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A B S T R A C T To evaluate the role of antidiuretic hor-
mone (ADH) in the defect in water excretion which is
characteristic of glucocorticoid deficiency, the effects of
hydrocortisone and ethanol upon urinary dilution during
a sustained water load were studied in patients with
anterior hypopituitarism. A spectrum of defects in uri-
nary dilution was found in the seven patients with an-
terior hypopituitarism, and the subjects were separable
into two groups. Four patients were unable to excrete a
urine hypotonic to plasma (group I) while three diluted
the urine (group II). In two of the group II patients,
despite maintenance of hydration, urinary osmolality
later rose to hypertonicity. Physiological doses of hy-
drocortisone improved urinary dilution in all patients.
Submaximal doses of oral hydrocortisone, when given
to the group I patients, converted their response to hy-
dration to one characteristic of the group II patients,
i.e., an initial hypotonic urine followed by a secondary
rise to hypertonicity. Ethanol, a known inhibitor of
ADH secretion, had no effect in the group I patients.
When two of these patients were pretreated with sub-
maximal doses of hydrocortisone, however, so that they
were able to transiently dilute the urine, ethanol pre-
vented the secondary rise in urine osmolality. Similarly,
the administration of ethanol to the untreated group II
patients, when the urine was hypotonic, improved di-
luting ability as characterized by a lowering of urinary
osmolality and an increased excretion of solute-free wa-
ter in all three patients. Hydrocortisone did not improve
urinary dilution in three patients with complete hypo-
physeal diabetes insipidus and one with both anterior and
posterior insufficiency receiving constant infusions of
vasopressin. These data suggest, therefore, that inap-
propriately elevated levels of ADH play a major role
in the defect in water excretion of anterior hypopituitar-
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ism. Glucocorticoids appear to be necessary for a normal
neurohypophyseal response to inhibitory stimuli.

INTRODUCTION
A defect in the excretion of a water load and its cor-
rection by glucocorticoid administration have been well
documented in patients with hypopituitarism and adrenal
insufficiency (1-5), but the physiologic mechanisms
underlying these observations have not been completely
elucidated. While several mechanisms may contribute
to the defect in water excretion in hypopituitarism, many
feel that the major factor is insufficient impermeability
to water of the distal tubular and collecting duct epi-
thelium due either to a direct effect of glucocorticoid
deficiency or indirectly via elevated levels of circulating
antidiuretic hormone (ADH). The role of elevated lev-
els of ADH, first suggested in 1949 (6) and supported
by the observations of Dingman and Despointes (5),
has not as yet been definitively established. Bioassays
have shown both sustained high ADH levels (7) and
undetectable ADH blood levels (8) in patients with
glucocorticoid deficiency. Furthermore, the difficulty
inherent in interpreting data derived from bioassay stud-
ies of this problem is evident by the fact that neither of
these observations has been confirmed by other investi-
gators; also the results of one of these studies (8)
could not be reproduced by the senior investigator work-
ing in another laboratory (9).
The present study was undertaken in order to charac-

terize further the defect in water excretion and to evalu-
ate the role of elevated levels of ADH in patients with
hypopituitarism. Patients with anterior and posterior
hypopituitarism were studied during a sustained water
load using standard clearance techniques, and the ef-
fects of hydrocortisone and ethanol, a known inhibitor
of ADH secretion (10-12), upon urinary dilution were
evaluated. All patients with anterior hypopituitarism
demonstrated an abnormality in the ability to dilute the
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urine, but a wide spectrum of defects was found. Both
hydrocortisone and ethanol administration effected im-
provement in urinary dilution in these patients while
hydrocortisone did not influence urinary dilution in
patients with posterior pituitary insufficiency receiving
infusions of vasopressin. The data suggest a major role
for inappropriately elevated levels of ADH in the de-
fect in water excretion of glucocorticoid-deficient man.

