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INTRODUCTION 

Stability of composition and volume of body fluids is of paramount im­
portance for the survival and function of a living organism. This stability of 
the internal environment (known as homeostasis) is maintained through a 
series of feedback mechanisms that, in response to relatively small changes in 
physiologically important variables, set into motion events that will promptly 
restore the altered variable to the normal level. One of the best examples of a 
perfectly functioning homeostatic system is water balance, which is main­
tained despite the large variations in water intake and loss that occur under 
normal circumstances. The mechanisms involved in preserving the water 
balance and their most common derangements are the subjects of this review. 

To understand water balance, it is important to know the basic quantitative 
aspects of water distribution among various tissues. Water is certainly the 
largest constituent of the human body, representing about 60% of body weight 
or about 42 liters in a 70-kg person (25, 36). Approximately 65% of total 
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384 VOKES 

body water (or 27 liters in a 70·kg person) is intracellular. The remaining 15 
liters represent extracellular water, which is further divided into a smaller 
intravascular (plasma) and a larger extravascular (interstitial) compartment. 
Since plasma is in a constant equilibrium with extracellular fluid, the. com­
position of the two remains similar in practically all situations. Therefore, the 
concentrations of various substances measured in plasma may be considered 
to represent those of the extracellular fluid in general. 

The solute compositions of intracellular and .. extracellular fluids are 
markedly different (36), primarily because most cell membranes possess 
transport systems that accumulate or expel specific solutes. However, because 
most cell membranes are freely permeable to water, the total solute concentra­
tion is very similar in the two compartments (18, 36). The total solute 
concentration is usually measured by determining the freezing point and is 
expressed as osmolality (solute concentration in a kilogram of water). Mea­
sured osmolality should, however, be differentiated from effective osmolal­
ity, i.e. the concentration of solutes that will create an osmotic force in vivo. 
The effective osmolality in a given compartment depends on the concentration 
of substances that are restricted to that compartment. Thus, sodium is the 
major determinant of the effective osmolality of plasma and other ex­
tracellular fluids because its concentration in that compartment is high, 
relative to other solutes, and because it is restricted from entering into cells 
(36, 58). In contrast, urea, which permeates the cells freely, will not exert an 
osmotic force if elevated in either compartment. The osmotic effectiveness of 
glucose vis-a-vis a certain tissue depends on whether glucose can enter that 
tissue under a given circumstance. Glucose enters some tissues by passive 
diffusion and others by an insulin-mediated transport system. If glucose 
concentration rises while insulin is deficient, a concentration gradient will 
develop across insulin-dependent cells such as those of skeletal muscle or fat 
but will not develop across brain or liver cells, which are freely permeable to 
glucose even in the absence of insulin. Thus, in the absence of insulin, an 
increase in extracellular fluid glucose causes an effective osmotic shift of 
water from insulin-dependent cells. This illustrates that the effective osmolal­
ity of plasma and other body fluids depends not only on the concentration of 
various solutes but also on the permeability of cell membranes to these 
solutes. 

The extracellular fluid is in a state of constant exchange with the environ­
ment, as a result of which its content of water and solutes is subject to 
continuous change. However, because most cell membranes are freely perme­
able to water, altering the osmolality of the extracellular fluid changes the 
osmolality as well as the volume in the intracellular fluid. In other words, 
the cell volume, which is essential for its survival, is critically dependent 
on the osmolality of the extracellular fluid. Since most cells cannot tolerate 
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significant volume changes, it is clear that maintaining the osmolality of the 
extracellular fluid is of paramount importance for normal biological function. 
This is probably why an elaborate system has evolved to ensure near con­
stancy of the extracellular fluid osmolality despite wide variations in the 
intake of solutes and water. 

The extracellular fluid osmolality in man and other mammals is maintained 
through the precise regulation of thirst and secretion of the antidiuretic 
hormone arginine vasopressin (56, 58). Thus, an increase in extracellular 
osmolality stimulates thirst and vasopressin secretion, which leads to intake of 
water as well as a decrease in urinary water loss. The resulting increase in the 
water content of the extracellular fluid promply restores its osmolality to the 
previous level. Conversely, overhydration decreases plasma and extracellular 
fluid osmolality and suppresses vasopressin secretion. As a result, dilute urine 
is excreted, water surplus lost, and extracellular fluid osmolality returned to 
normal. 

