| Recently, a n r of investigators have begun to examine the
effect of mineralocorticgifis on hydrogen ion secretion. Some believe
aldosterone promotes acid excretion by stimulating the reabsorption
.of sodium, thereby generating a lumen negative potential difference in
collecting ducts for proton secretion (50). ﬁowever, aldosterone stimulated
secretion can occur in the absence of sodium reabsorption. As menticned
above, after sodium reabsorption is blocked by Actinomycin D, proton
secretion persists (45}. These observations have been extended by Qais
Al-Awgati et al workingwf&1&eémtb-ur}nary bladder (51}. Their study
revealed_that aldosterone does stimulate hydrogen ion tfgﬂé£ort independant

R -

-
of sodium transport. Further, they showed that aldosterone does not

increase the force of the proton pump ie. maximum proton gradient,

-




against which it can pump, but it does facilitate the flow of pfotoés

through the active transport pathways.. In view of-these findings,

without invoking secondary effects of the adrenal gland, aldosterone may,

# least in part, contribute to the excretiom of acid by a direct mechanism.
In addition to the effects of sodium; potassium, and- steroids,

the interpretation of reduced rates of acid excretion requires some

“

knowledge of the effeéts of urine pH, urine flow rates, food intake aixered
qlgmerular filtration rate and the contribution of exﬂégrenal mechanfisms
ip:thg defense against acidosis. Variations in the pH and flow of urine
primarily affiect the excretion rate of ammonium. The explaﬁation for

this effect/ follows from the belief that ammenia synthesized in renal
tubular celis diffuses down its concentration gradient into either the

peritubular environment, or into the tubular fluid. A certain portion

of this ammonia, depending on the pH of the new environment, becomes am- ~—
monium . Appropriately, this mechanism for ammenium excretion—is referred

' )
to as the "Theory of non-ionic diffusion” (52). Because onia

becomes ionized, the effective concentration of ammonia is d creésed.

-~

!
%

Consequently, further diffusion of ammgnia down' its concentration gradient

is promoted. _The effects of such a mechanism are demonstrated in experiments
by Balagura et al (53). After injecting ammgnium and creatinine into
chronically acidotic dogs, ammonia appears in the urine before creatig@ne
indicating that ammonia must diffuse-acrbss thé tubulatr:cells t6 be found

+n the urine before filtered créatinine, Qhéﬁﬂkhe experiment is repeated

in acutely alkalotic dogs only trace amounts of ammonia appear in the

urine indicating that even filtered anmonigﬂﬁrst diffuse back to blood

from the tubular fluid. In conclusion, the net diffusion of ammonia in

the dog appears to be determined by the hydrogen ion gradient. Prédictably

-/

the rate of ammonium excretion is decreased in the rat, when its

~



urine pH is increased following the administration of a carbonic anhy-
drase inhibitor or 'after injecting sodium bicarbonate (54,55). 1In
contrast to data available on the dog and ih man, ammonium-excretion
in the rat appears\to be more dependant on systemic factors rather than
on the pH of urine per se (55). For example, a marked increase ig'
ammonium.excretion is seén in ammonium chloride acidotic rats while a
decrease in the rate of ammonium excretion is produc;d by sodium
bicarbonate infusion. When diamox is given iptravenously to acidotic rats
a rise in urine pﬁ“is seen without a change in the pH of ECF: Con-—
trary to what is expected, ammonium excretion does not fall signifiantly
despite an increase in urine pH similar to that seen after sodium

- bicarbonate infusion. Similarly when a fall in urine pH is induced
without a change in blood pH using sédium sulphate intravenously, only
a small increase in ammonium excretion %; found. This is in sharp
contrast to the effects of HCL infusion on ammonium excretion in normal
rats. ‘Here, although the pH of urine decreases less, a much greater
rise in ammonium gxcretion resultsl In the interest of this study,.
although systemic factors appear to be more important, the effect of
urine pH albeit smaller than that seen in the dog and man, warrants
consideration.

Urine flow rates also influence the excretion of ammonium.
Increases in urine flow rates are thought to dilute the ammonia in the
tubular fluid and by decreasing its concentration, facilitate
th diffuéion of ammonia from the tubular cells. Such a mechanism is

onsistent with changes in ammonium excretion rates seen with increased
urine flow rates in normal human subjects (56). The authors stipu-

lated that ammonium excretion varied directly with increases in urine

flow rates when the urine pH was within the alkaline range. Ammon ium



excretion proves to be independent of urine flow rate when the pH of
' urine is petween 4.8 and 6:0. In the dog, rates of ammonium
excretion is similarly unaffected by urine flow rates when the pH is
.less than 5.5 (57). Tannen (58) extended these observations to

show that urine flow not only increases the excretion of ammonium
but of net acid. Of historic interest, Eggleton in 1947, had already
suspected that, by varying the urine flow rate, the ammonium output
is cﬁanged (59).

Given the finding that adrenalectomized rats excrete less
acid than intact animals, alternative explanations to that of a renal
impairment are possible. Sin net acid excretion normally reflects
the rate of the endogenous acjz produgtion (60,61), it‘is possible

that a reduction in food intake per se could alter the rate of
acid excretion independent of other changes. Alternatively, in
view of éhe fact that the filtered load of bicarbdnate,'sulfate and
phosphate are in paéf dependant on the glomerular filtration rate,
and to an important extent influence renal acid handling, its changes
in adrenalectomy are impor?gpt. The glomerular filtration rate
/

is markedly reduced in adrenalectomized rats (62,563 ,33). However,
several authors have shown that this is not an issue when animals are
maintained with saline. Such animals exhibit glomerular filtr;—
tion rates indistinguishable frem that of intact rats (64,35,33).

In addition to tissue buffering, several investigators have
given eviﬁence fof extrarenal mechanisms contributing to the dis-
position of unexcreted acid. Continuous positive acid balances are

seen among normal subjects during periods of chronic stable ammonium

chloride acidosis (65). - A contribution . by bone alkali is suggested
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- by changes in bone structure seen in rats made chronically acidotic

. with ammonium chloride (66,67 . It is féhhd that such animals devel-

<.
op osteoporosis as both the reabsorptieon of bone mineral and matrix

increase. Finally, in man, £t has been calculated, the amount of
acid retained during ammonium chloride induced acidosis is matched
- ‘ '

on an equivalent basis by a negative calcium balance (68).

There are basically two mechanisms by which bone could
affect fhe excretion of acid in adrenalectomized rats. Firstly,
as a consequence -of metabolic acidosis, bone resorption would leall
tc a decrease in the rate of acid excreted by an amount egual to
that buffered by released alkali. Such aldecrease in acid excre-
tion would not represent an impairment although the cause of the meta-
bolic acidosis would still require separa£e consideration. A
second or indirect mechanism should also be considered. For example,

if adrenalectomy were to stimulate the production of parathyroid

hormone or if ionized calcium Icn were to decrease, one could postulate

a parathyroid hormone (PTH)-induced acidosis(69). Availlable evidence suggests

that PTH would be decreased secondary to the retention of calcium

known to occur in the adrenal insufficient man (70). Consequently,
a contribution of bone to acid regqulation would not rule out a
defect in renal acidification arising from the absence of adrenal
hormones,

The following experiments were designed to isolate the
effect of the adrenal gland per se on rates of net acid excretion.
Therefore, by using dietary manipulations,” attention was given to

controlling non-adrenal variables known to impair urinary acidification

in ADX animals. The variables successfully controlled were hyperkalemia,

b
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sodium depletion, éhanges in food intake, urine pH and urine fiow rate.
The results'indicate that under these controlled conditions reduced

rates of ﬁet acid excretion persisted in ADX animals both with and without
ammonium chloride loading. Furlther ,adrenal steroid replécement pre- )
vented the metabolic'acidosis seen in ADX animals maintained in sodium

*
balance without hyperkalemia. Consequently, it is concluded that the

adrenal gland is essential for normal rates of net acid excretion.

4
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Methods -
R ST

A. Experimental Rationale "
These experiments were carried out on 87 male Sprague-
. Dawley rats bred and raised in a climate-controlled animal facility

at the University of Ottawa. Over 90 animals were used in preliminary.

e

experiments to develop a satisfactory experimental design in which the '
potassium status as well as food and sodi;m intake were controlled.
Pilot studies were designed to evaluate whether or not ADX
rats developed metabolic acidosis. Since ADX animalg maintained with
saline did not become acidotic, NH401 loading was introduced to further
challenge these animals. A final protocol in this sgction included a

LY

comparigon of the systemic acid-base status between ADX and sham rats

of %iignéiectomized'

rats to retain potassium was circumvented by inducing potassium depletion

paired for food, saline and NHACI intake.

In experimental protocols the propensi

by dietary potassium restriction (Groups IA, 1lA - Table 1). Because

this, in turn, led to polydypsia and polyur the sodium concentration

in the drinking water of sham rats eating a normal dlet was doubled to
equalize thelr sodium intake (Group 11B). Potassiu chloride was added

to the drinking  solution of control animals to achfeve a less negative

potassium balance. As a result of changing the diethry intake of '
potasgium and sodium, and pair feeding, we were able\§Z appropriately

manipulate potassium stores, sodium ingestion and excretion, and food

N

intake between paired groups. ?
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Results of early experiments showed that potassium-depleted

adrenalectomlized rats excreted less net acid than control rats eating a

normal potassium diet. A subsequent pr;tocol giving ADk rats a normal
potassium diet (Group III -lTab1e~I) was carriled out to determine if
reducing potassium stores per se, in adrenalectomized Tats, interfered
with the renal excretion of acid.

‘All animals were Ftudied under control conditions with and
without NH4C1 loading. In Groups 1, 11 and 111 the five-day acid period
consisted of a single bolus of 10 mEq NH401/Kg on day one, followed by a
two-day observation period. ‘This enabled us to observe the response of,
our animals to a mild acid challenge as well as éerving as an induction
for ammoniagenesis for the sd%sequent large acid load. It consisted of
10 mEq NHACI/Kg B.I.D. 09 days four and five and represented a severe acid
challenge which clearly separated the responses of ADX and sham-operated
animals. -

Our results showed considerable baseline variatilon among rats
during the control period. To avoid the effect of baseline variation, we
expressgd our data as a change from the mean control values for each rat.
Consequently, tﬂis approach required that each animal be studied to the end
of the acid period. Since muscle potassium content analysis required that
we sgcrifice the animals, another group of rats, Groups IV A-D, were £reated
identically to those of Groups 1, 11, and 111. This enabled us to obtain
systemic acid-base and electrolyte valués corresponding to the end of the
control period and gave us gome indication of the effects of control péfiod
treatments and condition of the animals before NH4CI loadin. .

Finally, because profound metabolic acidosis was obgerved to be

associated with a defect in net acid excretion, and because this defect was
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‘hypothesized go'be due to the abaence‘bf adrenal steroilds, rather than

~due to changes in other factors altering urinary acidification, a steroid
replacement protocol was undgrthken (Groups V A-C, Table 1). To be certaid

that adrenalectomized rats did not have higher potassium stores’than ///
adrenalectomized rats, éiven st;¥oidB (VC), these anaggls were potassium—deplgt-
ed the (Group-V-A, Table 1). To.provide an indicafion of the degree of
restoration of acid-base balange induced by the steroids, sham—;perated .

animals were treated similarly to the steroid replacement group (Group V-B,

Table 1).

B. Pilot Studies and Experimental Protocols

a) Pilot Studies

1) ADX rats, maintained on .9Z-saline and Purina Rat Chow.—-—

Sixteen ADX and 16 sham-cperated rats were maintained on .97 saline and
Purina -Rat Chow for 13 days. On the fourteenth day all rats were anaesthe-

tized and blood and tissue samples were taken.

ii) Potassium-depleted ADX and Sham rats given KNH, Cl containing diet ad

1ibitum.——Twenty ADX and 20 sham-operated rats were given free access to a
low-potassium diet and }97 salf;;\E3?/7 days. On days 8, 9, and 10 all rats
received 107 NH4 thely low potassium diet and .457 saline containing
75 mEq/1 NHacl. On day 11 the animals were anaesthetized and blood and

tissue samples were taken.

i11) Potassium-depleted ADX and sham rats paired for NH,Cl, food

and drink intake.--Each gham rat was given the equivalent weight of food and

drink consumed by its ADX pailr in the previous 24-hour period. Both groups

—

recelved a low potassium diet and drank .97 saline for the duration of the
experiment. On days 6, 7, and 8 all rats received N3401 10 mEq/kg B.I.D.

On day 9 all rats were anaesthetlzed and blood and tissue samples were taken.

~

-



ﬁ{\ '
16
1

b} Experimental Protocols

1) Group lA-ADX and 1B-sham.--Five animals were adrenalectomized,

maintained on a low-potassium diet and given .97 NaCl to drink. These
animals constituted Group IA. They were placed in qetabolfﬁ balance cages
immediately after adrenalectomy with the first day of the control period
commencing three days after surgery. The control period was eight days in
duration and was followed by a five-day period in which a small and large
acid load was given. The small acid load consisted of two molar NHACl
solution gavaged in the amount of 10 mEq/Kg body weight on'day one. After
a two-day period of observation folr more gavages were given B.I.D. for
two days constituting the large acld load. The amount of food and saline
drunk by this group of rats dictated the amount ingested by their sham
partners. Group IB.eonQisted of five sham-operated animals eating a low
potassium diet and drinking 0.9% NaCl to which .5 mEq/l KCl was added.

