
On the Mechanism of Lithium-Induced Diabetes Insipidus
in Man and the Rat

JOHNN. FORREST, JR., ALAND. COHEN,JORGEToRREr,
JONATHANM. HIMMELHOCH,and FRANKINH. EPSTEIN

From the Renal Section, Department ot Medicine, and the Department of

Psychiatry, Yale-New Haven Hospital; and the West Haven Veterans
Administration Hospital, Yale University School of Medicine,
New Haven, Connecticut 06510

A B S.T R A CT The mechanism of lithium-induced dia-
betes insipidus was investigated in 96 patients and in
a rat model. Polydipsia was reported by 40% and poly-
uria (more than 3 liter/day) by 12% of patients re-
ceiving lithium. Maximum concentrating ability after
dehydration and vasopressin was markedly impaired
in 10 polyuric patients and was reduced in 7 of 10
nonpolyuric patients studied before and during lithium
therapy. Severe polyuria (more than 6 liter/day) was
unresponsive to trials of vasopressin and chlorpropa-
mide, but improved on chlorothiazide. Rats receiving
lithium (3-4 meq/kg/day) developed massive polyuria
that was resistant to vasopressin, in comparison to rats
with comparable polyuria induced by drinking glucose.
Analysis of renal tissue in rats with lithium polyuria
showed progressive increase in the concentration of
lithium from cortex to papilla with a 2.9-fold cortico-
papillary gradient for lithium. The normal cortico-
papillary gradient for sodium was not reduced by lith-
ium treatment. The polyuria was not interrupted by
brief intravenous doses of vasopressin (5-10 mU/kg)
or dibutyryl cyclic AMP (10-15 mg/kg) capable of
reversing water diuresis in normal and hypothalamic
diabetes insipidus rats (Brattleboro strain). The pres-
ent studies suggest that nephrogenic diabetes insipidus
is a common finding after lithium treatment and results
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in part from interference with the mediation of vaso-
pressin at a step distal to the formation of 3',5' cyclic
AMP.

INTRODUCTION
The effects of lithium in man received little attention
until the recent widespread use of its salts in the
treatment of affective disorders (1-4). Several reports
have described a reversible polyuria unresponsive to
vasopressin in patients receiving lithium (5-7). Lith-
ium has been reported to inhibit the antidiuresis nor-
mally produced by vasopressin in water-loaded rats
(8), to inhibit various effects of vasopressin and 3'5'
cyclic AMP in toad urinary bladders (7-10), and to
interfere with the stimulation of adenyl cyclase by
vasopressin in rabbit and human renal medullary tissue
(11-12). We report here a series of investigations on
the effects of lithium on the renal concentrating mech-
anism of man and the rat.

METHODS

Human stuidies. 96 consecutive patients attending a
lithium outpatient clinic were studied. Patients were ques-
tioned about any change in their water intake and urine
output since the beginning of lithium therapy. Daily urine
volumes were determined in patients reporting polyuria.
Renal concentration tests were performed in polyuric pa-
tients and in 10 patients before and after 8-12 wk of
lithium carbonate therapy, 900-2,400 mg/day. Three pa-
tients with severe polyuria (6-9 liter/day) were studied in
a clinical research unit. All medications except lithum
were discontinued and the patients were placed on a 4-g
NaCl diet with monitoring of daily fluid balance. The
effects of 4-7 days treatment with vasopressin, chlorpro-
pamide, and chlorothiazide were investigated.
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TABLE I

.Symplonzs in 96 Patients with A fjective Disorders
Receiving Lithium Ther(apy

(Li2CO3, 900-1,800 mg/day)

Number
patients

Symptoms reporting '7(

lincreased thlirst anid water it-ake 36 40
PolyLnria (>3 liter/day) by ilmeastiremiienit 11 12
Unmeasured increase inl uriine voltIime 19 20

A standardized test of renal concentrating ability (Umax)'
was used in all patients (13). Patients were deprived of
fluid from 6 p.m. on the evening before the test. Be-
ginning at 6 or 7 a.m., urine specimens were collected
each hour, and the volume and osmolality measured. When
the osmolality of the urine (Uo,sm) had reached a con-
stant plateau (16-18 h of fluid deprivation), plasma was
collected for osmolality, and 5 U of aqueous vasopressin
(Pitressin, Parke, Davis & Co., Detroit, Mich.) were in-
jected subcutaneously. A final urine was collected 1 h
after the vasopressin inijection. Osmolality of plasma and
urinie was measured in dtiplicate on a Fiske osmometer
(Fiske Associates, Inc., Uxbridge, Mass.).

