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Although the inability of patients with Addison’s
disease to excrete a water load is well known, the
nature of this defect remains obscure. The effects
of changing glomerular filtration rate (GFR) and
solute excretion (UpsmV) on water excretion in
patients with adrenal insufficiency have recently
been described (1). While an increase in these
two variables leads to an increase in the excretion
of water, the improvement is very small compared
with that seen with carbohydrate-active steroids.

In healthy persons expansion of the volume of
extracellular fluid may increase the rate of excre-
tion of solute-free water (Cmyo) (2, 3). In pa-
tients with Addison’s disease, when replacement
therapy is stopped, the increase in urinary sodium
excretion leads to a depletion of body fluids, and
continues despite this depletion. It is possible
that depletion of the volume of extracellular fluid
(ECF) could limit the rate at which water is
excreted. These experiments were designed to
explore the effects of contraction and expansion
of the volume of ECF on water excretion in ad-
renal insufficiency.

Experiments on effects of increases in solute
excretion on Cg,o are also presented to clarify
further the mechanism whereby expansion of vol-
ume corrects the impairment in excretion of water.
The effects of treatment with cortisol are included
for comparison.

METHODS

The four subjects of this study ranged in age from 36
to 61 years. All had the clinical features of Addison’s
disease, and urinary 17-hydroxycorticoids which were
below normal and did not increase with adrenocortico-
tropin (40 U given intravenously over 8 hours, each day
“for 5 days). They remained on an air-conditioned meta-
bolic ward and took a normal diet, which was well toler-

* Presented at the National Meeting of The American
Federation for Clinical Research, Atlantic City, N. J.,
May 3, 1959.

T Present address: Dept. of Surgery, Western Re-
serve University, Cleveland, Ohio.

ated even when they were not receiving treatment. Body
weight, determined with metabolic scales daily on arising,
was used as a gross approximation of changes in the vol-
ume of body fluids. The patients were studied under the
following conditions: a) untreated for 4 to 20 days; b)
after expansion of ECF with physiologic saline (0.9 per
cent) ;1 ¢) after expansion of ECF with saline and treat-
ment with cortisol acetate, 25 mg per day for 3 to 4 days.
Saline was given intravenously, beginning 1 to 3 days
before a given study. The amount varied from 2 to 5 L
per day, as dosage ‘was increased until the body weight
indicated that net fluid volume had returned to values
comparable with those observed during treatment with
cortisol. When body weight on the day of study indi-
cated that the saline given on the previous day had not
been retained, an additional 1.5 to 2.5 L was infused be-
fore the study.

All studies were done in the morning on fasting pa-
tients, after they had received a “priming” water load
(200 ml given orally 1 and 2 hours before study). As a
water load, solutions containing 4 per cent fructose were
infused for five clearance periods, followed immediately
by solutions of physiologic saline which were continued
until urine flow reached a peak. Solutions containing 4
per cent mannitol were infused on a separate day under
conditions ¢ and b only. All solutions contained inulin,
and were delivered by a Bowman constant infusion pump
at 15 ml per min, with the patient recumbent. Urine was
collected by indwelling bladder catheter, with air washes
at the end of each 20-minute period; venous blood was ob-
tained at mid-period through an indwelling Cournand
needle. The clearance of alkali-stable inulin was meas-
ured by the method of Walser, Davidson and Orloff (5),
serum and urine sodium by internal standard flame pho-
tometer, and osmolality of serum and urine by Bowman
osmometer (6). Cmo was computed from the formula:
Ci:0 =V —(UosmV/Posm) with a negative value to be
understood as T°mo (7). Whereas serum was analyzed,
the osmolality of serum has been designated in the tables
as Posm, in keeping with current usage.