The control period of these animals was starteé four days after the sham
operétive procedure and the cont;ol and acid-loading periods were carried

out as indicated above in a paired fashion.

11 'Group 1IA-ADX and IIB-sham.--Six adrenalectomized rats eating

a low-p tassihm diet and drinking 0.9% NaCl cpnstituted Group ITA. They
were paiied with six sham—ﬁperated rats eating a normal potassium diet and
drinking 1.8% NaCl to which 1 nEq/1l of KC1 was added. Group ITA aué Gréup
IIB were treated in a fashion identical to that described for Groyp 1A and
Group IB except thaﬁ both groups had free access to their respective drinks.

1i1) Group III-ADX.--Five.adrenalectomized rats constituted Group

III. These animals ate a normal potassium diet and drank 0.97 NaCl. The

control period and acid-loading perilods were identical to that noted for Groups :

TA, IB, IIA and TIIB. However, there was no paired control for these animals. As

—
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already noted in the experimental rationale and Table I, these animals

were compared with Group IA adrenalectomized rats on a low-potassium diet
for the purposes of exploring the effects of potassium depletion in adrenql—
ectomy.

)
i) S&stemic values for control period groups IV; A, B, C, and D.—-

Six adrenalectomizeg animalq eating ; 1ow~potassium diet, drinking 0.97 NaCl
constituted Group IVA, .51xgsham—operated animals eating normal potassium

food and drinking 0.9% NaCl to which 0.5 mEq/l KCl was added constituted Group
IVB. Six sham-operated animals eating normal potassium food and drinking 1§fz
NaCl, to wh;ch'l mEq/1 KC1 was addeq, constituted Group IVC. Six adrenal-
ectomized animals.eating a normal potassium diet and drinking 0.9%7 NaCl consti-
tuted GEPUP IVD. “>These four sub—groups of animals were treated as Group I,
Group II and Group 1II above, up to the end of ghe control period. No acid
loading was undertﬁken in these animals. Rather, at the end of the control
peried, these animalszeﬁé sacrificed and systemic blood was taken for acid-
base ‘and electrolyte values., Kidneys were then removed for histological
examination for lesions of potassium depletion, and muscle. samples were taken

to determine potasgium content.

K_,//”/ﬁ> v} Hormone replacement, Groups V; A, ﬁ, and C.--Twelve adrenal- f
ectomized animals eating a low-potassium diet, drinking 0.97 NaCl constituted
Gréup VA. Twelye sham-operated animals eating normal potassium food, drinking
0.9% NaCl constituted Group VB. Twelve adrenalectomized animals eating a
normal potassium diet, drinking 0.9Z NaCl constituted Group VC. This protocol
was 18 days in duration. The additional five days (when compared with Groups I,
II, and III above) were dev;ted.to the administrationm -of two microgrammes aldo-
sterone and one micrograﬁme dexamethasone B.I.D. to Group VC while Group VA
received oil injeétions. On the morning of the nineteenth day, all animals were

sacrificed and blood and tissue samples were taken. e

~
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. C. Surgery N . . B .

Male Sprague-Dawley rats, bre§ in our colony and housed in

climate-controlled rooms were used in all experiments. Rats were anaesthe-
'fized with 10 mg Nembutal i.p. and a three-inch wide dorsolumbar area was
shaved. A unilateral one-inch incision thfough t£e outer skin layers was
made begin;ing one half inch from the.animal's vertebral column and running
a transverse‘course one half inch below the costal margin. At the end of
the incision a small opening was made into the abdominal cavity by gently
separating mﬁscle fibers of the abdominal wall. - A hemostat wﬁs inserted

and the abdominal wall was presséd along the incision 1ing. Using small
scissors, 1t was cut along the hemostatic line to avoid sanguin;tion. Usi?g
cotton-tipped ﬁéobes, the adrenal gland was localized and manipulated into
clear view. A small clamp was applied onto the supporting tissues holding
thg adrenal gland. Along the surface of the clagp, opposite the side of the
gdrenal gland, a single cut thfough the .supporting elements réieaseé it in
one pilece. ‘Intact adrenal glands taken from rats during any give; operaf;be
session were placed into labelled, formalin containing vials. Subééquently
they were examined to ensure mo pieces or whole glands were missed. , Complete
removal of the adrenal glands was coﬁfirmed by inspection at the end of the
experiment and by radioimmunocassay for aldosterone in plasma samples from.
eagh rat. The muscle and skin layers were sutured sebaraéely and the
pfocedure was repeéted for the contralateral side. Sham-dperatéd rats under-
went identical operative procedures except for the reﬁoval of the adrenal

glands.

D. Balance Technique

a) . Metabolism Units

The metabeolism unit was used so that food and drink intake could

be accura;ely determined while 24-hour urine collections were being made.
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Each unit consisted of a cage having a wire floor placed over a urifig-

feces separator (see Figure 1). A food jar was placed at the end of a
feeding tunnel and a drinking soufce was accessible through a small

opening 1n the front wall of the cage. Any food or dr;nk not consumed
waa.re;overed from the source or from catch trays placed in su;h a position
as to prevent any losses by spillage. Through adhesion and cohesion urine
flowed to the tail of the separator and {into the urine bottles while fecal
pellets rolled forward by gravity and trajection ahead of the tail and
urine bottles. The tendency for fecal adhesion and subsequent bldckage of
urine flow was greatly reduced by coating the walls of the separator with
teflon. In the laboratory, recovery rates were‘éstimated at 987 by collect-
ing 42 milliliters of water over 2 ﬁEh—m;nute period.

b) Daily Balance Routine .

The chronological order of.activities carried out each day to
determiné the weight of food and drink consumed by each rat as well as the
weight of uriné excreted per 24-hour period is given as follows. At approxim-
ately 09:15 hours all food jars.and drinking bottles were removed from the
metabolism units. Any spilied food was.added to the food jar while spilled drink
was transferred from the catch tray to pre-welghed piastic flame cups. At a
later date, aftef dessication, they were ;e—weighéd in order to determine the‘
weight of the salt remaining by difference. .These values weré.used to correct
electrolyte intake data, thereby avoiding falsely positive electrolyte balances
due to spiiled drinking solutiomns. Clea& urine bottles qgntaining thym;l and
paraffin o0il were weighed. Each rat ;;s briefly held above its cage (so that
initial urine losses as a result of hardling, fell into the.urine bottles),
then transferred to a pre-weighed container; carried to a scale, weighed, éﬁd

returned to its cage. Urine losses into the container dufing this procedure

were measured by difference. The weight of food and drink consumed by each



Fig. 1 ,

Metabolism Unit.

Voo e ,

»



SIWISAY) 10WAHL —ERSR®)— s1mad o
114WYS INAN —H=——— 311108 NI “
Mo Wavavd —[B, - v a0 |
Mol 3N —J Y
g,
O HOWLVAVAIS S1914 INIAN 40 UL
Q
8§

x STIVA Q3LV0I-NOT41L
e

© MOTJ4IA0
NOLLNTOS ONIXNI4A
404 AVAL HIIVI

d0IVaVd3Is S3034-INIAN

001 UM
dVr 0004

~ 13NRNL
ONI334

1004 114§
d04 AVYL HILVD

19V 1vy

311108 9NDINIYG

" LIND WSITOgYIIN
S



22
animal was calculated by subtracting the final weight of each food jar

and drinking bottle from its respective initial weight recorded the
previous morning. After all Jars and bottles were emptied, the calculated

weight of food and drink consumed by each ADX rat was placed into the jars

and bottles of their respective sham-operated pairs (when paired for £food

and drink intake). Bottles and jars to be given to ADX animals were filled
with more drink and food than they could eat. All initial weights were
recorded. Each urine fecés separator was removed, washed with warm water,
dried, and returned to the original cage. If the rat excreted urine while
the separator was removed, it was caught by pre-weighed paper towels placed
under the.cage. The welght of their urine was determined by differénce.

Each urine bottle was then removed and replaced under each separator with

the pre-weighed clean ones containing thymol and oil. Ammonium chloride was
glven to each rat using a gavage needle and syringe as the rat was being held
over its cage. The volume of acid given was determined by weighing the syringe
plus gavage needle before and after the gavage procedure. All food jars and
drinking boﬁfles were returned to the metabolism units. The weights of the
urine bottles containing thymel, paraffin oil and the 24-hour urine samples
were measured and recorded. By subtracting the initial weight of each bottle
from its final weight~EEg/f4-hour urine output for each rat was calculated.
The balance routine was completed by approximately 12:00 hours.

¢) Storage of Urine Samples

After urinary pCO2 and pH measurements were completed (theg were
done ‘promptly aftervthe balance routine), each sample was divided into two
aliquots and frozen with thyﬁol under oil in sealéd v§gutainer tubés. Urine
samples were taken from one tube for titratable acid and electrolyte deter-

minakions while from the othey)samplea were taken for ammonia concentration

measurements.



E. Measurements of Net Acid Excretion Rates

af Introduction and Definition

The net Acid excretion rate is defined as the sum of ammonium
and titratable acid‘ excretion rates minus the bicarbonate excretion
rates. Ammonium, titratable acid and bicarbonate excfetion rates are
\Eilculated by multiplying the concentration of-éaéh in urine by the urine
flow rate. The methods for determining the concentrations of each component
of net acid excretion are described below.

¢

b) Ammonia Concentration Determinations

i) Chemical events in ammonia measurements (71).--The Oriom 95-10

ammonia electrode was used to determine the concentration of ammonia in urine
(Figure 2). The electrode consists of an internal reference element which

responds to the fixed concentration of chleride in the electrode solution,

————
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a sensing element which responds to changes in the hydroxide jon concentration

in the elec;rode golution and an ammonia permeable membrane which separates
the electrode solution from the sample to be measured.
Dissolved ammonia gas, in a given sample diffuses across the ammonia
' nembrane into the electrode solution until the partial pressure of ammonia is
equal on both sides. A :irtain amount of gas, directly proportional to the
pressure of the gas (Henry's Law) will dissolve in the électrode solution,
react with water, and form ammonium and hydroxide ions. The potential of the
electrode seﬁ%}ng element with respect to the inner reference element varies
+ In a Nernstian manner with these changes in the hydroxide ion concentration.
Since changes in the hydroxide ion concentration are proportional to the
changes in the ammonia concentration, the potential of the electrode also
varies in a Nernstian manner with changes in the dissolved ammonia concen-

tration in the electrode solution. The resulting electrode potential is



Fig. 2
£ ;

Orion 95-10 ammonia electrode (priinciple of

operation).



FIGURE 2
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described by the Nernst equation.

E = E'O - S log [NH;]

" where E is the ammonia electrode potential in MV and E'0 is determined
by the internal reference element and S is the electrode slope.

ii) Electrode response: physiochemical consideration.--The

ammonia electrode responds to the free base form of ammonia in a given
sample. However, in acid ﬁH urine, ammonium represents at least 99Z of
total ammonia (ammonia plus ammonium) in the solution. The relative
amounts of ammonia and ammonium in such a solution are determined by ‘pH,
ionic strength and temperature. The relationship between pH and the
ammonia forms, under varying conditions of temperature and ionic strength

i described by the Henderson-Hasselbalch equation: f

Antilog (pH - pKl') :I-:__NE;_I_
b+
The value for pK' varies with changes in ilonic strength and temperation
and represents the equilibrium constant for ammonia, pH represents the
free hydrogen ion concentration in the reaction medium while[NH;l and[NHZ"]
represent the molar concentration values for ammonia and ammonium'iﬁ the
game medium. By substituting a urine pH of 6.00 and a pK' of 9.20 into

the above equation, the relative concentrations of ammonia and amonium

can be calculated:

Antilog (6.0-9.2) [l o063
=X
D™

This means that more than 99% of the total ammonia in the sample is in the .

jonized form. Since the electrode only responds to the free base form of
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ammonia, and the relative concentrations of ammonia and ammonium are pH

dependent, the samples were alkalinized so that the free base form repre-
gsented the total ammonia concentration in the samples. The addition of
one milliliter of ten normal sodium hydroxide to 50 milliliters of samplé
increased the hydroxide concentration to appFoximately 200 mEq/1 which 1s
equal to a pOH of .69 or a pH of i3.31. Then by substituting 13.31 iﬁto
the Henderson-Hasselbalch equation, and solving for the ratio of [@H; to
[NH+11, the calculation shows that more than 99% of the ammonium was
converted to the free base form enabling it to be measured with the
ammonia electrode. -

As has been stated, the value for the equilibrium constant pK
varies with temperature and ijonic strength (71). Published reports
indicate that by varying the temperature of a dilute ammonia solution
from 5°C to 37°%¢ the pK' #alues change from 9.87 to 9.22 (71) . This
means that aftef adjusting gample pH to approximately 15, guch differences
in temperature would increaée the free base form from 99.94%7 of total
ammonia to 99.997. Similarly, over the range of ionie strength normally
found in urine the pK' values vary from 9.05 to 5.95 (71). This means that
changes in urine ionic strength per se could increase Fhe proportion of free
base in a given solution from 99.989%7 to 99.991%. In view of the fact that
variations in temperature and ionic strength on the amount of free base in
sample ions 18 much less than 17, 1t was concluded that the cqncentration
of free ammonia buffer after alkalinization was a good representaéion of the
gpn;engiation of total ammonia in measured samples despite potentially large
variations in the sample temperature and ionic strength.