Anims-al studies. Polyuria was induced in 130-170-g
Sprague-Dawley rats by daily intraperitoneal injection of
isotonic lithium chloride (0.15 M), 3-4 meq Li+/kg body
wt/day. In most experiments rats were fed a prepared
normal diet containing 6.04 g NaCl, 11.6 g K2HPO4, and
30.37 g mineral mixture/kg diet. In control rats a water
diuresis, producing comparable polyuria in 24 h, was estab-
lished by addition of glucose to the drinking water for 1
wk before testing. Response to vasopressin was tested by
administration of 1 U of well mixed vasopressin tannate in
oil every 4 h for three doses.

Analysis of renal tissue for water and electrolyte con-
tent was performed in normal untreated rats and in chronic
(7-day) lithium-treated rats with polyuria. Serum lithium
concentration at the time of study was varied in three
groups of lithium-treated rats by administering the last
lithium dose 24, 8, or 4 h before sacrifice. Food and water
were withheld from all animals for 12 h before sacrifice.
Electrolyte content of renal tissue was analyzed by methods
described previously (14). Iithium was measture(l by atomic
absorption spectrophotometry.

Acute studies with intravenous injections (0.5 ml vol-
ume) of vasopressin (5-10 mU/kg in 5 min) and di-
butyryl cyclic AMP (15-20 mg/kg in 5 min) were
performed in normal rats, lithium-treated rats with poly-
uria, and rats with hereditary hypothalamic diabetes insipi-
dus (Brattleboro strain). Homozygous Brattleboro rats
excreting more than 50% of body weight as urine/day
were selected for study. Lithium rats received their daily
lithium dose 2 h before study. Animals were anesthetized
with Inactin (Promonta, Hamburg, West Germany) and a
tracheostomy was performed. Catheters were placed in

1 Abbreviations used in this paper: cyclic AMP, 3' 5'
AMP; dibutyryl cyclic AMP, N62'-0-dibutyryl AMP;
GFR, glomerular filtration rate; TSH, thyroid-stimulating
hormone; Umax, maximum urine osmolality; Uosm, urine
osmolality.

both external jugular veins and bladder. Urine was col-
lected directly into 1-ml silicone-coated pipettes during
10-min collection periods. A water diuresis was established
by intravenious loading over 20 min with a volutlme equal
to 6% of body weight of a hypotoniic solution containing
0.075 M NaCl and 1.75% glucose, before a constant in-
fusion of the same solution at 0.212 ml/min. In separate
experiments in Brattleboro rats, serial measurements of
glomeruilar filtration rate (GFR) were made during in-
ftision of hiigher doses of both vasopressini (13 n1UT/kg/6()
mim) and dibutyryl cyclic AMP (67-100 mg/kg/60 min).
GFR was determined by [3H]inulin. clearance with a con-
stant intravenous infusion of 50 mCi/h after a loading dose
of 50 ,uCi.

RESULTS

Patient studies
Symptoms and renal concentrating ability. An in-

crease in thirst and water intake noted during lith-
ium therapy was reported by 40% of 96 patients
(Table I). In 11 patients (12%), polyuria greater
than 3,000 ml/day was documented by direct measure-
ment of urine volume. An additional 20% of patients
reported an unmeasured increase in urine volume. In
all patients serum lithium concentrations were in the
normal therapeutic range (0.5-1.5 meq/liter). Serum
potassium and calcium concentrations were normal in
all patients. There was no correlation between serum
lithium concentrations and the severity of polyuria.
Since phenothiazine preparations have been reported
to depress antidiuretic hormone secretion (15), all
medications except lithium were usually discontinued
1 wk before measurement of concentrating ability.