Another physiologically important consequence of effective osmoregula­
tion is that the absolute amount of water in the extracellular fluid, and 
therefore its volume, is determined by its sodium content. Thus, if sodium is 
added to the extracellular fluid, the osmolality rises and results in water intake 
and a decrease in urinary water loss that returns the osmolality to the previous 
level but increases the extracellular fluid volume. Conversly, if sodium is lost 
in excess of water, the osmolality falls, which leads to excretion of solute-free 
water and restoration of osmolality. However, the total volume of plasma and 
extracellular fluid will decrease. 

While keeping the extracellular fluid osmolality in a narrow range is 
essential for cell survival, maintaining plasma volume within a somewhat 
wider range is important for the normal function of the circulatory system, 
tissue perfusion, and delivery of nutrients and oxygen. Therefore, com­
plicated integrative mechanisms, which include the volume and pressure 
receptors of the heart and blood vessels, the endocrine system and the kidney, 
have developed to regulate sodium balance and through that maintain normal 
circulating plasma volume (50). 

NORMAL REGULATION OF WATER BALANCE 

Antidiuretic Hormone 

ANATOMY, BIOSYNTHESIS, AND SECRETION The antidiuretic hormone of 
humans and most other mammals is arginine vasopressin. It is produced by 
the neurohypophysis, an elongated extension of the ventral hypothalamus 
attached to the dorsal and caudal surface of the adenohypophysis. The upper 
hypothalamic part, referred to as the infundibulum or median eminence, is 
connected by a short stalk to the lower part, known as pars nervosa of the 

A
nn

u.
 R

ev
. N

ut
r.

 1
98

7.
7:

38
3-

40
6.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 R
E

N
SS

E
L

A
E

R
 P

O
L

Y
T

E
C

H
N

IC
 I

N
ST

IT
U

T
E

 o
n 

01
/0

5/
12

. F
or

 p
er

so
na

l u
se

 o
nl

y.



386 VOKES 

pituitary gland. The secretory elements of the neurohypophysis are neuro­
secretory axons originating in magnocellular neurons of the supraoptic and 
paraventricular nuclei of the hypothalamus (70). While many axons project to 
the pars nervosa, some tenninate in more proximal structures, including the 
infundibulum. This explains why even a complete section of the stalk fre­
quently does not cause a complete deficiency of the antidiuretic honnone 
(56). 

Vasopressin is synthesized in the fonn of propressophysin, with a molecu­
lar weight of approximately 20,000 (64, 82). The prohonnone is synthesized 
in the cell bodies of the supraoptic and paraventricular nuclei, packaged in the 
granules, transported down the axons, and stored in the nerve tenninals of 
pars nervosa. As the secretory granules move down the axons, the pro­
pressophysin is progressively cleaved to yield the active honnone vasopressin 
( -11 00 daltons) and the inactive component neurophysin (61). Vasopressin 
and neurophysin are released by a calcium-dependent exocytotic process 
commonly seen in neurosecretory tissues. 

REGULATION OF VASOPRESSIN SECRETION 

Osmoregulation Under physiological conditions, vasopressin secretion is 
regulated primarily by plasma osmolality (58, 60). The functional properties 
of the osmoregulatory system can be understood from Figure la, which shows 
the relationship of plasma vasopressin to plasma osmolality in healthy adults 
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Figure 1 Relationships of plasma vasopressin to plasma osmolality (a) and urine osmolality (b) it 
healthy adults. The arrow indicates the level of plasma osmolality at which thirst begins. (Reprinte( 

from 58 with permission. )  
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in varying states of hydration. If plasma osmolality falls below a certain point, 
termed osmotic threshold, plasma vasopressin is suppressed to low or un­
detectable levels. When plasma osmolality increases above the threshold 
level, plasma vasopressin rises steeply in direct proportion to osmolality. The 
slope of the regression line relating plasma vasopressin to osmolality defines 
the sensitivity of the osmoregulatory system, while the x-axis intercept pro­
vides a measure of its threshold. 