The first event leading to an electrode response to a solution of

ammonia is the diffusion of the free base form across the ammonia membrane

L]
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into the electrode solution which determines the magnitude of the

change in the electrode potential. Ammonia diffusion ceases and the
electrodghpotential stabllizes when the partial pressure of ammoniﬁ is
the same on bot; sides of the membrane. At this point the concentration
of dissolved ammonia in the electrode solution will be determined by the
concentration of ammonia in the sample and the vglues for Henry's constant
in the electrode solution and.the sample being méasurei. Singe the
electrode response is used as a measure of the concentration of ammonia
in a given sample, changes in the amount of ammonia dissolved for a given
NH3 gas tension resulting from variations in Henry's constant in the two
compartments would represent a source of analytical error. Since Henry's
constant varies with the temperature and the level of dissolved species,
attention was given to identifying existing variations in these
factors in my measuring system. //,/’/
The electrode solution was examined fi;st. The value for
Henry's constant did not vary because its composition was not altered and
it was stored and used at room temperature. In contrast however, relatively
large differences in osmolality and therefore the value for Henry's constant
among samples were possible. Published mean urine osmolality values for
groups of rats comparable to those studies here were 374 £ 51 milliosmoles
(n « 11) and 1070 t+ 60 milliosmoles (n ; 12) (72). To reduce these differ-
ences in osmolality, 2 milliliter aliquots of urine samples were diluted
;ith 48 ml of distilled water. Assuming the urine osmolalities noted above
were comparable to those reported here, dilution would have reduced the
values to approximately-lifhnd 42 milliosmoles'respectively. Theﬁ, by
'alkalinizing the samples ‘with 1 milliliter of 10 N NaOH per 50 milliliters

oy 1 .
. =2
of diluted urine, the range of osmolalities among samples was reduced as a



percent of the mean value to 415 and 442 respectively. Kccordingly,

significant differences in Henry's constant among groups\ff rats as a \\\ ya

result of iﬁrge differences in osmolality would not have been seen.
Differences in temperature among samples was not expected since all
pamples were diluted with distilled water, stored at room temperature and

subsequent measurements were also made at room temperature.

1i1) Ammonia concentration determinations.--The method of
measuring the concentration of ammon;a buffer in the urine with the
ammonia electrodé involves making a standard c;rve, diluting samples,

' measuring the electrode potential for each sample and caléulating the
ammonia concentration (%l).

The standard curve 1s a graph representing the relationship
between millivolts and ammonia cogpentration for a given electrode at the
time of measurement . The curve is made by recording the electrode milli-"
volt response to each of six samples having a known ammonila concentration.
The results are plotted as MV versus 1og[FH£l This gives a straight line.
Then, by using the millivolt response of the electrode to a Bample'of
upknown ammonia concentration, its value can be interpolated from the
calibration line.

Calibration curve samples were preparéd by adding estimated
amounts of Nﬁbcl directly into pre-weighed 100 ml volumetric flasks and
then measuring the exact amount by difference usingrthe analy&ical balance.
Each sample was made up to mark with .1 N NaNOj solution and sealed until

measured. FEach flask was emptied into 100 ml beakers placed on a magnetic

stirrer. A teflon—coated stirring rod was added and the stirring rate was

set at 3.5. The electrode was rinsed, blot-dried in position A, and placed .

>

into position B so that its tip was immersed in the diluted sample at a 20°
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angle. While étirring, 1 milliiiter 10 N NaOH per 50 milliliter sample was

addéd and MV readings were recorded every 15Iseconds for approximaﬁelf 2 minutes.
The elec}rode was then remove§ from the solution and replaced into position 4,
rinsed with distilled water and blot-dried. The stirring rod was removed; Tins- \\
ed, dried and the procedure was repeated for each of the remaining solutions.
f%iluted urine samples from ADX and sham-operated rats. were alternativély

measured. After a stable electrode potential was ;Ebordeg,for each solution,

the calibration line was drawn. To avoid er%ors of judége t in drawing and

reading the calibration‘line? the ‘equation of ché regression line of least

' squares fit was calculated for (x, y) where x is the electrode potential in

millivolts “and y 1s the log of the corresponding ammonia concentration and

m is the slope of the line, by substituting into:
Exgy . Sxfy 2
Exy === p= £y _ mfx cor. E.xy - ==
—_ 8 ) 99 [ 2
m= —— - coaﬁv-\ P g
Exz _ (Ex)z ie b=y - nmR . -

n b= bt - nha : [&2_ (%)j[iyz'(%)j

The calculated values m and b were substituted into y= mx + b

'

so that the NH3 concentration in diluted samples y could be calculated by sub-

stituting the electrcde potential for a givenéaéﬁple X into the equation.
ea

iv) Accuracy and precision of NH3 surements. In order to get some
indication of how close our measured numbers were to\%he true values of our

samples, an estimate of accuracy was made by comparing carefully prepared standards

for comparison. A measure of precision or reproducibility was obtained by measurQ\\

N
5

ing numerous samples from a given standard source both during a given measuring
session and among samples measured on different days. Reproducibility was ex-
pressed as a coeficlent of variation and is defined as :ﬂﬁ?.

Table II shows data from an experiment designednto measure electrode
accuracy. Ten different NH,Cl samples were made by placing an approxiﬁatéd

weight of NH401 granules directly into pre-weighed 100 ml volumetric flasks

and determining the exact welght by difference. The calculated values for \\\\’

3]
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NH4C1.concentrations‘afFer the addition of distilled water up to mark
were consistent with the measured concentratioms of chloride and therefore
vere used as the accepted values for the solution.

P " The ammonia concentration of each sample used was then measured

with the electrode. .The results showed that the values for NH3 concentra-

.

tion for the 10 samples, on the average, were within 27 of the accepted
value when measured with the NH3 electrode. In order to determine the
accuracy of the NH3 measurements in diluted urine samples, NHACl granules
were added directly into pre-weighed 100 ml flasks and the exact weighf,
determined by difference, was used to calculate the conceﬁération ;hen made
up to mark. -Ten milliliters of pre-measured urine and 90 ﬁl of distilled
water ﬁere subsequently added and the final mixture was measured. The
results showed that; on the average, the accuracy of the measured values
were within 2% -of the calculated’values.

Table II shows data from experiments designed to evaluate the
precision of NH3 measurements when prepared and measured as described ip
Hethgds. The coefficient of error for nine consecutive measurements of
nine samples independently prepared from & single source was 3.0%. Four
samples were measured after 6idays to see if freeziﬁg per se had an effect

A - .
on ammonia concentration q§terminations. A paired t-test revealed the
ammonia concentration w;s n;t different after 6 days of freezing.

.

" v) Balance studies: sample handling and NH, measurements.—-—
-

Reproducibility and the effects of long perieds-of freézing were the two

o .
most important issues associa{gd with ammonia measurements for the
balance studies. To address the issue of urine reproducibility, standards

were interposed between sample measurements. The values for these standards

served as a measure of regroducibility during each measuring session and

32
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among sessions completed on different days. To prepare urine standards
24~hour urine collections from several rats were pooled, mixed and sub-
sequently divided ipto 10.samples; and frozen in separate bottles with
thymol under oi{. When sample containers were removed from the freezer
for analysi%, one of these bottles was also removed and used to prepare
the urine standards as describe& ahove.. For the three groups of samples
“"’measuredjthree different sets of urine standards were prepared. Table III
shows the mean coefficient of variation, calculated from the mean values
for the urine standard for each measuring session for all days on which
samples wefe measured by group. The average values for the coefficient
of variation for Groups I, II, and III were 9.9%: 5.6%, and 4.2% respec-
tively. The data indicate thﬁt measurements made over consecuti&e days
were reproducibie. In order to determine the effects of one to two months
of freezing and storage on s;mple ammonia concentrations several groups
of samples were remeasured after two to fou; months of storage. Results jim

.table IIT show significant changes in measured ammonia concentration did

not occur. Therefore, several months of freezing per se was not a source

!

of significant analytical error. (::;=\
The accuracy of ammonia measurements was evalqated g‘cé;;;ki

the measured ammonia concentration with the calculated values for‘;;;;§\\\
golutions measured with Grouﬁ IT and Group III samples. The results show
that (Table III) the average measured value was within 1.57 for Group II.
It should be noted g t even if the concengfations‘of NH, were inaccurate,
the differences betweeh ADX and sham rats would not change since these

N sampﬂes were alternately measured.
- .

Since/( ibration line represents the changes in electrode

potential with varying concentrations of ammonia and is used for determining

33
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l\_,//{:he concentration of ammonia in sample solutions, care was taken to ensure

its quality and repréducibility. Both the slope of the calibration 1line
and the correlation coefficient of NH3 concentration vs electrode MV were
used as parameters for defining the quality and reproducibility of the curve.
Table III shows the correlation coefficients aqd slopes for the calibration
lines used during measurements of samples from Groups I, II, and III were
comparable and high, indicating the calibration curve per se did notrikgit
the accﬁracy anq precision of these measurements.

Over the course of a measuring session, the baseline value or the
MV reading for. a given sample tends to change. This instability ie termed
"electrode drift" and represents a systematic source of error. Table III
shows the average electrode drift for NH3 measurementsessiqns for Groups I,
IT, and IITI were -.1t§, -.1+.4 and+. 7.5 MV respectively. This data means
that the electrode drift was small and comparable for ali groups. The+t .7
MV drift seeﬁ in Group III represents an increase in NH3 concentration for
any given sample measured at the beginning and end of a sessioﬁ of 3.27. .

Since urine was collected and stored with thymol under paraffin
0il, their effects on the measured value for NH3 concentration in urine
samples was stutied. The addition of thymol to one member of duplicate
urine samples had no apparent'effect on the value for the concentration of
ammonia when compéred to the thymol-free sample. In contrast, traces of
o1l on diluted urine samples interfered with the normal electrode response
by reducing the slope and electrode potential response while increasing the
response time required to achieve a stable reading. These effects were
consistently accompanied by the appearance of black dots on the ammonia
membrane. By using a syringe and needle instead of a pipette for with-
drawing urine samples from under oil in storage, samples were

-

transferred free of o0il to volumetric flasks and the symptoms of electrode
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malfunction did not appear.
. The possibility that substances normally found in urine

interfered with NH3 measurements made with the NH3 electrode was examined
by Cunarro et al (73). They found‘EAH, creatinine, urea, uric acid, amino
acids, proteiﬁs, NaCl, KCl and CaCl2 did not affect tﬂE_Qalidity of their
measurements. In contrast, however%:volatile amines such as.methylamine
and ethylayine do interfere with NH3 measurements (74). In view of the fact
that the level of these substances in urine is several orders of magnitude
below NH3 concentrations found in urine (75), significant interference
would not be ekpected.

-

¢) Titratable Acid -~ Determinations

i) Definition and principle of measurement .~-Titratable acid
refers to the amount of acid excreted in urine in combination Qith filtered
buffers in excess of that which was filtered. It is generated as acid added
to the urine by the kidney combines with filtered buffers. The principle
used to quantitate the amount of titratable acid in urine is based on the
fact that the addition of acid reduces the pH of urine in proportion tec the
amount of acid which was added. Therefore, the amount of alkali which must

2
be added to the sample to restore the pH to plasma values is equal to the
titratable acid. Accordingly, to quantitate the titratable acid in
urine, each sample was titrateq with sodium hydroxide to an end-point pH
approximately equal to the pH of filtered plasma. The titratable acid
was determined by calcu%g;igf the numbef of mEq of sodium hydroxide that
was consumed In the titration using the nofﬁality and volume of titrant

used.

i{) Instrumentation.--The radiometer automatic titration system

oo

was used for*acid titrations. The system was designed to deliver sodium

hydroxide (ABU 11 Autoburetté) to a sample vial (TTA 31 Titration Assembly)

P
/

/
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at a controlled rate (TTT 60 Automatic Titrator) to an end-point of pH

7.40 (Radiometer PHM 64 Research pH meter). The volume of sodium hydroxide
consumed during each titration was registered on a digital read-out on

.

the automatic burette.