METHODS
Subjects
29 studies were performed on seven patients with anterior

hypopituitarism, three patients with complete central dia-
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betes insipidus off vasopressin therapy, and one with both
anterior and posterior pituitary insufficiency. The diagnosis
of hypopituitarism was established by determinations of uri-
nary gonadotrophins, 17-ketosteroids, 17-hydroxy steroids,
response to ACTH and metyrapone, PBI, 'I uptake, and
response to thyroid-stimulating hormone. Patients were
selected for study on the basis of availability before initiation
of therapy and not because of the presence of hyponatremia.
Posterior pituitary insufficiency was diagnosed by hyper-
tonic saline infusion, water deprivation (urine osmolality
less than 100 mOsm/kg), and response to intravenous vaso-
pressin (urine osmolality greater than 500 mOsm/kg). All
patients were admitted to the Clinical Research Center of
the Hospital of the University of Pennsylvania and placed
on a constant sodium and potassium intake of approxi-
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FIGURE 1 Response to a sustained water load in seven patients with anterior hypopituitarism,
four of whom were unable to excrete a hypotonic urine (A) and three of whom were able
to excrete a hypotonic urine (B). In two of the patients in the latter group, urinary hypo-
tonicity could not be sustained despite maintenance of the water load.
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FIGURE 2 The effect of the administration of graded doses of oral hydrocortisone
1 hr before the initiation of a sustained water load in patients E. S. (A) and
R. D. (B).

mately 100 and 40 mEq, respectively, for several days before
performance of the studies.

Protocols
ANTERIOR HYPOPITUITARISM
Sustained water load. After 8-10 hr of hydropenia, 20

ml/kg of fluids was administered over 30-45 min either as
tap water by mouth or as intravenous 4% fructose in water
at 8-10 a.m.; during the entire experiment, the patient re-
mained in the recumbent position. Subsequent fluids were
administered in amounts equal to urine flow plus estimated
insensible loss (40-50 ml/hr). Urine samples were collected
every 30-60 min in most subjects by having the patient
stand to void. In three patients, indwelling urinary catheters
were necessary to facilitate accurate collections. Informed
consent was obtained, and urine cultures 48 hr and 7 days
after the studies revealed no growth. In order to minimize

the influence of noxious stimuli on the water diuresis, veni-
punctures were not performed during the development or
peak of a water diuresis, but only 1 hr before the water
load was begun, at the end of the study, or after a definite
decrease in free water clearance or rise in urinary osmo-
lality.

Hydrocortisone. In two patients, 100 mg of hydrocorti-
sone was given intravenously during a sustained water load
at a time when the urine was hypertonic to plasma. In
five patients, hydrocortisone was given orally in doses of
5, 10, 20, or 40 mg, 1 hr before initiation of a sustained
water load. Fluid replacement, blood, and urine collections
were obtained as above.

Ethanol. Ethyl alcohol was administered as 100 proof
whiskey diluted with small amounts of juice or carbonated
beverage to five patients at varying times during a sustained
water load as described above.
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Ethanol plus hydrocortisone. In two patients, who failed
to respond to alcohol alone, identical studies were per-
formed after pretreatment with hydrocortisone in doses of
10 and 20 mg. Ethyl alcohol was administered as previously
during a sustained water load, and blood and urine collec-
tions were obtained as above.

POSTERIOR PITUITARY INSUFFICIENCY
Three patients with complete central diabetes insipidus

and one with anterior and posterior pituitary insufficiency
received a sustained water load. Fluid maintenance, blood,
and urine collections were performed as above. Simultane-
ously with the water load, constant infusions of aqueous
vasopressin providing 8-15 mU/hr were administered with
a Harvard constant infusion pump. 100 mg of hydrocorti-
sone was given intravenously during the study after a stable
antidiuresis had been obtained.

Methods
Urine and serum electrolytes were determined by flame

photometry and creatinine as previously described (13).
Osmolalities were determined with a Fiske osmometer and
corrected for ethanol concentration. Ethanol concentrations
of blood and urine were estimated by the microdiffusion
method of Conway and Nolan, modified after Winnick (14).
Solutions of known concentration of ethanol in serum were
checked both by chemical analysis and osmometry. Endoge-
nous creatinine clearance was determined in the usual man-

ner. Osmolar clearance (Cosm) and free water clearance
(CH2o) were calculated by the following formulas:

