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We have previously observed that the urinary
excretion of citrate is reduced to low levels in rats
treated with the carbonic anhydrase inhibitor,
acetazoleamide (Diamox®) (1). This first ex-
periment was prompted by the fact that the ele-

vated serum chloride and decreased serum bicar-.

bonate concentrations, and the fixation of the
urine pH at approximately 7 or above following
administration of an agent which inhibits carbonic
anhydrase activity resembles the findings in pa-
tients with congenital renal tubular acidosis. In
a study of an infant with this syndrome we found
that the urinary excretion of citrate was too low to
be measured (1). The absence of citrate in the
urine of this patient persisted even after the hy-
perchloremia and acidosis were corrected by ad-
ministration of 40 mM of sodium lactate daily and
the urine pH was raised to about 8.0. This is in
contrast to the findings in normal subjects in whom
the renal excretion of citrate increases when the
urine is made alkaline by administration of sodium
or potassium bicarbonate or the sodium and po-
tassium salts of organic acids (2). It has also

TABLE I
Composition of diets

(basic diet)

am.
Casein 180
Cornstarch 450
Dextrose 250
Peanut Oil 80
Brewer’s Yeast 50
Salt Mixture 50*
Vit. A. Conc. 10,000 units

* Two salt mixtures were used which provided the follow-
ing compositions in the final diet.

Ca P
mg./gm. Ash
Diet A 16 2 Alkaline
Diet C 7 5.6 Acid

1 Aided by a grant from the National Institutes of
Health, U. S. Public Health Service.

been shown that the administration of parathyroid
extract (3) or vitamin D increases urinary output
of citrate (4, 5). When these agents are given
there is often a concomitant rise of urinary calcium
excretion but the urinary output of citrate and of
calcium do not necessarily parallel each other.
Since citrate forms an undissociated complex
with calcium the possibility that it is important in
increasing the solubility of calcium salts in urine
has been suggested (3).

METHODS

The importance of urine citrate as a complexing agent
could be tested by means of the effect of acetazoleamide
upon renal excretion of citrate. These studies were de-
vised to determine whether the increased citraturia due
to administration of alkalinizing salts or of vitamin D
could be inhibited by acetazoleamide and whether reduc-
tion of urinary excretion of citrate following acetazole-
amide might be associated with precipitation of calcium
salts in the renal tubules and formation of renal calculi.
Three to four-week-old male albino rats of the Sprague-
Dawley strain were placed on purified experimental diets
for three weeks. At this time, when they had reached
a weight of about 100 gm., they were divided into two
groups, one a control and the other acetazoleamide-
treated. Two diets were used which differed in their
content of Ca and P and in their acid-base ratio as sum-
marized in Table I. When acetazoleamide was given it
was incorporated in the diet in the ratio of 250 mg. of
drug per 100 gm. diet. The average daily dosage cal-
culated from food intake was approximately 15 to 20
mg. per 100 gm. of body weight. The basic diets did
not supply vitamin D which was added as mentioned in
the description of the separate experiments. The ani-
mals were kept in metabolism cages permitting collection
of urine without contamination by feces or spilled food
and the urine was collected under toluene. Citrate in
serum and urine was determined by the method of Natel-
son, Pincus, and Lugovoy (6). Calcium in urine was
determined by the Clark-Collip modification of the
Kramer-Tisdall method (7), and in serum by this method
or by a micro method developed in this laboratory (8).
Phosphorus was determined by the Fiske and Subbarow
technique (9). Urine pH was measured by indicators.
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RESULTS

In Figure 1 is shown the effect of acetazole-
amide upon the urinary excretions of calcium and
citrate of a rat fed diet A which is an alkaline ash,
high calcium, low phosphorus ration. Although
no vitamin D was given, the urinary excretions of
citrate in the control period are considerable be-
cause of the marked cation excess (urine pH ap-
proximately 8.0). The sharp drop in citrate ex-
cretion following acetazoleamide addition is evi-
dent. The urine citrate output returns to control
levels when the drug is discontinued and decreases
again when it is resumed. The urinary excretion
of phosphorus on this diet is negligible and is not
influenced by the drug. The urinary excretion of
calcium in the control period is high and there may
be some inconstant decrease following acetazole-
amide. The precipitous fall in urine citrate after
acetazoleamide feeding is a consistent finding as
is shown in Table IT, which summarizes the results
in six rats on diet A, four acetazoleamide fed and
two control animals. Table III shows the re-
sults of a similar experiment in two rats fed diet
A to which had been added a mixture of sodium
bicarbonate and citric acid which supplied 90 mM
of extra sodium and 60 mM (11.5 gm.) of citric
acid per 100 gm. of diet. The purpose of this ad-
dition of sodium citrate was to increase further
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Acetazoleamide added to diet during periods shown by
diagonally striped bars at bottom of diagram.