111) The titration.--Unmodified, two milliliter-urine samples,
exposed to alr, were titrated at room temperature with .1 NaOH to an end-
point of 7.40. Urine sanples were transferred from storage containers by
Hgyringe and needle to sample vessels. After the tip of the pH electrode

was submerged in the sample, the titration process started automatically

by the push of a button. The titrant was continuously delivered until a
pre-selected pH value was reached. At this point, the titrant was added

in steadily decreasing increments interrupted by increasing ;ime intervals

as the end-point was being approached. The addition of sodium hydroxide
stopped’ﬁhen\;RE'end—point of titrgtion was reached in the time interval )

after the last increment of sodium hydroxide sufficient to complete the

itration to a pH of 7.40. The titrant was standardized by measuring the

vihlume of prepared .1 N sodium hydroxide solution used for titrating 15
milliliters of .1 N oxalic acid in the presence of phenolphthaleine. The
end-point of titration was indlcated by the appearance of a pinkish hue to

the oxalic acid solution.

iv) Effects of lonic strength and temperature.——Ideally the

in vitro alkaline titration of urine to the pH of plasma should be the éxact
reverse of in vivo acid titration of filtered buffers. Sifice the method
depends on restoring the pH to plasma values while assuming the pH decrease
was solely the result of the remal addition of acid, factors other than the
addition of acid or alkali which affect pH would represent a source of error.
In view of this possibility attention wasrgiven to the effects of a difference

in ionic strength and temperature between plasma and urine samples on TA

}
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determinations. )

Firstly, attention was gilven to the effects of lonic strength.
The pH of urine decreases with the renal addition of acid and with
Enc;éiaes in the donic strength by an effecf on the pK values. Thergfore
to restore urine pH to plasma pH,alkall must be added to increase the pH
decreased by both the ionig strength and the renal addition of acid. The
amountjdffalkali consumed for the former was quantitatively equal to the
amount fhat the TA was over-estimated. However, since the lonic strength
dec;eased urine pH by decreasing the pK while the alkalil used for titrating
urine increased urine pH by iIncreasing the base to acid ratio of urine, at
the end point of titraticen this ratio was higher than in plasma with the
game pH. Therefore the vélues for TA of urine samples were over-titrated.
Secondly, attention was given to the effects of témperature on
T.A. determinations on our method of measurement. Temperature differences
were due to the fact that titratable acid wasg generated in the kidney
at approximately 37°C but titratable acid measurements were made by
titrating urine samples between two pH values at ZéOC. Since the eéuili-
brium constant for the dissociation of acids and therefore the pH is
temperature dependent, the temperature effects on the value for titratable
acid measured by titrating urine at a pH different from 37°C was examined.
The pH of urine at 22°C was found to be approximately .1é pH units higher
than at 37°C. It should be pointed out that although this represents the
net effect Bf temperature on pK values for all acids and bases in the urine
sample, for the titration of monobasic phosphate from the higher pH, it
represents in practical terms, a pK change for phosphate. Therefore,
| by titrating urine to a pH of 7.40 at 22°C, the pK would be 6.92 when compared
to 6.8 at 37°C. In effect, the result is an incomplete titration of mono-

basic phosphate to the equivalent pH of 7.28 at 37°c. This means that when



urine at room temperature is titrated to a pH of 7.40, the ratio is
only that which would be expected at a pH of 7.28 in plasma (considering
only temperature effects). As a result, without correcting for temper-

ature, the values for titratable acid would be underestimated.

V) Titratable acid calculations.-;CIearly then, errors
fesulting from differences in ioﬁic s;rength and temperature between
filtered plasma and .titrated urine aamplés are due to changes in the pK
and therefore pH which in turn represents a differgnce in the relationship
between the pH and base to acid ratio of urinary buffers. To iﬁiif,zﬁﬂs,
the T.A. was calculated by 1) determini?g the ‘concentration of dibasic
to monobasic phosphate concentration in urine, 2) by calculating the
dibasic to monobasic phosphaté ratio in plasma calculated in 1) above
using the plasma ionic strength and temperaéure, 3} calculating the amount
of alkali which would be required to restore the ratio as calculated in 1)
to that which was calculated in 2). Thg calculation was carried out with
the assumption that although phosphaEe, sulphate and organic aniomns,
chiefly creatinine, together contributed as filtered titratable acids
participating in TA excretion, by treating the titratable acids as though
they were all phosphate, apprecfgble errors were unlikely. This assumption
derives support from the fact that the pK of phosphate is closest to the pH
of urine in these experiments while phosphate excretion repreéedts the
largest proportion of TA acids e.x/g:x;g;e_ Having said that, the relative
amounts of dibasic and monobasic phosphate in samples befqre titration is

described by the Henderson-Hasselbalch equation:

pH = pKa + log I (1)

L
where pH and pKa represent the pH measured at room temperature and for pKa

recalculated and corrected for/the ‘lonic strength of urine. D and M are the

\
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mgiar concentrations of dibasic and monobasic phosphate respectively. The
principle used to quantitate the relative amounts of dibasic and monobasic
phosphate samples is based on the fact that-tﬁe amouht of base required to
change the pH of a solution is determined by the amount of acid contained
in that solution. After the addition of alkali, the relative amounts of
dibasic and monobasic phosph;te 1s described by: ‘

7.40 = pKa + log I*l/)[ti (2)

where 7.40 and pKa are the values for pH and pKa corrected for the ionic
strength in titraked urine. ¢t is thé amount of titrant (Na0 )-consumed

in raising the sample pH to 7.40 by titrating monobasic phosphate to
dibasic phosphate. To solve for M, the monobasic phosphate concentration,
equation (1) was rearranged in terms of M and substituted for D in equation

(2} giving the following expression:

t(1+ Antilog [7.40 - pKal) .

M= Antilog (7.40 - pKa) - AntilogE)H - pKal (3)

To solve for D, the calculated value for M was substituted for M in equation
(1), (D=M Antilog (pH — pKa)). A sample calculation is shown in the appendix.
It should be pointed out that because the temperature and ionic strength over
the range of titration was approximately equal, these factors did not contri-
bute to the amount of alkali required for the measured pH change. In summary,
the above calculations gave us the values for D and M, the dibasic and mono-
basic phosphate concentrations in urine before titration.

The second part of the calculations was carried out to determine
the ratio of d%kasic to gonobésic phosphate in plasma using the total amount
.éf phosphate as D4 M in ;rine calculated from the above determined values

for each. The ratio of dibasic to monobasic phosphate in plasma was deter-

mined using the following formula:
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Ratio = %ﬁﬁ - Antilog (7.40 - 6.8)

where 7.40 and 6.8 are the values for pH and pKl' in plasma. D plasma
and M plasma are the values for the molar concentration offdibasic and )
monobésic phosphate in plasma. Using the tdtal amount of phosphate M+ D,
the relative amount of each in plasma, was calculated using the plasma pH
and pK values. To determine the titratable acid in a given sample the
amount of alkali required to gitrate the D / M buffgr ratio in urine to that

of plasma was calculated.

- Samples were titrated to a pH of 7.40 since this value was

assumed to be an approximation of rat blood pH based on previous records
of rat blood pH under normal conditions. In contrast however, after
NH4C1 loading I continued to titrate pamples to a pH of 7.40 while keeping

a
in mind that the actual blood pH's were probably gsignificantly lower than

this value. Nevertheless, this method did not lead to misleading results
gince the blood pH's of ADX rats after NH401 loading were aignificagtly
lower than sham rats. Therefore by titrating to a blood pH of 7.40, the

values for titratable acid for the ADX rats was over®stimatedand re-

presented an error which worked against the thesis that ADX rats have a

reduced capacity for net acid excretion.

vi) The accuracy and precision of titration.--The accuracy and

precision of data optained with the automatic titration system was evaluated -

_by studying the titration results for standard phosphate solutions measured

"among samples. The results are shown in Table IV. Standards were prepared

. r ,

with .025 moles of NaZHsz and .025 moles of KHZPOA made up to 1 liter with
distilled water. The pH of standards was approximately 6.87, a value in
agreement with the pK value corrected for ilonic stréngth and temperature.

End-point titration to a pH of 7.40 of 2 milliliter aliquoté of standard

-
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solutions consumed an averag; of .0284 milliequivalents ofrbase. This value
was in agreement with the Ealculatea value of .0280 using th? measured pK in
éeach group co;rected for changes in fonic strength and volume resulting
from the addition of the titrant. The results show, the measured values
were within 37 of the calcﬁlated values. The coefficient of error for
these standards measured among samples was 1.47 Iindicating a high deg}ee

%

of reproducibility for the measurements. -

d)} Bicarbonate Concentration Determinations

-

The concentration of blcarbonate in urine was calculated using

the Henderson-Hasselbalch equation with substituted values for urine pH and

B0 _ :

_///’/j : [?E03:] =a pCo, . Anti%og (pH—pKl)

/ —
where [?C03;] exéresses the millimolar concentration of H003 s pCO2 expresses
the millimo%gz/conéentration of dissolved carbon dioxide plus carbonic acid, «

used for uri%e has a value of .0309. pKl expressed the equilibrium constant

2

icorrected for ionic strength (76). ><\ﬂj

. The pH of urine was measured with the radiometer pH electrode gun

5 -

and the PHM 72 amplifier. Two-point calibration of the pH elgctrode was

—

—

made with radiometer standard buffers with pH values of 7.383%.005 and

6.8411.009 at 37°C. Buffers were frequently remeasured between successive

e

e pCO2 of urine was measured with a pCO2 electrode and BEU blood
\ gas unit connected to a second Pt 72 amplifier. Two point,calibration of
um%

the electrode was made with 37 and 87 CO, gas mixed 9 Frequent gas

2

checks were made and samples from experimental and control groups were

alternately measured. Reconstituted plasmaWith.known/jiiffﬁ,ﬁﬂl co, tension

o

« R e

rd



were measured between successive samples. Measured values were always

-

within 2 mm of the standard value.
Bicarbonate concéntration in plasma was determined as described ,

for urine. However, a pKl of 6.1 was used for all calculations and for

plasma is .0301.
¢

e) Net Acid Excretion Rate Values and Urine Samples Infected with

~

EH& Producing Bacteria

It has long been recognized that the determination of urinary
NH3 excretion rates using urine collections infected with NH3 preducing
bacteria give falgely high values (77, 78). However, the effects of
infection on net acid excreti6n values were unknown until Mookerjee et al
undertock to investigate this problem under controlled, in ;itro conditions
{77). Their results showed that Secaﬁse the increase ;g_NHB concentration
was equalled mole by mole with a reduction in titr&t;glé acid, bacterial
infection did not preclude the accurate determination of net acid excretion
rates., Notwithstanding the foregoing, the bacterial infection of ufine
samples used for net acid determination in these experiments did cpnstitute

A

a major source of error not only for NH3 excretion rates but also for net

acld excretion rates. This 1is due to the fact that NH3 and TA and HCO3-
concentration determinations were done with aliquots of urine collected or
stored in 3 different containersjat different times. As a result, in the
event one or both of the éamples was contam}nated, it was unlikely that an
increase in the NH3 content of one sample was associated with the mole by
mole decrease in TA in the other container. The difference between the
increase in NH3 and decrease in TA represented a source of error for the
net acid excretion rate determinations. To avoid these errors, a set of
criteria uséd to identify infected urine was formulated and urine samples

described by these criteria were selected by two individuals, independently

and excluded from the data. Without corroboration, both persons chose the

44




game values. The criteria and rationale for each is described below.
Contaminated urine was associated with increised NH3 concentra-
tion, decreased TA concentration and increased pH and p002 yalues. These
parameters were each measured using urine from oﬁe of 3 different test
tubes, A, B, or C, respecti;ely, stored for different periods of time be-
fore analysis. Consequently, all,.some or none of' the values could have
been falsely altered depending on which of the test tubes grew ammondia
producing, urea metabolizing bacteria. Therefore an indication of test
tube A infection would be a grossly deviant NH, concentration without any
coﬁcomitant changes in food intake or the addition of NH401 1oading: An

. .
increase in pH and decrease in TA concentration were used as evidence for

bacterial contamination in test tube B. Finally, markedly elevated pH

45

and pCO2 in test tube C were used to identify infected samples. The table on

the follow page shows which of the 3 test tubes used. for net acid excretion
determdnation was or were contaminated. In Group I from ADX and sham rat
data 7.7% and 6.2% of the values were excluded while in GroupIII 19.07% and
7.}2 of the values respectively were not included in the analysis. In ,

Group III 3.37 of the numbers were excluded.



Test tube A, for

CRITFRIA FOR INFECTED URINE

tube B.
Test tube B é?Hﬁ

NH3 concentration TA concentra

Test tube C. -
Hicos comcentra¥ion

No evidence No evidence " No evidence
of
.of Contamination
. o Contamination ApH TPCO2*<
- L No evidence
of
&TA.*pH Contamination
Contamiﬁ&tion *
) tpH 4pco,
! No evlidence No evidence
of
of Lontamination
NE, Contamination ApH- TpCOz*
No evidence
of
&TAdtpH Contamination
TpH TpCOZ*

* TInfected, Peasible Combinations;

If evidence for contamination was present in any of

«

\
Theoretically

contaminated
test tubes used
for net acid
determination

A.B.C. ¥

A.B.C.*

A.B.*C.

A.B.*C.*

A.*B.C.

A.*B.C.*

A.*B *C.