A marked impairment of renal concentrating ability
was demonstrated in 10 polyuric patients studied
(Table II). The urine of patients 1-4 remained hypo-

TABLE I I
U,,az in Patients with Lithium-induced Polyuria

Umax LTnmax

14-18 h Dehydration Uosm 1)efore
dehydra- + vaso- vaso-

Patient tion p)ressin Change* pressin

1 180 288 +60 (310)
2 172 214 +24 (304)
3 265 210 -21 (305)
4 247 291 +18 (295)
5 377 479 +27 (299)
6 423 668 +58 (290)
7 623 664 +7 (291)
8 471 478 +1 (312)
9 507 585 +15 (292)

10 526 588 +12 (290)
Mean
±SEM 379 A49 446 ±57 298 42.7

* Percent change in Uo,, comparing dehydration and vasopressin to de-
hydration only.
Po,,,, plasma osmolality.
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tonic to plasma despite prolonged dehydration with
serum osmolalities of 295-310 mosmol/kg. Six patients
showed a spectrum of concentrating defects with U.ax
ranging from 478-668 mosmol/kg after dehydration
and vasopressin. Of special inter-est were two patients,
1 and 6, who showed substantial increase (60 and 58%)
in Uosm when vasopressin was given after dehydration.
In these patients, lithium may have inhibited the syn-
thesis or release of vasopressin.

In 10 additional patients the effect of lithium on
maximum concentrating ability was studied prospec-
tively with measurement of Unax before and after 8-12
wk on lithium therapy (Fig. 1). Maximum concen-
trating ability was significantly reduced after lithium
in this group of patients, with Unax (mean±SEM)
declining from 1,001+-47 to 845±33 mosmol/kg.

Response to therapy for diabetes insipiduss. Re-
sponse to therapy for diabetes insipidus was evaluated
in three patients with severe, symptomatic polyuria
(6,000-9,200 ml/day). Studies were performed on a
clinical research ward, with monitoring of fluid bal-
ance on a 4-g NaCl diet. After a control period of 4
days, each patient received 5 U of well mixed vaso-
pressin tannate in oil for 4 days, followed by chlorpro-
pamide, 500-750 mg daily for 4 days, and chloro-
thiazide, 0.5-1.0 g daily for 7 days. Mean urine output
and osmolality for each period are shown in Fig. 2.
Urine volume was not significantly reduced after vaso-
pressin tannate or chlorpropamide in any patient and
osmolalities of 24-h urines were unaffected by these
agents. All patients had a marked reduction of polyuria
after chlorothiazide administration (0.5-1.0 g/day),
with improvement occurring by 2-3 days of treatment.
A slight reduction in body weight (mean 1.7%) oc-
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FIGURE 2 Effect of treatment with vasopressin tannate,
chlorpropamide, and chlorothiazide on urine volume and
Uosm in three patients with lithium-inlduced diabetes in-
sipidus. Values are mean+SEM.

curred during treatment. Mean U08m increased sig-
nificantly in each patient receiving chlorothiazide though
it did not rise above the osmolality of plasma.

Animal studies
Response to vasopressin. The mechanism of lithium

polyuria was investigated further in Sprague-Dawley
rats given daily intraperitoneal injections of isotonic
lithium chloride, 3-4 meq lithium/kg/day. Urine volume
was increased significantly on the first day of lithium
administration (Fig. 3). By 4-5 days lithium-treated
rats developed profound polyuria, with daily urinary
output equal to 50-70% of body weight. Control rats
given isotonic sodium chloride, 3-4 meq/kg/day, had
no increase in urine volume.
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LITHIUM

8-12 wk
ON LITHIUM

1)200 V
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600 L
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845±33
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FIGURE 1 Umax in 10 patients without polyuria studied
before and during lithium treatment. Differences between
means determined by paired t test. P < 0.01.
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FIGURE 3 Development of lithium polyuria in 170-g rats
receiving lithium chloride, 3 meq lithium/kg/day.
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TABLE I I I
Renal Tissue Analysis in Rats with Lithium-Induced Polyuria and Control Rats

Water content Na+ K+ Li+

Groups Tissue Li+ rats Controls Li+ rats Controls Li+ rats Controls Li+ rats

%10 ?neq/kg tissue H20 ?neq,kg tissue H20 meq/kg
tissue H20

Group 1. Lithium rats (serum lithium 0.694±0.09 imeq/liter) and controls
Cortex 77.1+0.1 77.2+0.1 12441.9 11944.1 80.6±0.9 85.1±2.7 1.2±40.1
Red medulla 83.9±0.4 85.3±0.4 154±4.2 174±10.3 91.0±2.5 80.4±3.1 2.8±0.3
Papilla 85.9±0.2 84.1±0.5 206±-15.7 198±t15.4 78.2±4.4 87.1±4.9 2.2±0.08