urinary excretion of citrate with the production
of maximally alkaline urine. The urine citrate ex-
cretion is raised by addition of sodium citrate to

TABLE IT
Effect of acetazoleamide on urinary excretion of citrate by rats fed high calcium, low phosphorus diet

Rat No.
122% 123* 124 125 126 127
Day Ca. Cit. Ca. Cit. Ca. Cit. Ca Cit. Ca. Cit. Ca. Cit.
mg./day
1 13.3 15.7 18.5 11.0 3.6 15.7 19.2
2 144 200 12.5 19.2 15.2 19.2 9.2 15.0 93 21.8 14.0 148
Acetazoleamide added
3 15.2 119
4 11.8 11.5
) 13.1 150 124 143 9.2 0.2 9.2 0.6 11.1 74 0.4
6 10.3 14.0 8.2 9.6 0.5 8.1 10.1 14 11.5 0.8
7 114 10.2 8.2 0.5 8.0 1.3 12.7 1.8 10.3
8 7.2 11.7 6.0 4.2 9.1 6.2
9 14.2 13.6 11.6 8.8 12.2 11.3
10 12.4 12.7 6.7 8.0 6.1
11 11.5 14.2 146 178 9.3 0.3 9.0 0.6 114 0.8 11.3 0.8
12 11.7 14.9 8.5 9.2 11.5
13 10.1 14.6 9.4 8.0 11.5
14 9.3 12.8 13.6 170 5.8 0.2 8.6 0.7 74 0.4

* Control rats.
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The arrow indicates day on which single dose of 5,000
units of vitamin D was given.

the high calcium, low phosphorus diet but the uri-
nary excretion of calcium is reduced and urinary
excretion of phosphate remains low. The inhibi-
tory effect of acetazoleamide upon citrate excre-
tion is still apparent despite the sodium citrate
supplement although the urinary citrate is not re-
duced to the extremely low levels found in rats fed
diet A without added sodium citrate. No evidence
of refractoriness to the acetazoleamide effect on
urine citrate excretion was found in rats treated
continuously for three weeks. In a few experi-
ments, doses of Diamox® of only 4 to 5 mg. per
100 gm. body weight per day were also effective
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in reducing urine citrate output to the same mini-
mal values shown in Table II.

In Figures 2 and 3 are shown the effects of
acetazoleamide upon vitamin D induced citraturia.
In this experiment the animals were fed diet C in
which the Ca to P ratio and the content of these
elements per calorie of diet is approximately the
same as in cow’s milk. This is an acid ash diet
and in the vitamin D deficient state the urinary
citrate excretion is less than 0.5 mg. per day. The
effect of the administration of a single dose of
5,000 units of vitamin D upon citraturia in a con-
trol rat is shown in Figure 2. The rapid increase
of urinary citrate excretion to values of about 10
mg. per day following vitamin D is roughly paral-
leled by an increase in urinary excretion of both
calcium and phosphorus. The increased urinary
output of calcium and phosphorus presumably re-
flects increased intestinal absorption of these min-
erals due to vitamin D effect. Figure 3 shows a
similar study in an acetazoleamide treated rat.
The drug was added to the diet two days prior to
the administration of vitamin D. The expected
increase in citraturia due to vitamin D is almost
completely prevented although the increased uri-
nary output of calcium and phosphorus is approxi-
mately the same as in the control vitamin D
treated rat. Similar results were obtained in three
other rats on this regime. Urinary pH values
ranged about 6.0 in the rats fed this diet without

