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Polyuria and loss of renal concentrating ability
have frequently been observed in patients with hy-
percalcemia (1-8). It has not been clear whether
the capacity of the kidneys to concentrate urine is
selectively impaired by hypercalcemia or whether
it is depressed together with many other renal
functions as a result of substantial injury to and
encroachment upon active renal parenchyma (9).
In the present experiments the effects of hyper-
calcemia on renal function and morphology were
studied in rats given large doses of calciferol (vi-
tamin D2) for several days. The results suggest
that hypercalcemia and renal damage produced in
this manner specifically impair renal concentrating
ability. This functional defect is associated with
alterations in the structure of the collecting tubules
of the renal medulla.

METHODS

Eighteen male albino rats of the Sprague-Dawley strain,
weighing about 300 Gm., were maintained on a measured
diet of Purina Lab Chow and allowed to drink tap water
ad libitum. Following initial determinations of blood
urea nitrogen, urea clearance, phenolsulfonphthalein
(PSP) excretion and maximum urinary osmolality, 200,-
000 units or 400,000 units of vitamin D2 in peanut oil was
injected subcutaneously daily for four days. At the end
of this time, the same tests were repeated. The animals
were then sacrificed by exsanguination from the abdomi-
nal aorta during pentobarbital anesthesia and the kidneys
removed for morphologic examination. Eight rats served
as controls, receiving only peanut oil for four days, with
food intake limited to that taken by matched animals
receiving vitamin D2.

For the measurement of urea clearance, 0.2 to 0.3 ml.
of heparinized blood was obtained from the tail. Rats
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were then stimulated to empty their bladders by making
them sniff ether and placed in individual metabolism
cages without food or water for 12 hours, when micturi-
tion was again stimulated and the urine collected. Urea
was measured in blood and urine by the method of Con-
way (10). Following 12 hours of dehydration, 50 mUof
vasopressin in oil 5 was injected subcutaneously and urine
collected under oil for another 12 hours for the determi-
nation of maximum urinary osmolality (Umax). The
osmolal concentration of this urine was measured cryos-
copically using a Fiske osmometer after diluting 0.5 ml.
of urine to 2.0 ml. with distilled water.

To measure phenol red (PSP) excretion, 0.03 mg. of
commercial PSP dye was injected subcutaneously. Rats
were then placed in individual metabolism cages with
free access to drinking water and stimulated to void after
two hours. Funnels and screens were rinsed with distilled
water and the total volume brought to 25 ml. This was
made alkaline with a few drops of concentrated NaOH,
filtered and read at 540 m/A in a Coleman Jr. spectropho-
tometer.

Serum calcium was measured, after oxalate precipita-
tion, by permanganate titration (11), or flame photometry
using a Coleman Flame photometer with a special filter.6

RESULTS (TABLE I)

Renal function

During the four days when calciferol was ad-
ministered, rats characteristically reduced their
intake of food and lost considerable weight (aver-
age, 36 Gm.). At the conclusion of this period,
the serum calcium had risen to hypercalcemic levels
(average, 12.9 mg. per 100 ml.), which were some-
what higher in those animals getting 400,000 units
per day than in those receiving half that dose.

Maximum urinary osmolality after vasopressin
was strikingly diminished in every animal (from
an average of 2,630 mOsm.per Kg. to 1,625 mOsm.
per Kg.). The decrease in Uma. could not be at-
tributed to a solute diuresis, since the quantity of

5 Kindly supplied as Pitressin® Tannate in Oil by
Parke-Davis.

6 "Ca III filter," supplied by Baird Associates, Danvers,
Mass.
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TUBULES IN THE OUTERMEDULLAWITH NECROSIS OF THE EPITHELIAL CELLS AND AN

INFILTRATE OF MONONUCLEARCELLS IN THE INTERTUBULAR SPACE
Rat 9, hematoxylin and eosin stain, 400 X.

solute excreted by hypercalcemic rats while under
the influence of vasopressin was not greater than
that excreted by the same animals before they re-
ceived calciferol. Blood urea nitrogen rose in only
5 of 18 rats. In two-thirds of the animals the urea
clearance was unchanged, rose, or fell less than
15 per cent. The average excretion of phenol red
was 67 per cent in two hours prior to the injection
of vitamin D2 and 62 per cent after treatment; only
7 of the 18 rats had decreases which exceeded 10
per cent of the injected dose of PSP.

Serum potassium, sodium and chloride were
normal in 10 hypercalcemic rats in which they
were measured.

In four rats given 400,000 units of calciferol
daily for four days, the intake of potassium was in-
creased by substituting a 1 per cent solution of
KCl for drinking water. Results in these animals
were entirely simliar to those obtained without po-
tassium supplementation.

Eight pair-fed control animals received daily
injections of peanut oil for four days. Weight loss
in this group was comparable to that sustained by

the most anorectic rats receiving vitamin D2.
Maximum urinary osmolality of these animals did
not change or rose slightly. Blood urea nitrogen
(BUN), urea clearance and PSP excretion were
likewise not appreciably affected by dietary re-
striction and control injections of peanut oil.