RESULTS

1. Effect on Cyg,o of acute expansion with saline
(Table I, Figure 1). When treatment was stopped

1 Expansion of ECF was also produced with hyper-
oncotic serum albumin in two patients (4). Although
the albumin improved Cm,, it was not so effective as
saline.
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TABLE I
Effect of infusion of fructose and of physiologic saline on Cu,o in patients off treatment

Serum Urinary
Patient Weight Na Infusate Period volume Posm Uosm Cuz0 UnaV UosmV Cin
kg mEgq/L ml/min  mOsm/L mOsm/L ml/min  pEq/min  pOsm/min ml/min
A.B. 46.9 137 Fructose 1 0.7 272 430 —-04 81 301 41
3 3.7 266 171 1.3 160 633 48
5* 5.3 262 104 3.2 126 551 47
Salinef 11 7.1 262 85 4.8 224 603 51
J.D. 63.4 133 Fructose 1 0.9 254 558 —1.1 35 502
3* 2.0 252 221 0.3 72 442
S 1.8 246 314 —-0.5 86 565
Salinef 14 8.0 251 109 4.5 240 872
L.G. 89.9 124 Fructose 1 1.2 232 449 —1.1 49 539 77
3* 5.7 232 133 24 133 758 80
5 14 231 445 —1.3 96 623 74
Salinet 12 13.7 237 44 11.1 167 603 92
M.T 38.8 138 Fructose 1 14 266 535 —1.4 749
3 4.6 262 293 —-0.5 1,348 60
5* 7.6 261 151 3.2 1,148 63
Salinet 9 9.8 261 116 5.5 1,137 67
M.T.} 37.6 138 Fructose 1 0.4 268 498 —0.3 199
3* 5.3 260 176 1.7 933 48
5 24 253 433 —1.7 56

1,039

* Maximal value obtained during infusion of fructose.

1 Only the maximal value during the infusion of saline is given.

1 Second study after additional loss of weight.

from 4 to as long as 20 days (L.G.), the patients
lost from 1.6 to 5.3 kg in weight, and serum Na
concentration fell. Despite this initial hypotonicity
of the ECF, and the further effect of the “prim-
ing” load of water, the osmolality of the initial
urine specimens, always greater than that of the
serum, ranged from 430 to 558 mOsm per L
(Table I). During the infusions of fructose, the
volume of urine increased and urinary osmolality
decreased, with Cg,o rising to maximal values
which ranged from 0.3 to 3.2 ml per minute (Fig-
ures 1 and 2, Table I). Despite continued infu-
sion of fructose, with further decreases in serum
osmolality, urine osmolality then rose to 314, 445,
and 433 mOsm per L in J.D., L.G., and M.T.,
respectively, and Cg,o again became negative (pe-
riod 5, Figures 1 and 2, and Table I). When
the infusate was changed from fructose to isotonic
saline, urine volume rose in all patients to reach
values which exceeded those seen during adminis-
tration of fructose (Figure 1, Table I). Minimal
urinary osmolalities (range, 44 to 116 mOsm per
L), were generally less than the minimal values
observed during infusion of fructose (range, 104
to 221). Cg.o, which had ranged from 0.3 to 3.2

ml per minute, rose in all cases, to reach values
ranging from 4.5 ml per minute in J.D. to as high
as 11.1 in L.G. (Table I and Figure 1). The in-
crease in Cg,0 was not associated with an increase
in UosmV except in Patient J.D. (Figure 1, Table
I). The GFR was either essentially unchanged
by the infusion of saline (A.B., M.T.), or some-
what higher at the end of it (L.G., Figure 1).
II. Effect on Cyyo of sustained expansion with
saline (Table 11, Figure 2). When the patients
had been treated with large quantities of isotonic
saline given intravenously, the weight loss that fol-
lows discontinuation of treatment (Table I) was
minimized (Table IT). Under these circumstances
fructose produced rises in urine flow and falls in
urinary osmolality which were much greater than
those produced by fructose in the depleted state
and, indeed, were comparable with those produced
by saline in the depleted state. Cg,o, which had
ranged from 0.3 to 3.2 ml per minute in the con-
trol studies, rose in the expanded state to values
ranging from 4.4 to 13.4 ml per minute (Figure 2,
Tables I and IT). In contrast to the findings in
the depleted state, Cy,0o was now maintained
throughout the administration of fructose in all
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F16. 1. CHANGES IN SERUM AND URINARY OSMOLALITY,
Cuz0, Cosm, Cia, UosmV, AND UnaV WHEN AN INFUSION
OF FRUCTOSE IS FOLLOWED BY AN INFUSION OF SALINE.
Note that urinary osmolality rises while fructose is still
being infused. The increase in Ca.o during the infusion
of saline occurs without an increase in solute excretion,
and before the increase in GFR.