A.XB.AC.*

the criteria, as described above, the value was excluded.
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F. Sodium and Potassium Concentration Measurements

a) Flame Photometry: Prigciple of Qperation

The concentration of s;;%um and potassium in plasma and urine
samples and tissue preparations were‘measured with the IL 343 digital AN
flame photometer. The principle of operation is based on the fact téi%}_—
atoms of a given eiement in ﬁheir gxcited state are unstable and on '
returning to the ground state emit 1ight of a characteristie wave length.
Since the intensity of this light is di;ectly proportional to the number
of atoms undergoing trahsitipn, the concentration of atoms of a glven
" element can be determined by measuring the intensity of light emitted with
a Qavelength characteristic of that_element; Therefore, the flame photo-
meter consists of a chamber .designed to atomize a'given,sample diluted
1+ 200 with 15 mEq/1 1ithium chloride solution by mixing 1t with air and-
propane fuel. ‘Subsequently, it is forced into a flame where the combustion
‘of propane provides enough energy to excite alkali atoms. The 1light emitted
from atoms returning to their ground state pass through interference filters\:n<?
onto 3 photodetectors each permitting the passage of a specific wavelength
‘of light (in this case 589 nM for sodium, 766 nM for potassium and 671 oM
for 1ithium). Behind each photodetector is a phototube which responds to
varying intensities of light by transducing the light into electriéal
current directly proportional to the intensity of light, striking.it.
The photometer was calibrated with standard solutions containing 140 mnEq/1 '

sodium and 5.0 mEq/1 of potassium.

b) .Urige and Plasma Sample Preparation

Tén microliters of urine or plasma to be analyzed were diluted
with two milliliters of 15 mEq/1 1ithium chloride. Lithium chlIoride was

used as a diluent In order to eliminate that pdrtion of the instruments'
;
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output which would have reflected emission signal noise caused by

changes in flame temperature, sﬁmple agpiration rate or various chemical
interferences. The ratiocnale for its use follows. The emission signals
for sodium, potassium and lithium vary with the concentration oé their
respective atoms and witﬂ emission signal noise. The concentration and
noise factors are reflected in the emission signal for Epdium and potassium
while oniy the noise factor is reflected in signal variations for lithium
since it 1s added to all samples at the same concentration: ‘Therefore, by
expressing the concentration of scdium and potassium and a ratio of their

' respective output signals to the lithium output signal the position of #
the emission caused by noise will not be reported. In this manner stable
and accurate read-outsimere obtained.

¢} Muscle Sample Preparations -

Frozen muscle samples were prepared for potassium content
analysis using the following method: Tissue samples were transferred from
storage vials to preweighed grinding tubes and reweighed, Samples then
were ground to a paste, drled for 20 hours at 11000,-and cooled in a desiccator.
The dried sample and grinding tube were-then reweighed, Petroleum ether‘
was added to the tubes and samples were ground to a fine.slurry. After 24

hours, they were centrifuged at 20,000 rpm for six minutes and the super-

natant was discarded. The procedure was repeated and the resulting fat-

free, dried sample was reweighed, Samples were then mixed with HNO3 and

left to stand for 24 hours. The Eiifgs digest was then transferred to.a

AN
10 milliliter volumetric flask and made up to mark with HNO A ten-

3°
microliter aliquot of this solution was used for potassium determination
as described for plasma and urine above. The results were expfessed as

mEq of potassium per 100 grams #f fat-free, dry tissue solid. A sample

calculation follows: \

S



weight of grinding tube = 46.647 grams 49
weight of grinding tube and

weight fat-free, dry solid = 46,944 grams

welght of fat-free, dry solid = ,297 grams
photometer reading = 11.46 mEq/liter = Y12 mEq in

10 ml

Therefore .12 mEq of potassium were contained in .297 grams of fat-

free, dried muscle, which equals 38.58 mEq of KVIOO gm.

G. Steroid Dosages, Preparations and Measurements

a) Steroid Dosages

Steroid dosaggs were chosen so that the amounts of steroid
given were both physiological and effective for maintaining the acid-base
balance in dre?alectomized rats after NH4Cl loading.

- Al physiologic dose forlaldosterone was chosen after consldering.

.dosages reported to be.effective for acutely decreasing the urinary N;7'ﬁ+
rakio in ADX vats (79, 80, 81) and endogenous secretion rates (81, 82). In
'pilot studféswhere the plasma bicarbonate concentration and blood pH values
of ADX ;;d sterold-replaced ADX réta were compared after NH401 loading, 2 mg
aldosterone B.I.D. exerted a significant protective effect. This dose is
the approximate daily equivalent for the dosages adequate for decreasing

the sodium to potassium ratio in ADX rat;, while itb lower than the aldo-
sterone equivalent for replacement DOCA dosages used by other investigators
(11,35).

A physiologic dose of dexamethasone was calculated after con-

sidering endogencus secretion rates forgerticosterone (82, 83) and selecting

a low normal value (83). The cortisone equivalent based on liver glycogen

- deﬁgé tion tests was calculated using .5 as the relative potency (84). The

-

N -
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dexameéhaaone equivalent was calculated using the cortisone equivalent
for corticosterone secretion rates and a dexamethasone to cortisol
relative potency of 265 (85, 86) glving the dexamethasone equivalent of
approximately 2.0 micrograms per day. Evidence for a glucocorticoid
effect was taken from micropuncture studies on adrenalectomized rats
recelving 2 ng of dexémethasone per day prior to the studies. Animals
: -.-_——-—-

maintained on this dose of dexamethasone were able to maintain their

blood pressures above 100 mm more consistently than ADX rats receliving

no hormone. Dosages above two micrograms per day were avoided since they

8 _on-

Eﬁnded to mask the effects of aldosterone infusions on urinary sodium to
e

potassium ratios in ADX rats.

b) Steroid Preparation for Intection

Five milligrams of aldosterone or dexamethasone was weighed
out in a plastic flame cup using the analytical balance. The steroid was

dissolved in alcohol and transformed to a 5 miNdliter volumetric flask.

The steroid solution was made up to mark with alcoho aéh s from the
flame cup and five hundred microliters of this solution was pipetted into
a vial containing ten milliliters of sesame oil. It was then gently
heated until the alcohol was evaporated, leaving a steroid'oil preparation
containing 1 microgram of hormome per 20 microliters. Each viél was

stoppered, labelled and stored at five degrees celsius until one half

hour before use.

¢) Radioimmunoassay for Aldosterome .

1) 1Iatroduction and principle of measurement .~-~The concentration

of aldosterone in rat plasma was determined using radioimmunoassay. The
technique is based on the fact that the binding of aldosterone molecules
to their antibodies 1is competitive. Therefore, by determining the relation-

ship between labelled aldosterone bound in a given system and the amounts of
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unlabelled aldosterone added one can determine the unknown by
measuring the labelled aldoséz?ﬁne bound and interpolating the standard
curve. The details of the radiocimmunoassay method used for aldosterone

measurements in these studies was described by T. Ito (87).

11) Sample preparation.--Approximately 2.0 millfliters of

rat plasmz was used for aldosterone assays in these experiments. Four

thousand counts per minute (cpm) of tritiated aldosterone in alcohol

was added to each sample for recovery determinations. Tﬁe aldosterone was

then extracted from these‘samples twice with 8.0 millfizqufjgf methylene
chloride methanolTQB:Z; The extraction phase was separated by centri- '
fugation and dried under nitrogen in a water bath kept at 4SOC.f The solute

was then redissolved 1nLT§ milliliters of methylene chioride for application

to the top of the sephadex LH-20 column chromatograph for purification. The
sanple was rinsed twic; with .2 milliliter portions of the solvent. Eletion
patterns determined prior to measurements determined the volume of eluate
containing most aldosterone. After collecting this volume it was driled over

a water bath at approximately 4500. The sediment was redissolved in 1.0
milliliters of alcohol. A .2 milliliter aliquot was added directly to 10
milliliCErs of scintillation fluid and counted in order to determine the
recovery-rate for the labelled aldosterome added to the plasma béfore purif;—
cation. One fifth milliliter aliquots were taken in duplicate from the '
remaining sample and dried under nitrogen at 45°C. These samples were then
redissolved in .1 milliliters of .1 M phosph;te buffer. To this sclution was
added the assay system.

1ii) The standard curve.——The points for the standard curve was -

determined by adding the assay system to vials containing 0, 10, 25, 50, 100,
and 200 pg/ml of unlabelled aldosterone. The bound fraction was separated

with charcoal as described above and transferred to scintillation vials
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containing 10 milliliters of acquasol for counting. Total counts

of the assay system were measured by adding the whole system directly

into the scingillation fluid without charcoal treatment. Blanks were

inclu&ed in the counting procedure for background determinations. The cbm
~~+values for blanks were subtracted from each sample reaaing and duplicates

were averaged. :Typicai values for the calibration curve varied between

8,000 and 3,000 c.p.w. for 507 to léi labelled aldosterone bound corfes-

ponding to the addition of O to 200 pg/nl unlabelled aldosterone'to the

assay system.

iv) Spegificity, sensgitivity, and precision.--Radioimmunoassay
for rat plasma aldosterone was used to corroborate the completeness of ADX and
to detect differences in the concentration of aldosterone between two groups of
ratg treated differently. In order for the conclusions;based on the results
to be valid, firstly the methoa must specifically measure aldostegong,
secondly the metﬁod must be sensitive enough so that 1f no aldostercne is
detected, it can be sald none was there and thirdly, the method must be A
reproducible and in itself not add variation to data thereby reducing the
significance of differences between sample means. To determine to,what
extentﬁzﬁése criteria are satisfied, attention was given to the sp::IEIEEty,.
sensitivity, and precision of the methods as determined by the in vitro \\\__
laboratory at the Ottawa General Hospital. -

Selectivity in radioimmunocassay depends on the selectivity of the
Ab used and the purity of the sample measured. Cross-reactivity for the
antiserum is uéed as a measure of selectivity, and was reported by N.I.H.
to ﬁe less than 1% for other steroids as compared to aldosterome. To f/”F__
increase the purity of samples measured, aidos;erone was extracted from

~

plasma samples with the sephadex LH-20 column chromatograph. Preliminary

. »
studies showed aldosterone was included in a separate fraction, which

\\
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effectively reduced the presence of potentially interfering steroids to
insignificant levels. | .

Recovery expefimenta with small amounts of aldbséeréné have shown
the method is sensitive enough to detect 5 pg/ml in given samples. Since
the normal range of aldosterone in rat plasma ranges from 80 to 400 pg/ml
depending on normal die;ary variables, a reading of 0 with the method would
support the successful removal of the adrenal glands.

Repeated measurements of samples from a common source showed a

coefficient of variation ranging from 5.6 to 15%.

H. Urinary Organic Anjon Concentration Determinations

5

Urinary organic anion concentrations were measuted by the Chan
method (88). This first required the precipitation of phosphate‘and cérbon-
ate ions with calcium hydroxide. Following centrifugation, 2 ml aliquots
were titrated to a pH of 2.7 with hydrochlpric acid. subsequently, each
sample was retitrated to a pH of 7.4 with sodium hydrogide and the concen-
tration of organic anions in MEQ/L was calculated using the following formula:

ml of NaOH used , . .
Z m) sample  * Rormality of NaOH x\lOOO. Twenty-four hour excretion

rates were calculated by multiplying the concentration of organic anions
in mEq/L times the twenty-four hour urinary flow rates.

I. Balance Study Calculatioms & Statistics: For each rat, the mean daily

53

rate of net acid excretion in the control period was calculated and compared with

its pair treated littermate using a paired t-test, For non-paired com-

parisions the mean rate of net acid excretion for each group was used for

unpaired t-test analysis. Analogouscgalculations for other pArameters were made.

During the acid loading periocd the change from the mean control period values

for each rat for each day was‘éalculated Days 4 and 5 were averaged and used
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for éomparisona; Other parameters were not expressed as a change from
control period unless indicated.
"éiThroughbut this thesis, all numbers are expressed as the
mean sténdard error of the mean and levels for significance are at

least p<.05 unless otherwise indicated.
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-study the effects of adrenal insufficiency on the acid-base balance of rats,

\

CHAPTER III

Results
R |
It should be recalled that the purpose of these studies was to
determine whether or not a normal capacity to maintain acid-base balance

and excrete net acid in the rat is dependent on the presence of adrenal
"y
steroids. Accordingly, the effects of ADX on acid-base balance and net acid

excretion as compared with sham rats was examined. However, since ADX is
agssociated with the retention of potassium, an element which itself has been

shown to impair urinary acidificatidn, effects of ADX in the absence of

potassium retention was examined. The results are presented in two sections

- w

documenting the effects of ADX on a) systemic acid-base balance, b) net acid

excretion.

a) Results of Pilot Studies

1) ADX rats maintained on .97 saline and Purina Rat Chow.—-To

a group of rats was adrenalectomized and after a perlod of 13 days, their
acid-base status was evaluated and compared with that of sham-operated rats.
Table V shows the acid-base and potassium data for 16 ADX and 16 sham-

operated rats after 13 days of .97 saline and Purina Rat Chow containing 1%
3
and blood pH (24.7 * .4, mEq/l, 7.41 % .01). These values were not signifi-

potassium by weight. ADX rats maintained normal plasma HCO. concentrations-
¥

cantly different from those seen in sham-operated ré?é (25.9 + .4, nEq/1,
7.40 £ .01). No significant differences in muscle potassium content (53.3
+ .4 vs 53.6 + .4; mEq/100 grams of fat-free dry solids) were detecfed,while

plasma potéasium concentrations were significantly eleﬁaied‘{h ADX rats
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VA
.6F 4 vs 3,91 .1, nEq/1).
A :
(\\\\/ . 11) Potassium—depleted ADX and sham rats given NH4C1 containing diet
- ad libitum.——Siﬁce no acid-base disturbance was demonstrated

in ADX rats maintained on .97 saline, it was JE interest to seé if ADX rats

S

were able to_maintain their acid«base balaﬁée after ingesting larger amounts
of acid. ffggzj;;.of.the fact ADX rats had significantly higher plasma

-~
popass qﬂconcentratibns than sham-operated rats, all animals were depleted
oxfj;::z;ium prior to the addition of NH4C1 to their diets in order to avoid

supranormal potassium stores in the ADX rats.
+

Table’VI shows acid-base and potassium dita for 17 ADX and 20 sham-

operated rats after 7 days of a dlet containing no potaséium and 3 days of

-

same diet but for the addition of 107 NH,Cl. ADK and sham-operated rats had

'/—:étszbolic acidosis (7.28%:03, 16.7 % 1.0, mEq/Lvs 7.25% .03, 15.4 ¥ 1.0, ukq/1).
These values were not significantly different. The,pﬁoz‘ggs signif tly higher
. ’;7'.‘/ TN

the ADX group (40.8%.2.3 vs 35.4% 1.2, @mg;?. Furt

,muscle Kt
content was significantly higher in the ADX group (42.8% 5.8 vs 38.6 X 2.6 ﬁEq[IBQ\
grams fat-free dry solids).

ii;) Potassium-depleted ADX and sham rats paires\f64 NH401, food

, .and drink intake.—-While ADX rats do not become more acidotic

sham-operated rats when their diets are supplemented with NHACl, the pos-

ibility remains that the lack of differences may be related to differences in

Cl intaLe. To control NHaCl intake, potassium-depleted ADX and sham rats

~

were gavaged with measured and equal a2mounts of Nﬂagl.