Group 2. Lithium rats (serum lithium 1.5±0.05 meq/liter) and controls
Cortex 77.3±0.1 77.8±0.2 100±t1.3 99±2.1 70.0±0.9 70.0±1.0 2.5±0.1
Red medulla 80.640.3 80.7±0.8 88±2.7 95±2.4 90.0±2.8 94.5+1.3 4.5i0.5
White medulla 84.6±0.3 85.6±0.3 150±2.2 156±2.8 77.5 ±3.5 72.04-1.9 5.4+±0.4
Papilla 85.9±t0.4 87.1 ±0.4 213±6.4 205±7.7 67.0±8.8 69.0±4.0 5.6±0.5

All values are mean4±SEMof four analyses with tissue of three animals (six kidneys) pooled per analysis.

Since polyuria and a defect in urinary concentration
resistant to vasopressin might conceivably have re-
sulted from primary polydipsia and excessive intake of
water, the concentrating ability of lithium-treated rats
was compared to that of rats in which comparable
polyuria had been induced by addition of glucose to
drinking water (Fig. 4). Dietary intake of sodium and
protein was similar in both groups and 24-h urine
volumes on the day before the experiment were also
comparable (lithium rats 92.0±12.5 ml/24 h vs. glu-
cose-drinking rats 88.7±+10.2 ml/24 h. Vasopressin tan-
nate in oil (1 U/150 g rat) was given subcutaneously
at 4-h intervals for three doses. Glucose-drinking poly-
uric rats showed a blunted but definite response to the
first injection of vasopressin (Uosrn 520±22 mosmol,!
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FIGURE 4 Effect of repeated doses of vasopressin tannate
and dehydration onI U..., in lithium-polyuric rats and rats
with comparable polyuria induced by glucose drinking.
\Talues are mean+±SEM. All differences are significant at
P < 0.001.

kg at 4 h) wvith subsequent Usrn of 800±31 aInd
1,120+60 at 8 and 12 h. Lithium-polyuric rats showed
no response to this large dose of vasopressin at 4 or
8 h but concentrated to 520±27 mosmol/kg at 12 h
after three doses of vasopressin. In both groups there
was a further increase in Uosm after 12 h of dehydra-
tion. Lithium rats achieved a maximum urine concen-
tration of 1,000 mosmol/kg, a value comparable to that

200

No+ 150
meq/hiter

TISSUE
WATERt 100 i

91043 Lithiu *as iLi

2001tmeerter

WATER O [ XS4TISSUE

2 WATER

CORTEX RED WHITE PAPILLA
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FIGURE 5 Renal tissue analysis for sodium and l,ithium
content in lithium-polyuric rats and normal controls. Upper
graph shows values for group 1 rats with lowest plasma
lithium concentrations (0.69 meq/liter) and lower graph
shows group 3 rats with highest plasma lithium concen-
trations (2.0 meq/liter). Open bars represent tissue sodium
content in control rats, single-crossed bars tissue sodium
in lithium rats, and double-crossed bars tissue lithium in
lithiumn rats. Values are meanmSEM.
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FIGURE 6 Maximum effect of single intravenous injection of vasopressin (5-10 mU/kg)
and dibutyryl cyclic (db) AMP (15-20 mg/kg) on U.sm during water diuresis in normal,
hypothalamic diabetes insipidus (Brattleboro strain) and lithium-polyuric rats. Values are
mean± SEM.

reported in Brattleboro rats with congenital diabetes
insipidus after dehydration for 24 h (16).