patients (Figure 2); it did not rise further when
the infusate was changed to saline, except in Pa-
tient A.B. (Table II). The higher Cg,o during
the infusion of fructose in the expanded state was
usually associated with a greater excretion of so-
dium and total solute than was that seen in the
depleted state, but it was also observed with a
UosmV no greater than that in the depleted state
(compare L.G. and M.T. in Tables I and II).
The GFR was higher in every patient during sus-
tained expansion (Table II).

III. Effect on Ci,o of increasing solute excre-
tion in the depleted and expanded states (Table
III, Figure 3). Three of the patients received 4
per cent mannitol intravenously whilé ECF was
contracted, and again while it was expanded with
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saline. In both states mannitol induced an increase
in urine volume and a decrease in urinary osmo-
lality except in L.G., expanded (Table III). The
maximal values for Cm,0 with mannitol ranged
from 1.5 to 2.6 ml per minute in the depleted state,
and from 3.1 to 5.5 ml per minute in the expanded
state.

In the depleted state, Cm,o reached maximal
values in the third to the fifth period, then fell,
together with urine flow, without increase in se-
rum osmolality and despite continued rise in solute
excretion (Table III). In A.B. and L.G. the
maximal values for Cg,o attained with mannitol
(1.7 and 1.5 ml per minute respectively) were less
than those observed with either fructose (3.2 and
2.4 ml per minute, respectively) or saline (4.8 and
11.1 ml per minute, respectively) in the depleted
state. The excretion of solute (including Na)
with mannitol was greater in the depleted state
than that with either fructose or saline in a com-
parably depleted state (compare Tables I and
III), and greater than that with fructose in the
expanded state (compare Tables II and III).
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F16. 2. SERUM AND URINARY O0SMOLALITIES, Cr.0, Cosm,
Ci, AND UosmV, DURING FRUCTOSE INFUSION, BEFORE
AND AFTER EXPANSION WITH SALINE. After expansion,
minimal urinary osmolality and Cmo are maintained
throughout the infusion of fructose. The increase in
Cuo is not associated with an increase in solute excretion.
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TABLE II
Effect of infusion of fructose and of physiologic saline on Cu,o in patients with ECF expanded by saline

Urinary

Serum
Patient Weight Na Infusate volume Posm Uosm CHz0* UnNaV UosmV Cin
kg mEq/L ml/min mOsm /L mOsm /L ml/min nEq/min  uOsm/min  ml/min

A.B. 49.0 136 Fructose 7.8 256 111 4.4 265 866 59
Saline 14.3 260 111 8.2 800 1,587 69

J.D. 68.0 135 Fructose 11.8 253 108 6.7 477 1,274 60
Saline 11.8 256 109 6.8 515 1,286 61

L.G. 93.2 138 Fructose 17.0 260 55 13.4 258 935 88
Saline 11.8 259 72 8.5 330 850 76

M.T. 38.81 140 Fructose 8.8 263 119 4.8 1,047 79

* Maximal value obtained during infusion of each solution.
t Morning body weight before infusion of 2.5 L of saline.

In the expanded state, Cu,o continued through-
out the administration of mannitol, except in Pa-
tient L. G., and was associated with the highest
rates of sodium and total solute excretion ob-
served in these studies (Figure 3). Nevertheless,
the maximal values for Cg,o of 3.2, 5.5, and 3.1
ml per minute in A.B., J.D., and L.G., respec-
tively, while greater than those seen with either
mannitol or fructose in the depleted state, were
less (except in J.D.) than those seen with saline
in the depleted state (4.8, 4.5, and 11.1 ml per min-
ute, respectively) or with fructose in the expanded

state (4.4,6.7,and 13.4 ml per minute, respectively ;
Figure 3, Tables I, II, and III). In both states,
the changes in GFR with infusion of mannitol were
small and variable. The effects of mannitol on
Ca;0, GFR, Uy,V and UgemV are summarized
and contrasted with those of fructose in Figure 3.