TABLE III

Effect of acetazoleamide on urinary excretion of citrate by rats
ed high calctum, low phosphorus diet supple-
mented with sodium citrate

Rat No.
106 107
Ca Cit. Ca Cit.
Day mg./day mg./day
1 0.2 12.0 20 - 294
2 0.3 13.8 1.3 30.1
Acetazoleamide added
3 0.2 2.0 3.4 27.5
4 0.9 1.6 6.7 134
5 0.6 2.7 34 11.7
6 0.6 5.5 1.9 6.1
Acetazoleamide discontinued
7 1.0 5.9 3.0 10.7
8 0.4 6.9 2.0 18.0
9 1.7 17.5 0.9 25.2
10 1.0 23.5 2.1 24.4
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acetazoleamide and were about 0.5 pH unit higher
in the acetazoleamide-fed rats.

If urine citrate plays an important role in main-

taining urinary calcium in solution as has been sug-
gested by Kissin and Locks (10), Shorr, Almy,
Sloan, Taussky, and Toscani (3), and Scott,
Huggins, and Selman (11) the inhibition of citra-
turia by acetazoleamide without proportionate de-
crease of urine calcium excretion should conduce
to the precipitation of calcium salts in the urinary
tract. Six rats of the group fed diet C were given
a single dose of 5,000 units of vitamin D. Four
were fed acetazoleamide for a period of three
weeks and two were maintained on the control
diet. At the end of a three-week period the rats
were sacrificed and blood samples and the kidneys
were taken for analysis. The animals were not
fasted and the treated rats received the Diamox®
containing diet up to the time they were sacrificed.

The concentrations of calcium, phosphorus, and
citrate in the serum of these animals are given in
Table IV. The serum citrate values are essen-
tially the same in control and treated rats despite
marked differences in urinary excretion of citrate.
Three additional control rats on this dietary re-
gime had serum citrate concentrations of 3.0, 3.3
and 3.7 mg. per 100 cc., respectively. The serum
calcium and phosphorus levels of both control and
treated rats are all in the normal range for rats of
this age although the serum phosphorus values
are slightly higher in the treated animals. Half
of each kidney was taken for chemical analysis
and half for histological examination. The kid-
neys were ashed and calcium determined in the ash
solution. The calcium contents of the kidneys are

TABLE 1V

Serum citrate, calcium and phosphorus levels in control and
acetazoleamide-fed rats, diet C*

Serum

Rat Citrate Ca P
No. mg./100 cc.

143 4.4 10.2 9.0
144 3.5 10.2 8.8
145 3.9 10.1 10.1
146 4.0 9.6 9.6
147 3.7 10.0 9.5
148 3.3 10.2 10.6

* All rats had received a single dose of 5,000 units of
vitamin D three weeks before they were sacrificed.
t Acetazoleamide added to diet.
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Period of acetazoleamide treatment shown by diagonally
striped bar. The arrow indicates day on which single
dose of 5,000 units of vitamin D was given.

shown in Table V. The kidneys of the two con-
trol animals contained too little calcium to be
determined accurately and also showed no evi-
dences of calcium precipitate on histological ex-
amination. The kidneys of the four acetazole-
amide-fed rats contained between 27 and 355 mg.
of calcium per 100 gm. fresh kidney. The loca-
tion of the calcium deposits in the kidneys was
determined by histological examination. The
sections in Figure 4 stained by the von Kossa
method show precipitated calcium in the kidney
tubules chiefly at the cortico-medullary junction.
The precipitated material is intratubular although
the tubules are in many places disrupted by the
precipitate. There is no histological evidence of
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TABLE V
Calcium content of kidneys of control and acetazoleamide-fed rats

Diet A Diet C
Ca Visible Ca Visible
Group mg./100 gm. calcification Group mg./100 gm. calcification
Control Trace* 0 Control Trace* . 0
Control 9 0 Control Trace 0
Control 1 0 Acet. 113 Intratubular in outer
Control 3 0 zone of medulla
Acet. 105 Tips of papillary ducts; Acet. 217 Intratubular in outer
renal calculi i zone of medulla
Acet. 46 Tips of papillary ducts; Acet. 27 Intratubular in outer
renal calculi zone of medulla
Acet. 51 Tips of papillary ducts; Acet. 355 Intratubular in outer
renal calculi zone of medulla
Acet. 29 Tips of papillary ducts;
renal calculi
Acet. 87 Tips of papillary ducts;
renal calculi
Acet. 96 Tips of papillary ducts;
renal calculi
Acet. 59 Tips of papillary ducts;

renal calculi

* Amount insufficient for quantitative determination.