Cosm = Uosm/Poum X V
and CHE2o = V -Co.m

where Posm = osmolality of the serum (milliosmols per
kilogram) and V urine flow (milliliters per minute).
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FIGURE 3 The effect of the administration of oral hydrocortisone 1 hr before
the initiation of a sustained water load in patients M. M. (A) and J. D. (B).
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RESULTS
Anterior hypopituitarism
Response to sustained water load. The normal re-

sponse to a sustained water load of comparable dura-
tion has been previously published (15) and is charac-
terized by maintenance of urine hypotonicity and a urine/
plasma (U/P) osmolal ratio of less than 0.3 throughout
the study. In all seven patients in the present study,
there was a defect in water excretion manifested by an
inability to dilute maximally the urine in response to a
standard water load. The response, however, was vari-
able, and the patients could be divided into two groups.
Group I, as shown in Fig. 1 (A), included four pa-
tients who were unable to excrete a dilute urine and
maintained a U/P osmolal ratio of greater than 1
throughout the study. Three of the four patients (J. D.,
E. S., and M. M.) manifested hyponatremia, ranging
from 120 to 130 mEq/1 before the institution of the

(A)

studies. Group II, as shown in Fig. 1(B), consisted of
three patients who were able to excrete a urine hypo-
tonic to plasma. In two, J. S. and G. R., this was not
sustained, and the U/P ratio gradually rose to hyper-
tonic levels despite maintenance of the water load. The
third patient, P. C., had a very mild defect recognizable
only when compared with the studies obtained after hy-
drocortisone and alcohol as will be shown below. None of
the group II patients mainfested hyponatremia during
their course.
Response to hydrocortisone. The administration of

hydrocortisone in all patients produced a rapid improve-
ment in the ability to excrete a water load. The effects
of hydrocortisone given orally 1 hr before the institution
of the water load in the group I patients are shown in
Figs. 2 and 3. The response to glucocorticoid administra-
tion appeared to be dose related. Thus, in E. S., as shown
in Fig. 2A, the oral administration of 5, 10, and 20 mg
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FIGURE 4 The effect of intravenous hydrocortisone given at a time when
the urine was hypertonic upon urinary dilution in patients J. S. (A) and
G. R. (B) during a sustained water load.
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TABLE I
Response to Hydrocortisone

Before therapy* After hydrocortisone*

Patient Ccr Min. Uosm CH20 COsm Dose Ccr Min. U0am CH20 COsm

ml/min mOsm/kg ml/min mil/min mg ml/min mOsm/kg mi/min mi/min
M. M. 74 709 -0.8 1.71 10 74 213 0.5 3.6
R. D. 125 494 -0.8 1.7 40 115 66 8.0 2.5
E. S. 48 391 -0.35 1.03 20 69 50 9.2 2.31
J. D. 60 330 -1.0 4.0 20 83
J. S. 106 83 3.5 1.4 100 118 51 7.4 1.6
G. R. 57 90 2.9 1.5 100 65 42 6.1 1.5
P. C. 95 75 4.1 1.6 20 66 61 8.3 2.3

Cc", CH2o, and Cosm = clearance of creatinine, solute-free water, and osmols, respectively. Min. UOsm
= minimal urinary osmolality.
* Values represent the mean of two to three consecutive periods at a time of minimal urinary osmolality
during a standard water load. In -five patients, the values were obtained in two separate studies. The
control values were obtained during a standard water load and the hydrocortisone values during a study
preceded by an oral dose of hydrocortisone. In two patients, J. S. and G. R., hydrocortisone was given
intravenously during the study, and the values given represent the mean of two to three consecutive
periods at a time of minimal urinary osmolality before and after hydrocortisone infusion.

of hydrocortisone produced a graded improvement in
the response to a water load. It is also apparent in Figs.
2 and 3 that submaximal doses of hydrocortisone con-
verted the severe defect of three of the four group I
patients to the milder defect of group II, i.e., the excre-
tion of urine which was transiently hypotonic, but fol-
lowed by a secondary rise in urinary osmolality. The
effects of intravenous administration of 100 mg of hy-
drocortisone in two group II patients, J. S. and G. R.,
given as the U/P osmolal ratio was rising, are shown in
Fig. 4. Approximately 30-60 min after administration,
urine osmolality fell to levels below those previously ob-
tained at any time during the water load and was
sustained.
The response to hydrocortisone of all seven patients