IV. Effect on Cy,o of sustained expansion with
saline and treatment with cortisol (Table IV).
When the patients had been treated with isotonic
saline, given intravenously, and cortisol, their body
weights were comparable with, or greater than,
those seen with saline alone (compare Tables II

TABLE III

Effect of infusion of mannitol on Cu,o in patients with ECF volume depleted
before and during sustained expansion with saline

Serum Urinary
Patient State Weight Na Period  volume Posm Uosm CHs0 UnaV UosmV Cin
kg mEgq/L ml/min  mOsm/L mOsm/L  ml/min pEg/min  uOsm/min  ml/min

A.B. Depleted 47.3 134 1 2.1 273 521 —-1.9 313 1,094 40
5* 7.5 272 211 1.7 283 1,582 43
6 7.1 269 245 0.6 416 1,740 30
Expanded 47.6 138 1 1.6 269 510 —14 198 816 51
6* 12.0 270 199 3.2 480 2,388 47
J.D. Depleted 65.6 129 1 2.2 267 234 0.3 70 515 69
4* 111 265 204 2.6 272 2,264 77
5 9.5 266 241 0.9 270 2,290 66
Expanded 69.1 143 1 6.9 264 234 0.8 532 1,615 137
4* 18.0 261 181 5.5 1,010 3,258 95
L.G. Depleted 89.4 125 1 2.6 244 354 —1.2 110 920 105
3* 10.8 244 209 1.5 430 2,257 93
5 9.7 242 278 —1.4 388 2,697 90

Expanded 92.4 137 1 5.5 266 167 2.0 147 918

4* 10.8 266 193 3.1 272 2,084

6 7.5 271 296 —0.7 214 2,220

* The period of maximal Cg,o.
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and IV). In general, in the presence of cortisol,
infusions of fructose produced urine flow and
Ca,0 as great, and urinary osmolality as low, as
those produced in the absence of cortisol (Tables
IT and IV). When the infusate was changed to
isotonic saline, Cg,0 showed a further modest in-
crease, except in L.G. The maximal value with
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saline was higher during treatment with cortisol
only in J.D. (15.4 as opposed to 6.8 ml per min-
ute) ; it was essentially the same in A.B. and L.G.
(9.0 and 9.2 as opposed to 8.2 and 8.5 ml per
minute, respectively); comparable data are not
available for M.T., off cortisol. The higher Ca,0
observed in J. D. with cortisol was associated with
a twofold increase in GFR and a 50 per cent de-
crease in Uy,V (compare Tables II and IV).

While sodium excretion was generally less dur-
ing treatment with cortisol, total solute excretion
was similar to that seen during sustained expan-
sion without cortisol. GFR was comparable in
Patients A.B. and M.T. and higher in J.D. and
L.G.

DISCUSSION

Without treatment, all the Addisonian patients
in this study excreted excessive quantities of salt,
lost weight, and demonstrated a very limited abil-
ity to excrete a water load. Yet, when the infu-
sions of fructose were followed immediately with
infusions of physiologic saline, the excretion of
solute-free water markedly increased in all the pa-
tients (Table I, Figure 1). It is not likely that
this rise in Cu,o during the infusion of saline was
a delayed response to the water load, since Ca,o
had, in three subjects, risen to maximal values and
then fallen to negative values before the infusate
was changed from fructose to saline (Figures 1
and 2, Table I).

By administration of large quantities of salt in-
travenously, it was possible to avoid the loss of
weight and the depletion of extracellular fluid that

TABLE IV

Effect of infusion of fructose and of physiologic saline on Cu,o in patients with
ECF expanded during treatment with cortisol

Serum Urinary
Patient Weight Na Infusate volume Posm Uosm Crz0* UnaV UosmV Cin
kg mEgq/L ml/min mOsm/L mOsm/L ml/min  pEq/min pOsm/min  ml/min
A.B. 48.5 142 Fructose 14.0 289 112 8.6 522 1,568 63
Saline 13.0 290 89 9.0 427 1,157 66
J.D. 68.7 Fructose 17.4 265 50 14.0 870 121
Saline 18.2 265 40 154 222 728 122
L.G. 94.6 Fructose 14.2 267 59 111 198 838 125
Saline 12.6 269 73 9.2 169 920 118
M.T. 40.9 143 Fructose 13.5 278 69 10.2 932 67
Saline 139 277 56 11.1 246 778 69