Renal morphology

Anatomical changes in rats receiving calciferol
were classified as minimal (1 +), moderate (2 +)
or severe (3 +), depending upon the number and
extent of the lesions. Changes were chiefly lo-
calized to the collecting ducts in the medulla.
Even in the most severe (3 +) lesions, not more
than 10 per cent of nephrons were involved. In
those graded as 1 + only a rare tubule showed
morphological changes. In one instance (Animal
No. 1, Table I) no specific changes were detected
in the kidney, even though hypercalcemia and im-
paired renal concentrating ability existed. Most
kidneys showed minimal lesions which were focal,
involving only a short segment of the collecting
tubule. The essential alterations were necrosis
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FIG. 2. FOCAL PROLIFERATION OF EPITHELIAL CELLS IN A SEGMENTOF COLLECTINGTUBULE IN THE OUTER
MEDULLAPRODUCINGCOMPLETEOBSTRUCTIONOF THE LUMEN

The intercalated cells (arrows) have small pyknotic nuclei and dark cytoplasm with pointed projec-
tions. A mitosis can be seen to the right near the luminal center. The dark, irregular masses among
the regenerating cells stained positively for calcium. Rat 4, hematoxylin and eosin stain, 400 X.

of tubular epithelial cells and proliferation by
young regenerating cells (Figures 1 through 3).
Some epithelial cells were calcified (Figure 4)
and frequently irregular masses of calcium, de-
monstrable by special staining, were present among
the clusters of degenerating and necrotic tubular
cells (Figure 2). These casts contained minute
amounts of iron and were periodic-acid-Schiff
(PAS) positive, as in the report of Eisenstein and
Groff (12). Occasionally, short segments of
basement membrane were calcified and where the
epithelial alterations were most intense dissolution
of the basement membrane could be demonstrated
by special staining methods (Figure 3). The pro-
liferative response associated with this injury in-
volved both the tubular epithelial cells and the
connective tissue of the intertubular stroma (Fig-
ure 3) which at times produced a localized
"granuloma" incorporating several tubules. On
microdissection, it was extremely difficult to sepa-

rate the tubular segments caught in these masses
of granulation tissue. However, only segments of
the collecting tubules in the outer medulla were
obstructed by this interstitial granulation tissue,
since tubular dilatation was restricted to proximal
segments of the collecting system which in some
instances extended to distal convolutions and
terminal portions of the ascending limb of Henle's
loop. In kidneys with minimal lesions, microdis-
section revealed no morphological alterations in
segments of the nephron proximal to the collecting
system except for occasional ascending limbs of
Henle's loop and distal convolutions which had
an increased number of intracellular lipoid drop-
lets as compared to control animals when stained
with flaming red.

In some instances the proliferative response in
the tubules was so intense that masses of cells ex-
tended into the lumens as polypoid buds and fre-
quently the tubules were completely occluded by
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FIG. 3. COLLECTINGTUBULE IN OUTERMEDULLASHOWINGFOCAL EPITHELIAL NECROSIS AND REGEN-
ERATIVE PROLIFERATION WITH DISSOLUTION OF THE BASEMENTMEMBRANEAND GROWTHOF GRANULATION
TISSUE IN THE INTERSTITIAL STROMA

Rat 15, PeriOdiC-aCid-SChiff, 400 X.
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FIG. 4. FOCAL CALCIFICATION OF SEVERAL EPITHELIAL CELLS AND THE SUBJACENTBASEMENTMEM-
BRANEIN A COLLECTINGTUBULE

Rat 6, hematoxylin and eosin stain, 400 X.
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FIG. 5. DILATATION OF PROXIMAL SEGMENTSOF THE COLLECTINGTUBULES IN THE CORTEX
There are no alterations in more proximal portions of the nephron. Rat 9, hematoxylin and eosin stain,

200 x.

masses of regenerating epithelial cells (Figure 2).
This also resulted in dilatation of the nephron
proximally (Figure 5).

The location and distribution of the tubular
changes were rather specific and of particular in-
terest. Most lesions occurred in the outer medulla
and involved small clusters of several neighboring
tubules. In the cortex, the straight tubules in the
medullary rays, particularly in the inner cortex,
also showed changes. Many of the damaged seg-
ments were identified as collecting tubules by the
presence of intercalated cells (Figure 2). Where
the tubular lesions occurred in clusters, segments
of the nephron other than collecting tubules could
have been involved; however, tubules recognizable
as part of the collecting system showed the most
severe changes.

Deposits of calcium were recognizable in the
masses of necrotic and proliferating epithelial cells
or the corresponding basement membranes. Al-
though, at times, calcium extended for short dis-
tances into the intertubular stroma from the calci-
fied basement membranes, isolated deposits in the
interstitium were absent.

Only a few animals showed severe renal lesions
involving all segments of the nephron. The tubu-
lar epithelial alterations were similar to those
in the collecting system, and in addition, these
kidneys revealed calcification of the basement
membranes of proximal convoluted tubules and the
glomerular capsules. It should be stressed that
even in animals with lesions of moderate (2 +) de-
gree, only a few nephrons were involved and that
the remainder were normal morphologically, em-
ploying both histological and microdissection tech-
niques.