is summarized in Table I. In the group I patients (E. S.,
R. D., J. D., and M. M.) in association with the marked
fall in minimal urine osmolality there occurred sub-
stantial increases in free water excretion. Accurate
clearance values for J. D. after the administration of
hydrocortisone were not available because of a leak
around the urinary catheter. There were no consistent
changes in either osmolar or creatinine clearance. In
the group II patients (J. S., G. R., and P. C.) hydro-
cortisone produced a marked fall in urine osmolality and
a rise in free water clearance in all three and reversed
the secondary rise in urinary osmolality in J. S. and
G. R.
Response to ethanol. The administration of ethanol

during a water diuresis to two of the patients in group
I (J. D. and E. S.) while the urine was hypertonic,
produced no response in either urinary osmolality or free

water excretion, and the data were identical with those
depicted in Fig. 1. In group II, however, the administra-
tion of ethanol produced a fall in urinary osmolality, if
given at a time when the urine was hypotonic. Fig. 5
depicts this phenomenon in J. S. When the ethanol was
given to J. S. after the rise in urinary osmolality had
reached hypertonicity, there was no demonstrable effect
(Fig. 5A). The administration of 30 g of ethanol twice,
as urine osmolality began to rise, but was still hypo-
tonic, produced a fall in urine osmolality, a rise in free
water excretion, and prevented the development of hy-
pertonicity (Fig. 5B). Qualitatively similar responses to
ethanol occurred in the other group II patients G. R. and
P. C. (Fig. 6). When administered while the urine was
hypotonic, ethanol either reversed the late secondary rise
toward hypertonicity (Figs. 1 and 6A) or improved
both Uo0m and free water excretion (Fig. 6B).

Responses of group I patients to ethanol plus hydro-
cortisone. The lack of response to ethanol in the group
I patients might be due either to the absence of elevated
levels of ADH or decreased sensitivity of the neurohy-
pophysis to the inhibitory effects of ethanol. To assess
these possibilities, two patients, J. D. and E. S., were
pretreated with submaximal doses of hydrocortisone be-
fore the study. As shown in Fig. 7, after initial hydro-
cortisone doses of 20 and 10 mg, respectively, J. D. and
E. S. were able to produce a dilute urine which, how-
ever, could not be sustained as previously documented
in Figs. 3 and 4. While urinary osmolality was rising
but was still hypotonic, the oral administration was as-
sociated with a response identical with that of the group
II patients, i.e., a fall in urinary osmolality and preven-
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tion of the secondary rise to hypertonicity in both
patients.

Posterior hypopituitarism
In order to study the action of hydrocortisone on

ADH-induced antidiuresis in subjects unable to reduce
ADH secretion, three patients with diabetes insipidus
receiving a water load were given a constant infusion of
vasopressin, designed to achieve levels of urinary os-
molality comparable with those obtained in the group I
patients. Fig. 8 demonstrates the rise in U/P osmolality
with vasopressin infusion. The administration of 100 mg
of hydrocortisone intravenously during the antidiuresis
had no demonstrable effects. To eliminate the possibility
that glucocorticoid deficiency was a prerequisite to a
tubular action of hydrocortisone, the identical study
was performed in a patient with combined anterior and
posterior pituitary insufficiency. Fig. 9 demonstrates that
in this patient, the administration of intravenous hydro-

(A) IH20LoadI

cortisone had not effect upon the vasopressin induced
antidiuresis. Table II is a summary of the effect of in-
travenous hydrocortisone upon osmolar clearance, free
water excretion, and creatinine clearance in these four
patients receiving both a water load and vasopressin in-
fusion. Free water excretion continued to fall in all
with hydrocortisone administration.

DISCUSSION
Inability to excrete a water load in hypopituitarism is
well documented, and hyponatremia has been recognized
as a frequent manifestation (1-5). The defect has been
shown to be correctable by glucocorticoid administration
(2, 3, 5), but the pathophysiologic mechanisms involved
remain controversial and incompletely understood. In
the present study, seven patients with anterior hypo-
pituitarism were studied, and in all there was a defect
in water excretion. The defect was quite variable, and
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FIGURE 5 The effects of ethanol upon urinary dilution, solute-free water excretion, and
creatinine clearance during a sustained water load in J. D. (A) 30 g ethanol administered
orally when the urine was hypertonic. (B) 30 g ethanol administered orally twice when the
urine was hypotonic.
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FIGURE 6 The effect of the oral administration of 30 g ethanol upon urinary dilution, solute-
free water excretion, and creatinine clearance in patients G. R. (A) and P. C. (B). The
ethanol was given at a time when the urine was hypotonic.