* Maximal value obtained during the infusion of each solution.
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follow discontinuation of treatment with steroids.
When expansion of ECF was thus maintained, in-
fusion of fructose alone produced rates of Cy.o
which were equal to, or greater than, those ob-
served in the depleted state during fructose-saline
infusions, and in Patient L.G. were greater than
those obtained during treatment with cortisol (Ta-
bles I, II, and IV). In Patient A.B. the maximal
Ca,0 with fructose followed by saline was com-
parable to that with fructose-saline and cortisol.
This finding of an impaired free-water clearance,
which may be corrected by saline alone, suggests
that cortisol-like steroids are not essential for nor-
mal renal tubular impermeability to water (1).
Furthermore, since saline alone may, in patients
with Addison’s disease, correct the defect in Cg,o,
this defect cannot be ascribed to inability to adsorb
sodium at the site of free water formation in the
absence of steroids. The higher Cg.0 seen in two
patients when expansion with saline was supple-
mented by treatment with cortisol, may be due
either to an improved sodium reabsorption (indi-
cated in J.D. by a relatively greater increase in
GFR than in sodium excretion), or to a more ef-
fective degree of expansion of ECF (indicated in
M.T. by a body weight 2.1 kg higher), or to both.

Thus, in Addison’s disease, an expansion of
ECF, whether produced acutely or sustained, leads
to a water diuresis. Moreover, when ECF is de-
pleted, a rapid infusion of fructose or mannitol,
each of which expands body fluid volume tran-
siently, promotes an initial, unsustained Cg.o (Ta-
bles I and III).

An infusion of saline may increase both GFR
(8), and solute excretion, two of the variables
important in the formation of solute-free water
(9). As previously shown for untreated patients
with Addison’s disease (10), the GFR was low
in these patients when they were not receiving
cortisol-like steroids and saline. A reduction in
GFR may well contribute to the defective Cg,o:
acute reduction in GFR can abolish a water diure-
sis in both dog (11) and man (12, 13). Con-
versely, the rise in GFR after administration of
aminophylline in adrenal insufficiency is accom-
panied by a rise in Cyg,o (1). Whereas a higher
GFR was usually found together with the im-
proved Cg,o after sustained salt loading (compare
Tables I and II), Ca,o frequently improved be-

1083

fore any change in GFR (Figure 1) or with only
a small change after acute salt loading (Table I).

A rise in GFR, although small, may contribute
to the increase in Cg,0. Even in the patients who
did not show a measurable change in GFR, an in-
crease in renal blood flow could well have oc-
curred during expansion with saline and may have
contributed to the increase in Cg,o-

An improvement of GFR or of renal hemody-
namics could increase Cg,0 by increasing the quan-
tity of sodium reaching the distal tubule. Indeed,
the increase in Cg,o during infusion of saline was,
on occasion, accompanied by an increase in the
excretion of sodium. The effect on Cg.,o of such
an increase in excretion of sodium was further
explored by infusing hypotonic solutions of man-
nitol. With mannitol it was possible to produce
the largest increases in total solute and sodium ex-
cretion with only minimal changes in GFR (Ta-
ble IIT). Cg,0 rose to rates comparable with
those observed when solute excretion was increased
by other means (1). Nevertheless, in only one
patient (J.D., depleted, Figure 3) was the in-
creased rate of sodium and solute excretion seen
with mannitol associated with a Cg.,o higher than
that produced with fructose in a comparable state
of expansion. When the patients were in the de-
pleted state an infusion of saline produced a still
greater excretion of Cg.,o but a lesser excretion of
sodium and solute than did mannitol. Even dur-
ing sustained expansion with saline, when man-
nitol produced the highest Un,V and UgsmV seen
(Table III), Cg,0 was lower than it was during
the infusion of saline in Patients A.B. and L.G.
when they were depleted (Table I). In contrast,
the increase in Cg,o during the infusion of saline
could occur either before any change, or with only
a small change, in UpwmV and U,V (Table I,
Figure 1). Indeed, since mannitol is most effec-
tive in increasing Ca,o in those conditions where
relatively greater absorption of sodium in the
proximal tubule limits delivery of this ion distally
(14, 15), it should be less effective in a condition
where tubular reabsorption of sodium is reduced.
Thus, since increased solute excretion and in-
creased delivery of sodium to distal sites—two
factors which mediate effects of GFR on Cg.o (9)
—produced in our patients only small changes in
Ch.o, it is possible that changes in GFR or in
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solute delivery may not account wholly for the
improvement in water excretion with saline.