Medullary content of electrolytes. Since washout of
medullary solutes could contribute to a vasopressin-
resistant polyuria, the electrolyte content of renal tissue
was analyzed in lithium-treated and control rats. Tissue
was analyzed for water, sodium, potassium, and lithium
in three groups of lithium-treated animals with differ-
ing plasma lithium concentrations and in untreated con-

trols (Table III and Fig. 5). Plasma lithium at the
time of sacrifice was varied by administering the last
lithium dose 24 h (group 1), 8 h (group 2), and 4 h
(group 3) before sacrifice. All lithium rats had poly-
uria equivalent to 40-60% of body weight for at least
3 days before sacrifice. Despite this polyuria, the water
content of renal cortex, red medulla, white medulla,
and papilla was similar in each group of lithium rats
compared to nonpolyuric normal control rats. There
was no washout of the corticopapillary gradient for
sodium in any group of polyuric rats. Rats with the
lowest serum lithium concentration (group 1, Fig. 5,
upper graph) developed a modest corticomedullary
gradient for lithium. In animals with the highest
plasma lithium (group 3, Fig. 5, lower graph), the
concentration of lithium in tissue water increased
progressively from cortex to papilla, with a resulting
2.9-fold corticopapillary gradient for lithium. Expres-
sion of electrolyte content as meq/100 g dry solids
yielded comparable values, since there was no difference
between lithium and control rats in the tissue water
content of each kidney zone.

Response to cyclic AMP. Each of the previous ob-
servations in patients and animals supported the hy-
pothesis that lithium interfered with the action of vaso-

pressin on the renal tubule. Since the action of vaso-

pressin is presumed to be mediated by an increase in

medullary 3'5' cyclic AMP (17), experiments were

performed to evaluate the effect of intravenous infu-
sions of vasopressin and dibutyryl cyclic AMP onl
water diuresis in normal, Brattleboro diabetes insipi--
dus, and lithium-treated rats (Fig. 6). A water diure-
sis resulting in Uosm below 100 was established ini
anesthetized animals as described under Methods. In-
travenous infusion of vasopressin (5-10 mU/kg in 5
min) produced a concentrated urine within 10-15 miii
in normal rats and Brattleboro rats with diabetes in-
sipidus but was ineffective in concentrating the urine
above plasma in all lithium rats studied.

Brief intravenous infusions of dibutyryl cyclic AMP
(15-20 mg/kg in 5 min) produced a concentrated urine
(Uo.. 350-550) in normal and Brattleboro rats lack-
ing endogenous vasopressin. Comparable infusions of
dibutyryl cyclic AMP into lithium rats were ineffec-
tive in concentrating the urine above plasma osmolal-
ity. Maximum Uo..m after vasopressin and dibutyryl
cyclic AMPwere not significantly different (P > 0.05)
in normal and Brattleboro rats. Although a slight in-
crease in Uosm above baseline values (P < 0.05) oc-

curred after dibutyryl cyclic AMP in lithium-treated
rats, the urine remained hypotonic to plasma and was

Inot accompanied by a reduction in urine flow (Table
IV). In contrast urine flow rates were markedly re-

Mechanism of Lithium-Induced Diabetes Insipidus
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TABLE IV
Urine Flow Rates (V) before and after Vasopressin and Dibutyryl Cyclic AMPin Nornmal,

Brattleboro Diabetes Insipidus, and Lithium-Treated Polyuric Rats

v v

Postdibutyryl
Group n Prevasopressin Postvasopressin n Predibutyryl cyclic AMP

mi/mi mlmi/t

Normal rats 8 0.22O0.02 0.08+0.01* 5 0.23+0.04 0.09+(0.01*
Brattleboro rats 4 0.12-+0.01 0.05+0.01* 6 0.15+0.02 0.02+0.004*
Lithium rats 7 0.21+0.02 0.22i0.03 8 0.21+0.02 0.17+0.02

* P < 0.001 in comparison of flow rates before and after.

duced (P < 0.001) after both vasopressin and dibutyryl
cyclic AMP in normal and Brattleboro rats.

It was possible that vasopressin or dibutyryl cyclic
AMP might have produced a concentrated urine in
Brattleboro rats with diabetes insipidus because of an
effect on renal circulation (e.g. to reduce GFR) rather
than the usually presumed action on the permeability
of collecting ducts to water. The effects of vasopressin
and dibutyryl cyclic AMPon the GFR were therefore
investigated in separate experiments during infusion
of both agents into water-loaded Brattleboro rats. At
infusion rates of vasopressin up to 13 mU/kg/60 min,
GFR remained stable (750-1,000 ttl/min/100 g rat) in
six of seven animals studied. After infusion of larger
doses of dibutyryl cyclic AMP (67-100 mg/kg/60
min) two patterns of GFR response were noted. GFR

RAT 34
0O rng d c4 MP,I.