a spectrum of responses was found ranging from total
inability to dilute the urine to an almost normal re-

sponse. The patients were divided into two groups based
upon their ability to respond. Four patients were unable
to excrete a dilute urine while three excreted a hypo-
tonic urine. The response to oral glucocorticoids ap-
peared to be dose related within the physiologic range.
The administration of submaximal doses to patients with
the most severe defect (group I) converted their re-

sponse into one characteristic of the milder defect
(group II), i.e., transient dilution of the urine followed
by a secondary rise to hypertonicity.

Ethyl alcohol has been previously shown to prevent
the antidiuresis of dehydration and hypertonic saline
administration and to have no effect upon urine flow
when given at the height of water diuresis or to dogs
with diabetes insipidus. On the basis of these observa-
tions, ethyl alcohol is considered to be an inhibitor of
ADH secretion. The administration of ethanol to the
patients with the most severe defect in our studies re-

sulted in no significant change in diluting ability.
However, when administered to those with the milder
defect, ethanol effected an improvement in diluting
ability as characterized by a lowering of urinary osmo-

lality and increased excretion of solute-free water. This
response was seen only when the ethanol was given at
a time when the urine was still hypotonic. When pa-
tients in group I had been pretreated with submaximal
doses of glucocorticoids so that they were now able to
dilute transiently the urine, the administration of ethanol
at a time when the urine was hypotonic, produced as in
the group II patients a fall in urinary osmolality and
a rise in solute-free water excretion. The lack of re-

sponse to ethanol when the urine was hypertonic, i.e.
at a time when ADH secretion was maximal, is com-

patible with previously published data. Thus, ethanol
is able to block the antidiuretic response to hypertonic
saline when given simultaneously with the initiation of
saline infusion, but has no effect when superimposed
upon a hypertonic saline antidiuresis (10). Our data sug-
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FIGuRE 7 The effect of the oral administration of 30 g ethanol in two patients, E. S. (A)
and J. D. (B), after treatment with oral hydrocortisone 1 hr before the initiation of the
sustained water load. Ethanol administration to these two patients without pretreatment with
hydrocortisone had no effect upon urinary dilution (see text).

gest, therefore, that elevated levels of ADH play an im-
portant role in the defect in water excretion charac-
teristic of hypopituitarism. In the most severely af-
fected patients, the neurohypophysis responds neither
to changes in plasma osmolality nor to ethanol adminis-
tration while the less severely affected responded to both.
The role of glucocorticoids is seen as a permissive one

(5). Thus, the administration of submaximal doses of
glucocorticoid, while not completely correcting the de-
fect, permits sufficient suppression of ADH to allow the
formation of dilute urine and a further response to
ethanol.
Another possible explanation of amelioration of the

defect by glucocorticoids in the presence of elevated
ADH levels is antagonism of the peripheral action of
ADH at the renal tubular level (6). Thus the absence of
glucocorticoids would be associated with an increased
sensitivity to ADH, and glucocorticoid administration

would decrease tubular permeability to water thus al-
lowing maintenance of dilute urine and free water ex-

cretion. In order to study this possibility, patients with
diabetes insipidus were given a constant infusion of
vasopressin during a sustained water load. The ad-
ministration of hydrocortisone intravenously had no

effect upon urinary diluting ability which suggests that
the beneficial action of glucocorticoids in hypopituitarism
is not a direct tubular effect but rather is related to the
ability to reduce circulating ADH levels. In order to
rule out the possibility that glucocorticoid deficiency was

a prerequisite for this phenomenon, an identical study
was performed in a patient with both anterior and pos-

terior pituitary insufficiency with identical results. Thus,
glucocorticoids are effective in lowering urinary os-