renal tubule cell injury except at the site of cal-
cium precipitation where the tubules are ruptured
and there is no inflammatory reaction in the in-
terstitial tissue. The calcium precipitates are
found sharply localized at the cortico-medullary
junction with some scattered foci in the inner
medullary zone. The proximal and distal con-
voluted tubules in the cortex are free of calcium,
as are the collecting tubules in the tip of the pyra-
mid. The intratubular calcium precipitates are
even more strikingly shown in the specimen il-
lustrated in Figure 5. The kidney of an acetazole-
amide-treated rat was split along the longitudinal
axis and one-half was cleared by treatment with
potassium hydroxide solution. The calcium was
then stained with alizarin red. The calcium pre-
cipitates form casts of the tubules starting abruptly
at the cortico-medullary junction and only a rela-
tively short portion of the tubule is involved as is
shown in the higher magnification (Figure 5B).
The histological pattern suggests that most of the
precipitation of calcium is in the terminal or
straight segment of the proximal convoluted tu-
bules. There may also be some precipitate in
Henle’s loops and in collecting tubules.

Similar studies were made on the kidneys of
rats receiving the high calcium, low phosphorus
diet without vitamin D supplement (diet A).
The calcium contents of the kidneys of these rats
are also given in Table V. The kidneys of the

rats not receiving acetazoleamide showed only
small amounts of calcium although the urine of
these animals contained high concentrations of
calcium. The kidneys of the control rats were
normal both on gross and microscopic examina-
tion. Analyses of the kidneys of the acetazole-
amide-fed rats showed considerable quantities of
calcium. The pathological findings in these kid-
neys, however, differed from those seen in the
kidneys of the rats fed diet C. On gross
examination calculi of various sizes were found
in the renal pelvis adherent to the renal pa-
pilla in almost all of the kidneys of the acet-
azoleamide-treated group. In one animal a cal-
culus, weighing about 5 mg. had broken off
and lodged in the bladder. This calculus was
soluble in dilute hydrochloric acid and on analy-
sis was a calcium stone, but no phosphate, citrate,
oxalate, or sulfate was found. It was thought to
be chiefly a calcium hydroxide, carbonate concre-
tion. In two rats ureteral obstruction and hydro-
nephrosis were found. On microscopic examina-
tion of the kidneys laminated masses of calcium
precipitate were seen at the tips of the papillary
ducts covered by the papillary epithelium as shown
in Figure 6. Scattered foreign body giant cells
were present at the periphery of these masses.
No calcium precipitate was seen in any other por-
tion of the kidney, however, although a deeply
stained eosinophilic coagulum was found in many
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A. Low Power PHorocraAPH SHowING CarLcium DE-
PoSITS AT THE CORTICO-MEDULLARY JUNCTION

3 * ; : ot B A

B. Mepium PoweR PHOTOMICROGRAPH OF CORTICO-
MEDULLARY JUNCTION SHOWING INTRATUBULAR
CarciuMm PRecIPITATE IN DiSTENDED THIN-WALLED
TUBULES

C. HicHER Power OF CORTICO-MEDULLARY JUNCTION
SHOWING ABSENCE OF RENAL TuBULE CELL INJURY
Excepr FOR MECHANICAL DisrUPTION OF TUBULES,
AND Lack oF TissUE REACTION IN INTERSTITIAL
Tissue
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dilated tubules both in the cortex and medulla.
The site of calcium precipitation in the kidneys of
acetazoleamide-treated rats therefore differs with
the type of diet fed and this effect of diet is ap-
parently related to the concentration of phos-
phate in urine. The effect of acetazoleamide in
the rats fed diet A was not altered by administra-
tion of vitamin D. The degree and site of cal-
cium precipitation remained the same. In the
rats fed this diet the urine phosphate excretion is
practically nil with or without vitamin D feeding.