Table VII shows the acid-base and plasmia~p t%fiigp concentration
of %_AQX and 3 sham-cperated rats paired for NH4C1, :Z;d and drink intake,
) The reéul;s show, in contrast to the Nﬁ4C1 ad libitum protocol, ADX rats
) i develoﬁed metapolic acidosis while sham-operated rats maintained® normal
acid—gépé baiaﬁce. Plasma HCO,  concentration and pH were significantly

3

- lower in ADX rats when compared with sham-operated rats (7:22 +. .08,

13.9 % .9, mEq/1’ 1 | :
‘ q/1 vs 7.40 = .01, 23.82% 1.5, mEq/1). 1In both groups of animals

*> ‘
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.

plasmarléotassium concentrations were in a potassium—depleted range
although the values for ADX animals were significantly greater

(2.7 + .4 vs 1.8 % .3 mEq/1).

b) Results of Experimental Protocols
Figure 4 shows dgily'net acid excretion during control and acid
administraéiPn periods in rats from g:ir regreB;;tative protocols. It
can be seen that during the control period, acid excretion 1s reasonably
constant over the eight days of observation.' Although there were differ—

ences between the various groups (see below), a major increase in aéI;_\\\

excretion was observed in each animal’in response to acid loading.

1) Control period.--Table VIII and Figures 5 and 6 summarize
the balance data for Groups IA, IB, TIA dnd IIB. Results obtained at the
end of the control period on acid—ﬁase gtatus, tissue and plasma potassiu%
stores, and plasma aldosterone levels are given in Table IX. Rats subjected
to potagsium restriction invariably showed potassium depletion nephropathy.
It is noteworthy that, desplte comparable muscle potassium stores ;nd the
presence of pptassium depletion nephropathy, ADX rats had higher plasma
p?taséium concentrations than sham animals (Group IVA vs Group IVB,.Z.ﬁtO.l
ve 2.140.1 mEd/l, p<:05). However, all parameters of potassium stores were
significantly lower in potassium-depleted ADX ratsvdhen-cbmpa:ed witﬁ
pair-fed sham rats réceiving food wifh normal potassium content (Group.IVA
vs Group IVC, Table X, and Group IIA vs Group IIB, Table VIII).

The main finding 1s that net acid excretion is significantly
less' in potassium-restricted adrenalectomized rats when compared with
either pair-fed controls, subjééted to potassium restricted diets
(Table ViII, Group IA vs Group IB) or pair-fed controls allowed access
to normal dietary potassium (Table VIII, Group IIA vs Group IIB). In bofh

pair-fed groups, no differences were observed in the amount of food eaten



Fig. 4

Rates of net acid eﬁretion during control and acid
lecading periods: Groups IA-ADX; IB~Sham; IIB-Sham;
III-ADX. Daily rates of net ééid excretion are
shown over the control and acid loading periods for
Groups IA-ADX; ——IB-Sham;--——IIB-Sham;jeserses IIT-ADK. —s—s —tn>
\ /i
1
N.B.1l In ,contrast to the method used for calculating
daga presented in table VIII (see methods sec-
tion I), for this figure, rates of net acid
excretion for all rats in each group for each

day were averaged to get the points shown.

N.B.2 Post surgery all animals were given fiig‘aggsgs
to saline and food for a 2-3 day recovary period

before 24 ﬁiyf;jf}ng collections were started.
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TABLE VIII

61

BALANCE DATA FOR PAIR-FED ADRENALECTOMIZED AND CONTROL RATS
DURTNG THE EIGHT-DAY CONTROL PERIOD

Group IA Group IB Group IIA Group IIB
ADX Sham f(_.?X Sham
(Low K'Diet) (Low K'Diet) (Low K'Diet) {Normal K¥Diet)
: Y
] ]
N=5 Na=25 Na=6 N =256
NE, T exc. 2.76t0.16 3.1640.19% 2.6140.11 " 2.0%0.10F
mEq/day
T.A. exc. 0.23£0.01 0.2740.02 0.32+0.03 o.a&to.osi
mEq/day ' -
HCO, exc. 0.28k0.04 0.28&0.02 0.2A0.02 0.02t0. 00}
mEq?day
Net acid exc. 2.740.13 3.15+0.19%* 2.66:0.13 2.9220.14*
mEq/day
Daily K bal. -0.07£0.01 -0.04+0.00% -0.0%0.00 | .20£0.03f
mEq/day .
Etexcretion 0.070.01 0.06£0.00 0.05+0.00 3.210. 14t
mEq/day :
Cum, K+ bal. -0.62£0.04 -073310.03%  + -0.41t0.02 1.62+0.28F
mEq/8 days { )
Urine pH 6.740.07 6.6210.02 6.64£0.03 5.710.04F
Urine flow- 50.0k5.2 . 48.7H4.9 49.8t5,8 o oas.2kL.ak
ml/day ' i '
+ .
Na exc. 7.840.78 7.60t0.68 | 7.5140.80 5.79+0.53
mEq/day /
ol
/ L

* p{0.05 when compared with Group, IA

i p<0.05 when compared with Group

id

e




Rates of net acid excretion and cumulative potassium
balance over 8 day control period: Groups IA-ADX;

IB—Sh;m. Rates of net acid excretion and cumulative
potassium balance over the elght-day coatrol period

for Groups IA-ADX; Q" vs IB-Sham; Vg (/

are shown. Lines connect pair-treated animals.
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Rates of net acid excretion and cumulative potassium
over the 8 day control period: Groups IIA-ADX; IIB-
Sham. Rates of net acid excretion and cumulative
potassium balance over the eight-day control period
for Groups ITA-ADX; """ vy IIB-Sham; Yo"

are shown. Lines connect pair-treated animalsg.
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or changes in body weight. Heigher rates of organic anion excretion were also
not seen in the ADX animals (.81 £ 04 mEq/day) when compared with-pgtaésium
restricted sham animals (.87 X .05 mEq/day) or the sham groﬁp receiving the
'ﬁormal thassium diet (.72"t .05 mEq/day). As shown in Tgble VIiI, when Groups
IA and Ié are compared, urine flow rate, sodium excretion rates ;nd urine pH
were also constant. IM 1s noteworthy that the sham-operated rats with access
to‘potgssiuﬁ 8till excreted more net acid than their pair—fed adrenélectomized
partners despite the significant reduction in urinary ammonium excretion
(Table VIII), and lower urine flow rates. .

As Aoted in Methods, it was of interesg to determine whether in
adrenalectomized r;ts dietary potassium restri%%ioq and associated higher
urine pH could account for an impairment in net‘acid excretion independent
of the effects of.adre lectomy.

Fojrthis reason, five adrenalectomized rats (Group III) we%e studied
over the control period but with access to normal dietary potassium. They were
then compared with the potassium-restricted rats of Group IA. Urine pH was
significantly lower, urine flow was greater, and both the sodium excretion rate
and food intake were higher. Despite these differences which tend to favour a
lower rate of net acid excretion in the‘potassium-restricted animals, no
significant reduction in net acid excretion was noted., When compared with

Group TA animals, Group III rats had expectedly higher rates of potassium

excretion higher cumulative potassium balances and higher daily ﬁt balances.

[ GpIII ADX N diet Gpl .A ADX no K diet
Urine pH 5.95 £ .05 6.76 £ 0.07 p<.00
Urine flow ml/day 1.4 & 2.0 50.0 £ 5.2 p«£.01
Na exc. mEq/day _ 11.18% 0.29 7.86%0.78 p <01
Food intake gm/day 25.5 £ 0.5 22.6 £ 1.1 p £.05
Net acid: mEq/day 2.74% 0.13 22912 0.08 p £0.05
K* exc. -mEq/day 3.5 % 1.0 .07 % .01 p 40.001
Cumulative E¥ bal. +7.97 £ .53 mEq/l3dayB.62 t 04 mEq/8days
Mean daily K*bal. mEq/day+.60 ¥ 0.07 -.07 % 0.01 p<0.00i .

i1) -Response to acld loading.--Table IX and X show various results

obtained before and after acid loading. In addition to the documentation of the

adrenalectomy state, it is clear that only sham-operated animals fed a-norﬁ;I/

potassium diet, did not develop significant metab&lic acidosis

——— e s



© TABLE IX

DELTA NET ACID EXCRETION AND FACTORS AFFECTING ACID EXCRETION

POR GROUPS IA AND IB DURING NH,Cl LOADING

*p<0.5 when compared with Group I& no asterisk means

comparisons are not significant.

Group IA Group IB
- AD Sham
- (Low KT Diet) (Low Kt Diet)
N=35 N =75
+
NH, exc. mEq/day +1.18k.45 +2.248 . 41%
T.A. exc. mEq/day +.01t.07 +.17%.04
acuj' exc. mEq/day -2, 04 -.23t.03
lNet acid exc.
nEq/day +1.59.39 | +2.64k.39%
K" exc. mEq/day .08+.01 202
Cunmulsgtive K+ Bal.
mEq to end of study -.86%.06 -.60+.06%
Urine pH v 6.02%.11 6.03.07
Urine flow ml/day 32.2%14.4 29, 8+8.9
+ ’ ,
Plasma ¥ mEq/l 3.6t.4 2.2b.2%
Muscle K*’ content ‘ -~ N
mEq/100 gm FFD wt. 42.340.8 40.430.5
K+ depletion
nephropathy present present
Food intake gn/day 8.0+1.5 8.0%1.5
. Na' exc. mEq/day 4.8241.17 4.2941.25% °
Aldosterone pg/ml 0 166 X 55%
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Fig. 7
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‘Change in net acid excretion and cumulative potassium

balance over the‘twn;day large acid fegimén for Groups

TA-ADX; - 'O" vs IB-Sham; "¢" are shown.
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yere noted.

after gavage with NH431.

Thus, the enhanced net acid excretion (described below) wag
concomitant with the generation of metabolic acidosis in the Ehree.other
groups of rats.

-In response to the small acid load, no differences among groups
, seen in Figure 7,lGr;ups 1A_and 1B, rata'increased their net

acid excretion rates in response to the large acid load 10 mEq/Kg NH401

B.I.D. for two\ days. The change in net acid excretion was gr er In the

sham-operated an 2.64+.39 va 145940.39 mEq .05). Cumulative
potassium balance was significantdy more negative in the adrenalectomized
animals (-.8640.06 vs —.60%0.06 mEq, p<;05). Muscle potassium stores, aﬁd“
potassium excretion rates were not different. Both groups of animals

showed severe Jbg;ees of potassium depletion. However, plasma potassium
concenération waé.éignificantly higher 1 adrenalecﬁpmized rats both before
and after the acid 1oading.pe;iod (TableZiéf\i?d ’f{ As already noted af;er
the controi perioi, the serum potassium in ADX animals was significantly
higher than‘th of fhe sham-operated animals (2.&%@41 mEq/l vs 2.140.1
mEq/i, p<.05). ci\fter acid gavage, the plasma pofassiﬁm‘yas also expectedly

higher (3.640.4 mEq/1 vs 2.240.2 mEq/1, pd.05). Finally, it is clear from

‘Table . IX that differences in food intake and urine flow rate in the two

groups of animals' were not present, while ADX animals had higher rates of.
sodium excretion. ’

Becauée-of the possibility that diffgrences in serum po;asélum
concentration could modify reﬁaliacid excretion iﬁdepenﬁént of_the pfeséncg‘
of édrenal glands, it was of 1ngege to comﬁéte shaﬁ—operéted animals with
access to potassium, Group IIB, wifh Group IA potassium restricted adrenal-
ectomized animalg. The results show that beforé acid loading(sham"animﬁls .
- . - \__
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receiving a normal potassium diet had significantly higher serum potas-
sium values when compared with potassium-restricted ADX animaTs (Table X,
Group IVC vs Group IVA, 3.5% 0,2 vs 2.6+ 0.1 mEql, p< -05).