molality during a water load in the face of elevated levels
of ADH only when the elevated levels are produced
endogenously.
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The role of ADH in the defect in water excretion of
glucocorticoid deficiency has been a source of controversy
since Gaunt in 1947 first postulated a biological antago-
nism between ADH and glucocorticoids (6). Attempts
to quantitate ADH levels directly by bioassay have
yielded conflicting results, both confirming (7) and
denying (8) the presence of elevated levels in this syn-
drome. More recently, Davis, Bloom, Field, and Mintz
(16) described a patient with hypopituitarism and hypo-
natremia in whom urinary osmolality responded to
ethanol administration when pretreated with dexametha-
sone similar to the patients described here. Green, Har-
rington, and Valtin (17) showed that they could induce
a defect in the response to a water load in adrenalecto-
mized rats with diabetes insipidus which suggests that
the presence of ADH was not a prerequisite to the syn-
drome. However, when the rats were replaced with
mineralocorticoids, the impairment in urinary osmo-
lality was ameliorated even though a defect in total
water excretion persisted. Thus, they could not demon-
strate a defect in urinary dilution when the adrenalec-
tomized rat with diabetes insipidus was given mineralo-
corticoids. As our patients with anterior hypopituitarism
are able to secrete ADH and presumably maintained the
ability to secrete mineralocorticoid (18), but still mani-
fest a defect in urinary dilution, our conclusion that ele-
vated levels of ADH are important in this syndrome are
consistent with the data of Green et al. (17).
The reason for elevated levels of ADH in the face of

hypoosmolality in patients with glucocorticoid deficiency
is not clear from our data. Gill, Gann, and Bartter (19)
presented data suggesting that volume repair of gluco-
corticoid-deficient patients led to an improvement in
free water excretion, and implied that hypovolemia was
the stimulus to ADH release. Share and Travis (20)
demonstrated elevated ADH levels in adrenalectomized
dogs and showed that this elevation could be prevented
by a high salt intake. In our studies, however, the ra-
pidity with which the defect could be corrected by in-
travenous glucocorticoid administration and the absence
of a consistent fall in osmolar clearance after either
oral or intravenous administration would argue against
volume repletion as a major mechanism in the action
of glucocorticoid to improve urinary-diluting ability.

In addition to elevated levels of ADH, two other ex-
planations have been suggested for the defect in water
excretion of glucocorticoid deficiency. A decrease in
delivery of glomerular filtrate to the diluting sites in
the loop of Henle and distal tubules due to changes in
glomerular filtration rate and/or proximal tubular reab-
sorptive rates could lead to a decrease in the excretion
of free water and an increase in urinary osmolality (19,
21). Previous studies in the literature (22) have shown
that increasing glomerular filtration rate alone in pa-

tients with glucocorticoid deficiency does not correct
the defect in water excretion. In our studies glucocorti-
coids produced an improvement in urinary dilution in
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FIGURE 8 The effect of intravenous hydrocortisone upon
urinary dilution in three patients with complete central dia-
betes insipidus receiving a constant infusion of vasopressin.
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FIGURE 9 The effect of intravenous hydrocortisone upon urinary dilution in
a patient with combined anterior and posterior pituitary insufficiency receiving
a constant infusion of vasopressin.

all patients with anterior hypopituitarism without an
associated consistent change in endogenous creatinine
clearance. An increase in proximal tubular sodium reab-
sorption has been demonstrated in the glucocorticoid-
deficient rat (23) but this has been attributed to a de-
creased glomerular filtration rate and perfusion pressure,
and is not a direct effect of glucocorticoid deficiency.
Another explanation proposed for the defect in water
excretion in glucocorticoid deficiency is a change in the
permeability to water of the distal tubules and collect-
ing duct epithelium leading to increased back diffusion of
water (22) in the absence of ADH. Evidence in favor of
this concept is twofold. First, administration of gluco-
corticoids to normal man will produce an improvement in
both Uomi and CHso in the absence of hemodynamic
changes (24, 25), and secondly, glucocorticoids will
restore to normal the enhanced water permeability of
the distal tubule of the adrenalectomized rat (26).

Both of these observations, however, require several
days of glucocorticoid therapy while the response in
our studies was an immediate one. In addition, in three
patients with diabetes insipidus and one with anterior
pituitary insufficiency and diabetes insipidus, the intra-
venous administration of glucocorticoid had no effect
upon either urinary osmolality or solute-free water ex-
cretion when pitressin was simultaneously infused.
Thus, while changes in renal hemodynamics and distal
tubular water permeability may contribute to the defect
in water excretion in hypopituitarism, elevated levels of
ADH secondary to glucocorticoid deficiency would ap-
pear to play a major role in this syndrome.
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