DISCUSSION

The mechanism of renal excretion of citrate has
not been comprehensively studied but calculation
of the clearances of this ion indicate that ordinarily
most of the filtered citrate is reabsorbed (12).
The effect of vitamin D in increasing urinary
citrate might be due to increase in the amounts
filtered since plasma citrate levels are increased
by vitamin D (4). The excretion of citrate
drops with decrease of urine pH and rises with
increase of urine pH when the pH is altered
by administration of acidifying or alkalinizing
salts. This relationship to pH also holds true for
other organic acids whereas the excretion of or-
ganic bases decreases as urine pH rises (12).
It has been suggested that the increased urinary
citrate excretion with cation excess is a buffer
mechanism analogous to the increased excretion
of ammonia under conditions of anion excess (2).
Shorr, Carter, Smith, and Taussky (13) reported
preliminary observations on the mechanism of
citrate excretion in man. On the basis of simul-
taneous citrate and inulin clearances in a patient
with Paget’s disease they suggested that the in-
creased citraturia due to alkali, and the decrease
in citrate excrétion due to testosterone adminis-
tration resulted from changes in tubular reabsorp-
tion of citrate.

Acetazoleamide reduces urine citrate excretion
despite its effect in increasing urine pH and it
also prevents the increase of urine citrate output
following vitamin D administration. The plasma
citrate levels of acetazoleamide fed rats are the
same as those of control rats fed a similar diet
without acetazoleamide so that the differences in

Fi16. 4. KIDNEY SECTIONS OF ACETAZOLEAMIDE-TREATED
RAT FED DIET C; STAINED BY VON K0SSA SiLVER NITRATE
MEeTHOD WiTH HEMATOXYLIN AND E0SIN COUNTERSTAIN
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A. Low Power oF ENTiRE HEMI-KIDNEY SHOWING IN-
TRATUBULAR Carcium Casts BEGINNING AT Cor-
TICO-MEDULLARY JUNCTION

B. HiGHER MAGNIFICATION OF CORTICO-MEDULLARY
Juncrion SHOWING INTRATUBULAR CALciuM PRE-
CIPITATE BEGINNING SHARPLY AT CORTICO-MEDUL-
LARY BORDER AND EXTENDING ONLY A SHORT Dis-
TANCE INTO THE MEDULLA

Fic. 5. KIDNEY OF ACETAZOLEAMIDE-TREATED RAT FED
Dier C

Specimen cleared by treatment with potassium hy-
droxide solution and the calcium stained with alizarin
red.

urinary citrate excretion must presumably be ex-
plained in terms of renal tubular activity. How
this effect is related to the inhibition of carbonic
anhydrase activity by acetazoleamide and to its
postulated effect in reducing secretion of H* ions
in exchange for Na* and K* ions (14) can only
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Fic. 6. SectioN oF KIDNEY OF ACETAZOLEAMIDE-
TRrReATED RAT FEp DiET A; SEcTioN TAKEN AT EDGE OF
PapiLa; StAaiNeD BY voN Kossa SiLvER NITRATE
MEeTHOD AND HEMATOXYLIN AND EOSIN

Laminated masses of calcium precipitate at tips of
papillary ducts covered by papillary epithelium. Foreign
body giant cells can be seen at periphery of these masses.

be conjectured. The intracellular pH of renal
tubule cells might possibly be the factor control-
ling the excretion of citrate rather than the pH of
tubular contents.

Whatever the mechanism which may be in-
volved in the reduction of urinary citrate by
acetazoleamide the sequence of events observed,
namely, increase of urinary pH and decrease of
urinary citrate without proportionate decrease
in calcium or phosphate excretion evidently pre-
disposes to precipitation of calcium in the renal
tubules or in the upper urinary tract. These find-
ings support the idea that urinary citrate does in-
crease the solubility of calcium in urine by virtue
of its property of forming an undissociated calcium
complex and that this mechanism is of importance
in the prevention of calcium precipitation in the
kidney. The molar ratio of calcium to citrate in
the urine of the control rats not receiving acet-
azoleamide ranged from 3:1 to 3:2. No studies
were made to determine whether there might be
other polycarboxylic acids excreted in the urine
which could sequester calcium.