Despite the significantly higher cumulative potassium balance
(-.86 £ .06 vs 0.64% 0.46 mEq over 8 days, p<.05) and thE absence of
potassium depletion nephropathy in the sham-operated group, the rate of
delta net acid excretion was significantly less in Group ‘A ADX (1.59% .039
vs 3.60=% 0.69 mEq/day, p(JO.OS). v

It is;important to noze that. in asSociagio;1with the higher péz;s— o

— .
sium_stores, the urine pH was significantly more acid (5.53% 0.12 vs

N

6.2 0.11, p< .05 in Group IIB rats vs Group IA rats). As a result, it

ié:possible that the sham-operated rats excreted more acid as, lum
o :

.due to pH facilitated ionic trapping of ammonia in urine.rathe:q%gSL due.’

to the presencé$of the adrenal glands. Therefore, to isolate the effects

of higher potassium sto&eg_épd low urine py from those of adrenalectomy, %3
a conparison of adrenalég$omizea rats eating'potassium (GrouplIII) with’
adrenalectomized animals.éubject'to potassium re;trfction (G?cup IA) is
particulérly pertinent. Group III ADX rats ﬁad significant&y lower urine

pH values (5. 68+ 0.06) when comgared with Group IA ADX rats (6. 024' 0.1%,

p<.05). Yet, net acid excretion rates were not significantly different'
1.96 % .49 va 1.59 % .39 N.S. | |

‘ Therefore it is reasonable to conclude that the higher potassium ;
stores and lower urine pH @‘\nﬁup 1IB) were not responsibl—e for the higth
delta net g;id excretion rates éeen in Group IIB.

Throughout the.spudy great care was taken to palr feed animals

so‘thgt_Qifferencea in food.4ntake were not responsible for measured rateé
of net acid excretion. The success of this manoever was aséessed in.
part i by f°110WinS rat}yeI;;—Q daily. The-following table shows the Eiyé" : ./:

L4
mean rat’ weight duriﬁxxfha control‘period and the change from contrglt values -

after Day 1 ?f the NH,C1 lpéding Qeriqd‘(lo mEq/kg)} and the average of the

o L TN



"

changes in rat weight over Day 4 and Day 5 1.e. 10 mEq/kg BID for two days.

_ Changes in Rat Weight During 70
o {J The NH4C1 Loading Period ' i
Control Period T Day 1, Day 4 and 5
Mean Rat Weight 10-mEq/kg 10 mEq/kg BID
Group IA - ADX 247% 5 1 4 . -8%6
: NS NS NS ‘
Group IB - Sham 246% 6 5+ 2 -11x 4
Group IIA - ADX 253% 7 3t 3 - _
] NS * . , ) coe
Group IIB — Sham 255& 4 -4 % 4 -5+ 5 e
Group IIT - ADX 239+ 4 5+ 1 3+4
NS not significant

*
p {05
NB Differences in net acild excretion were -demonstrated without differences in

rat weights between paired groups. -

i11) FEffect of steroid replacement in response to acid loading.—-

: L7
Table XI show acid-ba#fe and potassium data on 12 adrenalectomized

rats replaced with adrenocortical stercids (1 microgramme ‘dexamethasone and
-

e

2 microgrammes aldosterone B.I.D.), 10 adren lectomized rats and 12 sham-

4

. ddys. In order Yo be certdin that the animals fecefving

[N

. . L .. .
operated animals.. All animals reizizﬁﬁ 10 mEq/Xg of NH,Cl twice daily for
o -

a period of thr

steroids d#d not have lower body gotasbium stoxes than the non—repleced

diet. e sham enimals‘ate a normal diet. It is obvio from Table X1 that

vs 9.0 ﬁll,B mEq/1, p <:0.05). When compared with sham-operated 4nimals, a
small but B‘ignificant difference in plasma rbonate concentr, ‘tion pers:lsts,
indicating that steroid replacement did nog 1 3 gomﬁlet Tecovery.

The severe acidosis in ‘the non-replaced {adre

omized anjmals cannot

Herattributed to higher potegﬁium,etores beca‘ge plasma potassium con-~
- —

I}
-

centration was not different when compared with tﬂe.feplaced animals and
muscle potassium stores[\ére significantly lower (39. 7" 0.7 mEq/100 gm

fat-free dry solids vs 47. 6E 0. 4 mEq/lOO gm fat- free dry solids, p‘<'05)

-
*

\‘
\.4
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TABLE X1
W - ?
~ EFFECT OF ADRENOCORTICAL STEROIDS ON THE SYSTM?/
ACID-BASE RESPONSE TO NH, cXA.oapING
\ ! o >
. Group VA Group VB Group VC
AN ADX| - Sham ADX *+ Steroids
Low K Ddet Normal Diet Normal Diet
‘ -
N=10 - W=12 Nml2
Blood pH © 7.0940,05% 7.43£0.01%  7.3M0.06
Blood pCO2 ) )
me of Hg 28,013.7% 41.1%2.0 _39.0:!:2.4
" Plasma Hi:o3' . /( :
nEq/1 .0kl 8% 25.850.8% 21.540.7
_Plasma K . -
mEq/1 4,405 3.30.3% | 4-200:1
* Muscle K - L
mFq/100 gm FFDS . 39,740.7% ) ?Zﬂ).G f 4;.@:0.4.
N <+ BRI

* p<0.05 when compared wi
no asterisk means comparisons are n

&8

th stergid replaced ADX rats (Group VC),
ot significantly different.
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CHAPTER IV

Discussion

Although steroid replacement studies have demonstrated that steroid
\NAX

hormones can normalize reduce A of acid excretion in the adrenal in-

sufficient rat (11, 12), dog (16), and man {17, 18, 19}, their role remains

uncertain. Recently it has been suggested from experiments on human sub-
. . . . .
jects that potassium retention leads to reduced rates of ammonium excre-.

tion and the effect of steroids con acid éxcretion is via tpe restoration

of potassium balgnce (18, 19). Nevertheless, evidence that steroids have
a more direct effect on acid excretion was reported recently by Hulter

L) *
et al (43).  After controlling plasma potassium concentration and the sodium
4

balance in their dogs, a defect in acid excreﬁion persisﬁed. Subcellular
studies have similarly shown that both potassium and adrenal sterocids can

altef the rate of ammoniagenesis although the details of these effects

have not been éescribed (46, 25). .On the other hand Ditella et al re- .
ported thatfadeéuate sodium availability prevented urinary acidification

abnormalities’in mineralocorticoid deficient rats (33). In order to rule
. Al

out potassium retention, an important variable in these observations, we

undertooﬁsto éiudy net acid excretion rates in adrenal insufficiency in jpe

absence of potassium retention. We further considered octher factors reported
to affect acid excretion which we found altered after adrenalectomy in

our studiés and developed protocols to confrel food intake (60, 61), urine

flow rate (56, 58, 59), urine pH (59, 57, 53, 56) and rates of dis-

‘tal sodium delivery (41, 42, 39). Our results showed that in




f

73
adrenal-insufficient rat net acid excretion }h{és aref reduced as a ’
result of the absence of the adrenal gland. -

a) Potassium Status

In our studies, several parameters of potassium status were
used to assess body potassium stores. Muscle potassium content was
useful since it was representative of\potassium contept in this major body

petassium depot. Plasma potassium was interpreted as being indicative

-of potassium concentration in renal plasma, and hence of the peritubular

environment. Potassium excretion rates give some indication of the

potassium passing the lumjnal aspect of cells. Potassium balances were

‘measured over control and acid period day ut were applied with reserv-

ation becau;e of the limiéaﬁion arising fr e chtthat at highest
rates of potassium gxcretion, du;ing the post-operative recovery period,
2 potassium tally was not kept. The examinati7n of kidneys tsken from.
-animals eating K+restriced éiets showed evid;ﬁ;e of K+depletion qephro—
pathy while such findings were not seen in animals eating normal food.

F
Together these parameters served as a formldable measure ag potassium

status™in our animals and convincingly enzpiéaiﬁﬁ“tg\identi any pos-

sibility that potassium was an important
———"

nterfering variable in our studies,

Supranormal potassium stores were prevented in our adrenal-

. ectomized animals by dietary potassium restriction. Their control

partners were identically treated except for the addition of 0.5 mEq/1
KCl t6 their drinking solution. Thié‘serveh to provide us with less

negative potassium balances in these animals over the period of cbser- ‘“//

L]
. vation. According to the above-mentioned .indicators of potassium

balance, the adrenalectomized animals were potassium-depleted and had
+

~

potassium stores comparable to their controls with ore exception,

[
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Their plasma potassium concentraticn values were significantiy greater,
albeit in a low potassium range, both after the control period and

after acid loading (Table X, Groups IA vs IB). For.this reason, the

-

experiment‘was repeated, giving the contrdl animals a normal potassium
diet thereby obviatinglpotassium depletion in that gfoup. The results
showed that for all but one of our parameters of potassium status, ADX
animals had significantly lower gthQ;;:iTgébres during both control and
acid periods. fThe exception was the plasma potassium concentration after
NH4Cl loading, since it was not sign;ficantly differeﬁt between Groups
IA and\IB. Howeve;, it is our belief that this is more a reflection of
- the "severe metabolic acidosis and the con;equent efflux of muscle
potassium rather than the cause of the acidosis itself. Aé the kidney
cell level, the adrenalectomized animals showed lesions characteristic:
of potassium depletion nephropathy, while sham counterparts showed no>

such lesions.

A third protocol was undertaken to determine whether potassium
. .
depletion Eg;_gg_could have reduced net acid excretion in our adrena-

lectomized animals. This was o% particular interest since the effects

of potassium depletion in the adrenalectomized rat have not been studied,
3 [ .

while its reported effects in the intact dog, rat and man have been vari-

- -
able (34, 89, 72, 48). To this end, ADX animals were treated)identically

—~€5 Phose of Group IA potassium depleted ADX animals, with the substitution

of their diet with one of normal potassium content. Their potassium

stores clearly differed while rates of net acid excretion were unchanged

L)
1)

(Table X, and see Results). In summary, the above protocols enabled us
to exclude potassium as an occult variable in our experiments.

b} Food Intake

ﬁ& *  Attention was also given'to the amount of fapd eatenp by our




animals. Concern for this variable arose from pilot studies, which
showed potassium depleted ADX animals ate 30% less food than their intact
control partners. In view of the reports that food acid intake is
reflected in®ates of net acid excretion (60, 61), care was taken to
avoid sucﬁ differences by pair—feeding our animals. This was done by
restriéting the .intake of food by sham anzrals to only that amount

eaten by their adrenalectomized partners. éairing in this fashion elim-

inated diffe/penrc;s in food intake.

¢} Urine pH, Urine Flow and Sodium Excretion

- Differences in urine pH, urine flow and sodiuﬁ excretion

» .

resulted from both the adrenalectomy state and potassium depletion. As
a result of.éotassium depletion, animals developed polydypsia and conse-

quently increased their intake of sodium and water which,in turn,led to

increased rates of urine flow, sodium excretion and urine pHT All three

~

Group IA pftassium depleted ADX animals and IB pota

responses to potassium depletion have been well described in intact
animals.

Aithough high urine flow rates at a high urine pH gs well as in-
creased rates of sodium excretion have both been reported to enhance.acid
excretion (%9” 56, 41, 42, 39), théi; effects in comparisons between

ium depleted sham

animals were of no importance since both;groups were potassium depleteq
and significant differen;es in these variables e not found. This
was true (Table VIII aﬁd Ix)zduring both coptrol and acid loading
periods. However, when comparisons were made Betﬁeen Groups @or IIA
ﬂitﬂlGroup IIB (Table VIII and text in Resultg undgr large acii‘loading),
the effect of potassium'depletion bec s criélcal. Specifiéally,--' .
duripg the control period;a lower urine pH could have fé&iiitated a.- -

greater excretion of net acid in-sham animals by titrating dibasic

-

s
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phosphate, while after acigiioéding the greater increase in -ammonium and 7
net aFid excretion could have resulged from low pH facilitated lonic trapping
of ammonia (58, 57, 55, 53, 56) in ghbular fluid. For this reasom, Group III
ADX animals eating normal potassiur’ content food, served to demonstrate that
low urine pH during'thg control period or during acid loading did not signifi-

cantly increase Fhe rates gf net acid excretion }n adrenalectomized animals.
. b

As a result, we conclude the observed differences) were due to the presence of

the adrenal gland rather than low urine pH or potassium status.

“d) Pilot Studies In our laboratory ADX rdfq maintained on sdline did not _. ~
develop metabolic acidosis (Table V), ‘despite the general belief that ADX <
rats have a reduced capacity for acid excretion. To futrther challenge these

animals with acid, NH4C1 was added to their food and served ad libitum. Once

again, although both groups of animals developed a moderate metabolic acidosis

(Table VI) no difference in the plasma HCOE cpnéentratioﬁ was seen between

them. To rule out the possibility that these results were a condequence of-dif—

Y

ferepées ic NH Cl intake was introcduc-

ACl intake,pairing fgr food, drink and‘NH4
ed.” The ;esults showed (Table VI{? that ADX raté in the absence of supranormal
potassium levels dev;loped a severe metabolic acidosis while sham rats were able -
to maintain their systémic acid-base balance. This was unexpected since the

sham animals maintained their acid-base status after the 1ntroduétion of NH,C1

4
gavage. This suggested thaff when NHACl'waBJgiuen ad libitum sham animzls ate
more acid than normal animals can tolerate or, that perhaps, the adrenal gland
requires a bolus of acid as a stimulus for’itsgreéponse. This mechanism would
still not exclude the possibility thet Abx animals ate less fgod than normal
aniﬁals and therefore did not appéar to be more 1mpair;d than sham animals.