A third possible effect of saline may be to de-
crease circulating antidiuretic hormone (ADH).
Whereas it is likely that patients with adrenal in-
sufficiency have a normal sensitivity to ADH and
inactivate it at a normal rate (16), saline might
still serve to decrease release of the hormone. It
has been claimed that increased amounts of anti-
diuretic substances are present in the serum of
adrenalectomized rats (17) and of patients with
Addison’s disease (18). Moreover, when neuro-
hypophyseal insufficiency complicates adrenal in-
sufficiency, one may find an impairment in the
conservation of water (dilute urine associated with
hypertonic serum) rather than in its excretion
(19); serum sodium concentrations do not de-
crease significantly (20).

In the present studies the rise of urinary os-
molalities to 314, 445, and 433 mOsm per L dur-
ing the infusion of fructose in Patients J.D., L.G.,
and M.T., respectively, while the volume of ECF
was depleted (Table I), may be attributable to an
increased secretion of ADH. Although saline
could produce Cg,o in the presence of small quan-
tities of ADH by increasing solute excretion (21,
22), the relative ineffectiveness of mannitol as
well as the frequent increase of Cg,o before an
increase in UgemV suggests that such an effect
will not explain the diuresis seen in our studies.

On the other hand, the expansion of ECF vol-
ume that is induced by infusion of saline may
serve to decrease secretion or release of ADH. In
normal subjects the infusion of isotonic saline (2)
and of iso- and hyperoncotic albumin (3) pro-
duces water diuresis without measurably changing
GFR or, in the case of albumin, sodium excretion.

Mannitol also may expand ECF and may there-
by have produced the increase in Cg,o. This ex-
pansion does not appear to be maintained, how-
ever, since both GFR and Cg,o fell despite con-
tinued infusion of mannitol.

Data suggesting that some function of the vol-
ume of the extracellular fluid influences ADH re-
lease have recently been reviewed (23). Whereas
the pathway by which the volume of body fluid
may mediate ADH release is not known, the
vagus nerves do not appear to be necessary (24).

If, as suggested, the volume of ECF does play
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a role in the regulation of ADH secretion, then the
loss of ECF that occurs in untreated Addisonian
patients may well contribute to their defect in
water excretion. Also, such a mechanism could
explain the greater correction of Cy,o with expan-
sion of ECF than that usually observed with an
increase in GFR and in solute excretion without
expansion.

SUMMARY AND CONCLUSIONS

Free water clearance (Cm,0) was studied in
four patients with Addison’s disease before and
during both acute and sustained expansion of ex-
tracellular fluid volume (ECF). Acute expansion
of ECF was produced by infusing physiologic
saline immediately after an infusion of water (con-
taining a metabolizable hexose) ; sustained expan-
sion, by infusing physiologic saline for 1 to 3 days
prior to an infusion of water. Both acute and sus-
tained expansion led to marked increases in Cpg,o,
with values in two patients comparable with those
obtained during treatment with cortisol. The rise
in Cu,0 was not always accompanied by a rise in
glomerular filtration rate (GFR) or solute excre-
tion. Hypotonic mannitol by vein, before and
after sustained expansion, was usually less effec-
tive than water.

The data suggest that free water formation does
not require steroid-dependent reabsorption of so-
dium at distal tubular sites.

It is not likely that expansion of the volume of
ECF increased Cg,o only by increasing GFR or
the filtered load of solute. The results may indi-
cate a relationship of some function of the volume
of ECF to the release or secretion of antidiuretic
hormone.
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