The site of precipitation of calcium in the uri-
nary tract in these experiments is apparently de-
termined by the concentration of phosphate in the
urine. In both experiments the diets were such
as to produce calcuria although the urine calcium
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excretion was greater in the rats fed diet A. In
the animals fed diet C supplemented with vitamin
D the serum phosphorus concentrations are high
and the phosphate load exceeds the renal tubular
capacity to reabsorb phosphate so that the urine
excreted contains phosphate. Under these con-
ditions phosphate may be assumed to be present
in the fluid leaving the proximal convoluted tu-
bules. In the acetazoleamide-treated rats of this
series calcium phosphate is precipitated in the re-
nal tubules probably as the result of disappearance
of citrate and also increase of pH of the tubular
contents. The localization of the precipitate is of
theoretical interest since the acetazoleamide effect
upon citrate concentration or urine pH must pre-
sumably be exerted proximal to or in the portion
of the tubule where precipitation of calcium phos-
phate occurs. The histological pattern of involve-
ment of the tubules at the cortico-medullary junc-
tion, and the configuration of the tubular casts
in the cleared specimen suggests that the precipi-
tate is in the terminal or straight segment of the
proximal convoluted tubule. Isolation of single
nephrons by micro-dissection would be necessary
to demonstrate conclusively the segment of the
tubule in which precipitation occurs.

The feeding of a high calcium, low phosphate
diet reduces the serum phosphorus level and there-
fore the phosphate filtered so that practically all
of the phosphate filtered is reabsorbed in the proxi-
mal tubule. In the absence of phosphate in the
tubular contents no calcium precipitation occurs
in the upper nephron despite lack of citrate. Pre-
cipitation is found only at the tips of the papillary
ducts with formation of calculi in the renal pelvis.
Decrease in CO, tension with increase of pH or
the physical factors of eddy currents and stasis may
be involved in the precipitation of calcium from
a supersaturated solution at this site.

The modifying effect of dietary factors upon
precipitation of calcium in the kidney may explain
the fact that such calcification has not been found
by other workers who have been investigating
acetazoleamide effect upon kidney function.
Maren, Mayer, and Wadsworth (15) did note
renal calcification in a few rats receiving very
large doses of Diamox®, 900 mg. per Kg. No
reports of renal calculus formation in patients re-
ceiving Diamox® have been published. The dos-
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ages given to patients in terms of body weight
are much smaller than those used in the rat but
the amounts used in these experiments are con-
siderably greater than those needed to inhibit
urine citrate excretion. Studies of the effect of
Diamox® upon the urinary excretion of citrate,
calcium, and phosphate in human subjects are
needed before any conclusion can be drawn con-
cerning the possibility of the development of re-
nal calcinosis in patients receiving this drug. The
renal calcification found in patients with renal
tubular acidosis (16) might indeed be associated
with an abnormality of urine citrate excretion in
view of the extremely low urine citrate levels
found in an infant with this syndrome.

SUMMARY

Administration of acetazoleamide to rats re-
sults in reduction of urinary citrate excretion to
extremely low levels. The usual effect of cation
excess or of vitamin D in increasing citraturia is
inhibited by acetazoleamide.

The feeding of acetazoleamide to rats also
causes the precipitation of calcium salts in the
kidney or lower urinary tract under certain dietary
conditions. On a diet which resembles cow’s milk
in its content of calcium and phosphorus, calcium
phosphate is precipitated in the renal tubules at
the cortico-medullary junction. If the diet is low
in phosphate and high in calcium, calcified plaques
are formed at the tips of the papillary ducts with
formation of calculi in the pelvis. These findings
indicate that the concentration of citrate in urine
is of physiological importance in the stabilization
of urinary calcium and that calcuria in the absence
of urinary citrate results in precipitation of the cal-
cium. The nature of the precipitate and its loca-
tion in the renal tubule is apparently dependent
upon the concentration of phosphate in the urine.
The site of intratubular precipitation of calcium in
the acetazoleamide-treated rats fed the high cal-
cium and phosphorus diet suggests that the acet-
azoleamide effect upon citrate occurs in the proxi-
mal portion of the tubule.
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