In order to assoclate.the inability to.maintain the acid-base balance, with

a reduced capacity for net acid excretion, ADX and sham rafgﬁzgga‘stﬁdied

in metabolic cages where, 24-hour urine collections were made for nef'acid -

excretion ‘determinations. . ‘ : -

-4

e) Experimental Protocols g' . . ‘ ’ T

» ~



1) Control period.-—Aftér accounting for possible variables -

which could co;tribute to reduced rates of net acid excretion in adrenalv
ectomy, the rather léngthy control periocd protocol -enabled us to .
conéincingly de;onsﬁrate that higher rates of net acid excretion are
aifociated with the presence of the adrenal gland. The interpretation

of these rigorousl¥ controllgd studies is less limited than in previously
reported work, where the above-mentioned factors wére less well controlled
(10, 11, 12, 35 13, 14). Hulter et al (43) presented data showing

dogs fwith improved plasma potassium ;o;centratlon, albeit smgnlflcantly
highey than values seen.in mineralocortioid repleted animals. In one
protocol where potassium was normalized by increasing the intake of

sodium chloride the animals developed’ a positive sodium balance, hyper-
natremia and increased glomerular filtration rates. Since increased
sodiuq’intake is associated with incieased rates of calcium excretions

(50, 91) and these animals weré'given a constant intake of qglcium it -

is possible thelsteadﬁ plasma bicarbonate concentra£ions and reduced

rates of net gcid excgetion were a consequence of increased'parathyroid
hormone action on bone and renal biéarbonéte h;ndnng rather than an

effec£ of mineralocorticoid deficiency (69, 8).° In our protocols there
was no reason torsuspect an'incr;ase in parathyroid hormone and indeed,
lack of corticosteroids have been associated with increased levels of
blood calcium which'wouldithan decrease the stimulus for parathyroid hormone .
secretion (70, §2). Finally, in- the last of 4 ?groups"vof animals only
one dog was studied, ‘and although they successfully. controlled all factora).‘
uncertainty as to its significance remained in view of the large scatter

of values seen from a similar protocol gith a 1arger ‘number of observations.

»

In our studies, it is of interest that during the control period’

pétassidm or steroids did not appear tc maintain rates of net acid.

N +



excretion by an effect on ammonium excretion. This is io contrast to
observations repor ed by Szylman‘et al (18), where the restoratioo of ii-‘
potassium'status in adrenal insufficient man led to the restoration of‘ i
acid-base balance by increasing the rate of ammon. um excretion. This
disparity may be due to sgecies oifferences or experimental design.. .In
our results, higher rates of net acid excretion.were seen in sham animals

with higher or lower rates of ammonium excretion indicating that lower
- &
ammonium excretion rates did not preclude a greater rate in net acid
excretion. It appears, therefore, that the adrenal gland may have a
more direct effect on hydrogen ilon secretion rates while potassium may
affect the availability of Ammonia, thereby determining the allocatlon
' of protons to buffers. Nevertheles , still qgother'mechanism?for the
,-malntenance of net acid excretion rales would be required to. explain wﬂ;fk
a dramatic decrease in urlnary ammonlum excretion found in ADX enimals
s
Aeating a oormal potassium'diet was. not associated with agignificant
change in the excretion of net acid. Although our st ‘show a
;consispent decrease in net ec1d excretlon in adrenalectomized rats,

metabolic acidosis was not obvious. Since there-can be no doubu that
w

food intake was wellcontrolled, it is worth considering whether the

adreoalectomy s ate per se can alter endogenous acid production, Lack
. \ *

of major diffe

nges in the urinary excretion of organic acids in’ the

3

suggests that €ither dur method for measuring organic acids

t. was mnot sensitive enough to detect significant changes or that mild but signi-

ficant degrees 3! metabolic acidosis can be assumed to exist and would have been'

\-..'

mam.fest lf the cont.rol period had &bteex carrled ot for a longer period

‘of time. The pessibility that adrenal ster01ds can alter endogenous ~

¢ -

acxd productlon and renal net acid excretlon w1thout a change in
acid-base status is supported by thefrecent prelimlnary report of -

A c- .

.4
£
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- the excretion of net acld may be different and unlmpalred under’ these ' -

by day two of the acid period. The Iardé acid period clearly separated

Hulter et al (93).
\\Ji) Acid’ loadlng.-—After the contrel period, each group »

of animals wag subjected to an acid loading regimen consisting of 10 mEq/Kg

'NH4Qi,and two days of observatxon followed by lO mEq/Kg NH Cl B.I.D. for

.

two days. The smaller acid load served to induce ammonlagene91s and

'enabled ugﬁto examine the responsiveness of our animals to a less severe

1Y
challenge of acid. The results showed that all animals excreted the

same amount of net acid within 24 ‘hours .of receiving it by predominantly

. . ) Lo ; Vi ’ .
/increasing the excretion of ammonium. ALtﬂaugh we detected no difference

in the incré¥se in rates 6f net acid excretidq, our data cannot rule
out the gpésibility that the ADX animals excreted the gavaged acid load )//A
less briskly than their controls within the subsequent 24-hour period.

Alternatively, in"response to acid loading, the mechanism for increasing

conditions when compared to the control period. Nevertheless, these- »
observations ;;E\¢n sharp contrast to the control period results, whgre
increased rates of net acid eicfetion were-not-regularly éésociéted

with commensurate changes in‘ammoni&m excretlpn. -

All animals returned to their repective control period values

the response of adrenalectomized and sham-operated rats. Under

these conditions, intreased rates of ammonium excretion represented the o

- - .
greater contributor to increased rates of net acid excretion and also

.

— e

’ ‘ A .
appeared to be reduced in animals deficient in net acaglexcretion. -

Cortrol-period base line excretion rates did not appear to be related al

to the level of response after acid loading. After NH4CI,-10 mEq/Kg BID it

appqaré the adrenal gland may modulate the increaséd rate of net acid by

A

an effect on ammonium excretion. These observations more clearly coincide

¢
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i\ . . X
with the numerous uncontrolled é&groid replacement studies with rats,
NS .

where ammonium excretiqn had consistently been shown to increase (11,
2 -

-

C12). Thése results would still not rule out the posgibility that the

increasé in ammonium excretion codld be_dependgﬁt on a mechanism which

-
-

still could affect potassium levels'closer to the site of ammoniagenesés.

Nevertheless, our results have unequivocally demonstrated that the o

.

intact adrenal gland is- essential for the normal capacity to excrete

-t

net acid and to maintain the systemic balance of acid. N .

111) Possible Explanations for Rates of Net Accid Excretionm

in these Experiments.--These stuQiés were not ‘desigred to uncover
. . . . ) ' o )
mechanisms for the rate of net acid ‘excretion. Neverthless the
‘ [ 3

. data may contribute some characteristics to possible mechanismé involved.
T .

During the control period shim animals with or without potasF
sium depletion excreted significantly more net acid than pair treated

ADX animals, Possible events leading to-these results 1nc1ude,

a) sterold dependant increase in NHS production dand diffusion into

- tubular fluid which secondarily increased proton secrdtion} b} steroid

I3 - ~
v

.dependant increase in proton secretion per se. ’ T

\ v *The results under control period conéition‘are*most coﬁg&s—
- : . '
tent with the latter possibility. This is support®d by the.observa-

tion that rates of net acid excretion were significantly.higher in .

sham animals with significantly higher or lower rates of NH3 excre- o

.

tﬂgn when compared to ADX animals. Consequentky net acid excretion

rémained constant in sham animals despite large changes in ammonia,

titratabi$ acid and bicarbonate excretion. Further, the lower urine

pH and lower rate of NH3 excretion in Group IIB as compared to Group 1B

*
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suggests that ammonia production was actually decreased since the. rate of

el diffusion into low pH tubular fiuid is production limited (9). Potas-
v . P ‘
AN _-fium depletion and retention have been shown to.stimulate and suppress
e S - . ~.
ammoniagenesis or excretion respectively (18,22,23,24,25,89). Inter-

estingly‘our results showed large differences in ammonia excretion
determines the buffer profilelof excreted net acid but does ﬁot neces-
sarily dictate changes in net acid excretion. . ﬂ‘

In response to acid loading with 10 mEq/Kg x 1 day, the in-

'

crease In ammonia and net acid excretion was not different among the

. »
k groups studied. Possible mechanisms fall into two categories; a) ADX
Z\ animals have an undetected impairment; b) ADX animals were not im-

T .

‘paired under these conditions. Specifically, the rate of net acid
excretion may have been more brisk in sham animals but over the
twenty-four hour post gavage period the ADX animals were able to
exérete a compagable amount of acid at a slower rate. Alternatively, \\
the mechanism for acid excretion post gavage coulq have involved.a |
different mechanism from that operating during the control perio&.
For example,.at a given rate of proton setre;ion by the nephron,
~acute metabolic acidosis réduces the pﬁ and filtered bicarbonate load.
Both events enable a larger portion of secreted protons to participate
. in buffer titration and acid excretion réther tﬁan in the reabsorption
of filtered bicarbonate. Finally a stercld i;dependant cytoplasmic
k\ﬁ/rpechanism of ammoniagenesis suggested by Welbourne et. Al. {4, 15)
may have been adequate for a norﬁal response in ADX animals.
After ﬁH4C1 loading with 10 mEq/Kg BID x 2 days.sham animals

increased the excretiom\of onia and net acid wmore when compared to paﬁr



{

- -

treated ADX animals. An increase in TA excrétion seen’in sham animals
was not pregsent in the ADX groups despite comparable pre and ‘post.
. i

-

?cid loading urine pH values, Our results suggest that the adrenal
gland is essential for these events. Wéiﬁigrné eé: al. des;ribed a
steroid dependaqt transéort system which increases.the éﬁailabiiié;

!) of intramitochondrial glutamine for ammonfagenesis (15,46,47) which
results in a higher NH, produced/glutamiﬁe éelivered ratio. Since sham
aqgm?ls also increased the excretion Qf'TA mare than ADX anima i
as_nqted above, this suggests that, an.=- increaseS“amOUnt of itratﬁble
acid becaﬁeAavailable for titration an& a greatef.rate of proto; secre<
tion occurred. . ‘ -

‘ In summary, it appears that,under control conditjons the
adfenal gland primarily regulates the rate of hydrogen lon secretion

while in response to NH4C1'loadingaetimulatory effects on both hydrogen

ion secretion and ammonia production'arée likely. LN

iv) Effects of replacement’of adrenocortical hormones.--

The defect in renal net acid excré%ibn seen during adrehalecsgmy was

1
L
presumed to be due to the absente-of adrenocortical hormone%fsincq
. ~_-
in all protocols, we décumented no aldosterone activity in plasma
samples. This supposition was confirdgd by an additional group of - s

experiments in which adrenalectomized animals were given replacement
doses of dexamethasone and aldosterone, These animals did not develop
‘ the profou;d metabolic acidosis whi;h;was observed in adrenalectomized
animals ;ot éiven hormone replacement but offered the benefit of potag~
sium depletion. Thus, it appears likely that the metabolic acidosis

observed in association with the impaired renal net acid excretion during

adrenalectomy is attributable to the absence of adrenocortical hormones.

»
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Concluding Remarks

-

These experimepts demonstrated, over a period of weeks that reduced -

rates of net acid excretion in the adrenalectomized rat is not necessarily de-

pendent on the presence of hyperkalem?a, sodium depletion, hyponatremia, changes

in food intake, or alterations in urine pH or urine flow rate. There is

ample evidence showing that these factors do contribute to reduced rates
of acid excretion or, depending on the e*perimental conditions, precipitate
metabolic acidosis and a significant reduction in the capacity for net

acid excretion. This view is supported by the apparent discrepancies among

different reports on the adrenal insufficient dog, man and rat showing that

reversible impairments in renal net acid excretion result from mineralocorticeoid

deficiency (43), potassium retention (18) or sodium depletion (33).
wWhile our results are consistent with the above quoted dog studies, the
effects of potassium and sodium (18, 33) emphasize the importance of controlling

these and other concommittants of adrenal insufficiency in isolating the

chronic effects of adrenalectomy per se on renal net acid excretion.

.
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APPENDIX -
<
Sample Calculation for Titratable‘Acid Excretion
" Primary Data
#1 ~ urine vol ml/day ‘ . 23.1
*#2  rat weight gm - 236
#3 pH gf freshly collected urins 6.36
it —ﬁifeshly collected urine pCO2 mm of Hg 68.2
#5  urine na" concentration Eq/L .138
. v ~k.
#6  urine CL™ concentratidh Eq/L ‘ .152 '
#7  urine Kt  concentration Eq/L : .0048
#8 ur%ne NH3 concentration Eq/L » .096955
#9  urine pH before titration 6.48
#10 urine pH after titration ' L 7.40
##11  wvol of'titrant used ml ©.418
v
' #12  titrant normality ' .09868 N *

*Used for other calculations in the computer: program.

-
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