The osmoregulatory system functions with remarkable precision and 
sensitivity. The precision can be appreciated most readily by measuring 
plasma vasopressin and osmolality repeatedly in the same subject during a 
procedure that progressively increases plasma osmolality, such as the infusion 
of hypertonic saline (Figure la). When such data are subjected to a regression 
analysis, a high degree of correlation is always observed (60). The exquisite 
sensitivity of the osmoregulatory system can be discerned from the fact that an 
increase in plasma osmolality of only 1 % increases plasma vasopressin 
enough to effectively change the rate of water excretion by the kidney (Figure 
1) (56, 58). The osmoregulatory system displays large individual differences 
in both the sensitivity and the threshold (51, 60). However, these differences 
remain relatively constant over a period as long as five years and appear to be 
genetically determined (56). 

The osmoregulatory system is not equally sensitive to all plasma solutes. 
Sodium and its anions, which normally contribute more than 95% of the 
osmotic pressure of plasma, elicit the largest vasopressin response (95). 

Certain sugars, such as sucrose and mannitol, are equally effective (84, 95). 
In contrast, a rise in plasma osmolality produced by urea or glucose has little 
or no effect on vasopressin in healthy adults or animals (46, 77,95). The basis 
for this osmoreceptor specificity is still unclear, but the current understanding 
is that the osmoreceptor is stimulated by osmotically induced changes in its 
water content (56,84). According to this concept the stimulatory potency of a 
given solute is inversely proportional to the rate at which it moves from 
plasma into the osmoreceptor. Therefore, solutes that penetrate the cell 
readily, such as glucose and urea, do not create an osmotic gradient across the 
osmoreceptor and have no effect on vasopressin secretion. In contrast, oblig­
atory extracellular solutes such as sodium and mannitol create an osmotic 
gradient across the osmoreceptor and stimulate vasopressin release (84, 95). 

The exact mechanism by which osmolality influences the secretion of 
vasopressin is not clearly understood. It requires the presence of neurons 
collectively known as osmoreceptors (84). The location of the osmoreceptors 
is uncertain, but anatomical, physiological, and pathological studies indicate 
that it is in the anterior hypothalamus (39), probably in the area that involves 
the organum vasculosum laminae terminals (48). They are near but separate 
from the vasopressin-producing neurons since some patients with hypo-
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thalamic pathology (53), as well as experimental animals with small ablative 
lesions in the anterior hypothalamus (48), selectively lose their vasopressin 
response to osmolality but still release the hormone in response to nonosmotic 
stimuli. The osmoreceptors appear to be located on the blood side of the 
blood-brain barrier because urea does not stimulate vasopressin secretion (46, 
77, 95) even though it crosses the blood-brain barrier poorly. 

The functional properties of the osmoregulatory system are affected by 
numerous factors. In fact, most of the nonosmotic stimuli that influence 
vasopressin release do so not by disrupting the osmoreglation but rather by 
altering the threshold, sensitivity, and/or solute specificity of the osmoregula­
tory system (56, 58, 87, 88). 

Baroregulation The secretion of vasopressin can also be altered by changes 
in blood pressure and/or volume (51, 84). These hemodynamic changes are 
detected by the stretch receptors in cardiac atria, aortic arch, and carotid 
sinuses; from there, the signals are transmitted via vagal and glossopharyn­
geal nerves to the nucleus tractus solitarii in the brain stem (56, 91); and 
finally postsynaptic pathways that are partly noradrenergic project to the 
magnocellular neurons of the supraoptic and paraventricular nuclei (66). The 
input from the baroreceptors appears to be tonically inhibitory under normal 
conditions since their interuption results in an acute rise in plasma vasopressin 
(75). Recent studies indicate that central opioid pathways may be involved in 
the baroregulation since the opioid antagonist diprenorphine selectively in­
hibits vasopressin response to hypovolemia but has no effect on response to 
osmotic stimuli (59). 

The functional properties of the baroregulatory system differ from those of 
the osmoregulatory system (23, 57). While the relationship of plasma vaso­
pressin to osmolality appears to be linear, the relationship to hemodynamic 
changes is exponential. Thus, small changes in blood volume and/or pressure, 
on the order of 5-10%, have little or no effect on vasopressin secretion, while 
greater decreases of 20--30% elevate plasma vasopressin to levels many times 
higher than those needed for maximal antidiuresis (23). The relative in­
sensitivity of plasma vasopressin to small hemodynamic changes means that 
baroregulatory mechanisms play little or no role in the normal control of water 
balance. Under normal circumstances, total body water rarely changes by 
more than 1-2%, an amount far too small to affect vasopressin secretion 
through nonosmotic influences. 