In only a few kidneys vascular changes induced
by calciferol were present and these were minimal,
involving only the large arteries. They produced
no detectable reduction in the size of the lumen and
could not account for the morphological and physi-
ological alterations observed in these kidneys.

DISCUSSION

Vitamin D intoxication has long been known to
produce structural changes in the kidneys and
other organs and severe impairment of renal func-
tion (see Reference 2 for review). The degree
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and character of damage to renal parenchyma de-
pend upon the size of the dose and the duration and
route of administration. Thus, doses of calciferol
much smaller than those used in the present ex-
periments produced severe periarteritis and cal-
cium deposits in vessel walls and in glomeruli
when the sterol was given orally to rats by Gill-
man and Gilbert ( 13). Such vascular lesions were
not observed in the present material, possibly be-
cause absorption of the sterol from its subcutaneous
depot was limited and the duration of exposure
short. Others have described involvement of all
segments of the nephron in vitamin D poisoning
(13-15); in some reports the collecting ducts are
noted as particularly affected (16, 17). The le-
sions in the collecting ducts which were observed
in the present study may represent the earliest
morphological changes of calciferol intoxication.

The severe reduction in concentrating ability
sustained by hypercalcemic rats contrasts with
their relatively well-maintained blood urea nitro-
gen, urea clearance, and ability to excrete PSP.
To the extent that these parameters reflect the
same functions in the rat that they do in man and
the dog, these data suggest that concentrating
ability was impaired out of proportion to changes
in glomerular filtration and proximal tubular se-
cretory function. This functional pattern is simi-
lar to that observed in humans depleted of potas-
sium (18). It is unlikely that the animals of the
present study were potassium-deficient, since their
diet contained liberal amounts of potassium, they
did not have diarrhea and their serum potassium
was normal. Moreover, the same functional and
morphological changes were observed when the
diet was supplemented with potassium.

Micropuncture studies suggest that the final site
of water reabsorption and urinary concentration
lies in the collecting ducts and that the motive en-
ergy for this process is derived from the reabsorp-
tion of sodium from more proximal portions of
the nephron and its concentration in the interstitial
fluid of the medulla (19). It is therefore of great
interest that the lesions observed in the present
study were chiefly localized to the collecting tu-
bules. The marked decrease in concentrating
power contrasts with the fact that microscopic
evidence of injury was generally sparse (indeed,
absent in Rat No. 1). This suggests that in many

collecting ducts injury had progressed to a degree
sufficient to interfere with function though too
subtle to be detected morphologically; in those
areas where injury was sufficiently intense or
prolonged, necrosis occurred with attempted re-
pair by proliferation.

These findings may be interpreted in the light
of current theories of urinary concentration and
the action of antidiuretic hormone. It might be
supposed, for example, that diffusion of water out
of the collecting ducts, normally enhanced by vaso-
pressin, is slowed by injury to the cells and/or the
basement membranes lining these tubules. Al-
ternatively, hypercalcemia and/or increased in-
tracellular concentrations of calcium might impair
the efficiency of the mechanism by which sodium is
pumped out of the loops of Henle and concentrated
in the medulla (20). In this connection it is in-
teresting that infusions of calcium salts are re-
ported to increase the renal excretion of sodium
(21, 22).

The functional and morphological similarities
between the lesions of potassium deficiency in the
rat (23, 24) and those observed in the present
study are noteworthy. Both are characterized by
spotty necrosis and hyperplasia localized chiefly to
tubular cells in the outer medulla, although the
lesions observed in rats kept on a potassium-free
diet for three to six weeks are more numerous
than those of the present report (24, 25). Both
are associated with a depression of renal concen-
trating ability out of proportion to other tests of
renal function. These facts are reminiscent of the
opposing effects of potassium and calcium on neu-
romuscular behavior (26). It is tempting to spec-
ulate that these are examples of a general phenome-
non, and that the activity of cell enzymes or the
permeability of cell membranes in many organs,
including the kidney, may be altered in the same
direction by depletion of potassium or a surfeit of
calcium.

The present results demonstrate that vitamin D
intoxication of short duration and mild degree
specifically impairs renal concentrating ability in
rats and suggest that similar alterations in renal
structure and function may be responsible for the
polyuria previously observed in a variety of clini-
cal states associated with hypercalcemia or nephro-
calcinosis.
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SUMMARY

Hypercalcemia was induced in rats by four
daily injections of 200,000 to 400,000 units of
calciferol. Renal concentrating ability was mark-
edly impaired, although there was little or no

change in blood urea, urea clearance or the excre-
tion of phenolsulfonphthalein. Morphological
changes in the kidneys were sparse and consisted
chiefly of lesions involving the collecting ducts in
the outer medulla. It is suggested that similar al-
terations in renal structure and function may be
responsible for the polyuria and hyposthenuria
observed in a variety of clinical states associated
with hypercalcemia or nephrocalcinosis.
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