Uosm 300
(mosmol/kg 200 - . .\ GFR

H 0 ) , .. ..750 (/jI /min /
-I_ iOOi r__i_i/ * _ 500 loo rat)

250

RAP 44 ISrg d cAMP, i.v

500-./
(mosmol kg °°

H20 300- GFR

(-) 200(, I /min/
--- '.. 750 1COg rat

100- 500(
250

20 60 loo 140 180
min

FIGURE 7 Patterns of response of U.. and GFR after
intravenous infusion of dibutyryl (d) cyclic AMP (67-
100 mg/kg) in hypothalamic diabetes insipidus rats (Brat-
tleboro strain). Upper figure (lemonstrates urine conceni-
tration without change in GFR; lower figure demonlstrates
reduiction in GFR preceding urinie concentration.

remained stable (Fig. 7, upper graph) in five and de-
creased significantly in four (Fig. 7, lower graph) of
nine animals studied.

DISCUSSION

The present studies indicate that renal concentrating
defects and nephrogenic diabetes insipidus are com-
mon findings in patients receiving lithium salts. De-
spite widespread use of this agent in several large
clinical trials (1-4), polyuria was previously mentioned
only as an occasional side effect. Recently Angrist,
Gershon, Levitan, and Blumberg (5) reported two
patients with lithium-induced polyuria and suggested
a transient hypokalemic nephropathy as the cause for
this defect. Lee, Jampol, and Brown (6) reported a
single patient with lithium-induced polyuria and poly-
dipsia with a persistent concentrating defect (U..m
241) 46 days after cessation of therapy. Singer, Roten-
berg, and Puschett (7) reported three patients with
lithium polyuria who demonstrated a normal excretion
of solute-free water with marked impairment of solute-
free water reabsorption after hypertonic saline and
vasopressin. On the basis of these findings they sug-
gested that the concentrating defect was most likely
due to impaired water flow across the distal tubule
rather than interference witlh sodium chloride trans-
port in the ascending linmb of the loop of Henle.

The response to therapy in the present studies con-
firms the nephrogenic basis of lithium polvuria in
humans. Unlike patients with primary psychogenic poly-
uria, in wlhom prolonged vasopressin therapy results
in concentrated urine and occasional water intoxica-
tion (18), lithium-polyuric patients failed to reduce
their polyuria or increase their urine osmolality after
4 days of treatment with vasopressin tannate. Chlor-
propamide, which facilitates the action of vasopressin
on the distal tubule (19, 20) and toad bladder (21,
22) and is ineffective in nephrogenic diabetes insipidus
(23-25), was likewise ineffective in these patients. The
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dramatic reduction in polyuria and increase in Uosm
after chlorothiazide administration to patients with lith-
iumI polyuria is consistent with the similar action of
this agent in hereditary nephrogenic diabetes insipidus
(26, 27). While the antidiuresis of chlorothiazide is
incompletely understood, it is likely that this agent
reduced the deliverv of water to the distal nephron as
a conse(luenice of sodium diuresis, (limiiinished GFR,
and increased fractional reabsorption of sodium and
water in the proximal tubule (28-31).

Lithium polyuria in experimental animals was first
noted by Radomski, Fuyat, Nelson, and Smith in the
dog (32) and Schou (33) in the rat. It was recently
suggested that lithium polyuria in the rat resulted from
excessive intake of water (34). The present experi-
ments exclude this explanation. If concentrating ability
were reduced as a result of excessive intake of water,
the response to vasopressin should be similar in rats
with lithium polyuria and rats with comparable poly-
uria induced by glucose drinking. Instead, chronic
lithium-treated animals showed little response to large
doses of vasopressin, which produced a concentrated
urine in rats drinking glucose. Like rats with pituitary
diabetes insipidus, lithium rats were able to achieve
a concentrated urine after prolonged dehydration, sug-
gesting that at low flow rates in the distal tubule and
collecting ducts, lithium did not prevent partial equili-
bration of tubular fluid with the hypertonic interstitium.

A possible mechanism for the defect in urinary con-
centration induced by lithium is that the transport and
sequestration of sodium in the medulla and papilla
might be disrupted. This seems unlikely because of the
finding in this study of a normal corticopapillary gra-
dient for sodium and a normal papillary water content
in each of three groups of lithium-polyuric rats. Studies
by Valtin in Brattleboro diabetes insipidus rats (16)
showed a normal corticopapillary gradient for sodium
expressed in meq/100 g dry solids, normal water con-
tent in cortex and medulla, but an increase in water
content in papillary tissue. Differences in papillary
water content in these studies may be related to the
higher urine flow in Brattleboro rats, which excreted
up to 100% of body weight in a 24-h urine as com-
pared to 40-60% of body weight in lithium rats in the
present study.

The ability of the rat kidney to establish a cortico-
papillary gradient for lithium was demonstrated in the
present studies. Solomon reported a similar gradient
for lithium, but not rubidium or cesium, in the dog
kidney after isotonic infusion of each alkali metal salt
(35). Lithium-induced polyuria was noted in all rats
in comparison to less than a third of human subjects
studied, despite similar plasma lithium concentrations
(0.-1.5 meq/liter) in both species. The capacity of

rodents to establish higlher concentrations of papillary
sodium, and presumably lithium, in comparison to man
could result in increased lithium concentrations at the
sites of action of vasopressin in the rat. In our studies
and those of Solomon (35) lithium did not alter the cor-
tico-papillary gradient for sodium, suggesting that this
cation does not interfere with the mechanisms by which
a sodium gradienit is establishe(d in the renal medulla.

These experiments supported the theory that lithium
directly interferes with the action of vasopressin on the
distal tubule and collecting duct of the rat. This hy-
pothesis was explored further by investigating the
effects of intravenous infusions of vasopressin and di-
butyryl cyclic AMP in rats. Short infusions of vaso-
pressin, sufficient to inhibit a water diuresis and con-
centrate the urine in the Brattleboro rat (with a known
reduction in papillary hypertonicity) were ineffective
in lithium-polyuric rats. This effect of lithium could
result from interference with the mediation of vaso-
pressin at any known step within the renal tubular cell,
including the adenyl cyclase receptor site, the rate of
formation of cyclic AMP, the level of phosphodiesterase
activity, or the activation of a protein kinase. Di-
butyryl cyclic AMPinfusions produced a concentrated
urine in normal and Brattleboro rats. Infusions of di-
butyryl cyclic AMPwere, however, ineffective in con-
centrating the urine in lithium-treated rats. These
findings suggest that at least one action of lithium in-
cludes interference with the cellular mediation of vaso-
pressin at a step beyond the formation of cyclic AMP.

It must be noted that the capacity of intravenous
cyclic AMIP or its dibutyryl derivative to mimic vaso-
pressin in vivo has heretofore been open to question
(36). This effect has been suggested in man (37) and
the rabbit (38) but changes in GFR were not ex-
cluded in these studies. At the doses employed in the
present studies dibutyryl cyclic AMP interrupted a
water diuresis in Brattleboro rats with both stable and
reduced GFRs. The possibility is not entirely excluded
that antidiuresis in Brattleboro rats with diabetes in-
sipidus was the result of some unmeasured change in
the renal circulation or of the release of oxytocin
from the hypothalamus.

An effect of lithium on vasopressin-stimulated adenyl
cyclase is not excluded by these studies. In vitro data
indicate that lithium may inhibit the stimulation of
adenyl cyclase in brain (39), thyroid (40), and kidney
tissue (10), and Dousa has recently reported that 5-30
mMLiCl inhibited vasopressin-stimulated adenyl cy-
clase prepared from human renal medullary tissue (12).
Studies in thyroid tissue also suggest that lithium
may interfere with hormone function at more than one
site of the adenyl cyclase effector sequence. Lithium
is capable of inhibiting stimulation of thyroid adenyl
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cyclase by thyroid-stimulating hormone (TSH) (41).
In addition, low doses of lithium given in vivo inhibit
colloid droplet formation in response to dibutyryl cyclic
AMPas well as to TSH (42), suggesting a block sub-
sequent to cyclic AMP formation. The action of lith-
ium to block antidiuretic hormone-stimulated transport
of water or sodium by the toad urinary bladder has
been placed both before cyclic AMP formation (7)
and after this step (8, 9) by conflicting experiments
in different laboratories.
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