The hemodynamic changes influence vasopressin secretion not by disrupt­
ing the osmoregulation but rather by altering the functional properties of the 
osmoregulatory system (57, 90). Thus, smaller changes in blood volume 
(10%) result in lowering of the osmotic threshold for vasopressin secretion 
while greater reductions in volume or pressure also cause an increase in the 
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sensitivity of vasopressin response to the osmolality (92). It should be noted, 
however, that in the presence of a hemodynamic stimulus, vasopressin con­
tinues to respond appropriately to small changes in plasma osmolality and, 
even more importantly, can still be fully suppressed if plasma osmolality falls 
below the new lower set point. The preservation of the threshold function 
helps to limit the water retention and hyponatremia that develop in response to 
hypovolemia (56). 

Other influences Numerous other factors have been found to alter vasopres­
sin secretion (Table 1) (56, 87). Among these, nausea is the most potent. 
Whether induced via chemoreceptor trigger zone (63) or by vestibular mech­
anism (27), nausea, with or without vomiting, consistently increases plasma 
vasopressin to levels considerably higher than those achieved with other 
stimuli (63). The teleological reason for such potent vasopressin response to 
nausea is unclear. However, this factor should always be looked for if 
unexpected elevations of the hormone are encountered in research studies or if 
osmotically inappropriate secretion of vasopressin occurs in patients who 
have diseases or take drugs that can induce nausea. 

Hypoglycemia stimulates the release of many hormones, including vaso­
pressin. This effect occurs both in rats (7) and in humans (8) and is pro­
portional to the degree of hypoglycemia achieved (8). The mechanism by 
which hypoglycemia causes a release of vasopressin appears to be in­
tracellular glycopenia since a similar effect can be produced by administration 
of 2-deoxyglucose (58, 87). 

The normal menstrual cycle and pregnancy also influence the secretion of 
vasopressin. Dynamic studies of osmoregulation revealed lowering of the 
threshold for vasopressin release in the luteal phase of the normal menstrual 
cycle (73, 86). An even larger decrease in the threshold has been observed in 
both rat (24) and human pregnancy (19). The mechanism by which the luteum 
and pregnancy alter vasopressin secretion is unclear, but probably does not 
involve a decrease in "effective" plasma volume (4). 

Insulin-deficient diabetes mellitus (89, 97) has been associated with in­
creased vasopressin levels. The vasopressin elevation appears to be due to the 
effect of insulinopenia on the specificity of the osmoreceptor (85). Thus, in 
healthy humans (95) and animals (77), glucose does not stimulate vasopressin 
secretion because it permeates the osmoreceptor neurons freely. However, in 
the absence of insulin, glucose becomes osmotically effective and vasopressin 
is released in response to hyperglycemia (85). The finding that insulin in­
fluences the osmoreceptor function explains, at least in part, the observed 
vasopressin elevation in hyperglycemic diabetic patients and also suggests an 
important link between a hormone that is affected by feeding behavior 
(insulin) and one that regulates water metabolism (vasopressin). 
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Table 1 Factors influencing vasopressin secretion 

I. 

II. 

Osmotic 

Plasma osmolality 

Changes in hydration 

Infusion of hypertonic or 

hypotonic solutions 

Hyperglycemia with insulin 

deficiency 

Hemodynamic 

Blood volume (total or effective) 
Posture 
Hemorrhage 

Aldosterone deficiency or 

excess 

Gastroenteritis 

Congestive failure 

Cirrhosis 

Nephrosis 

Positive pressure breathing 

Diuretics 

Blood pressure 

Orthostatic hypotension 

Vasovagal reaction 
Drugs (isoproterenol, 

norepinephrine, nicotine 

nitroprusside, trimethaphan, 
histamine, bradykinin) 

III. Emetic 

Nausea 
Drugs (apomorphine, 

morphine, nicotine) 

Motion sickness 

IV. Glucopenic 

Insulin-induced hypoglycemia 

2-Deoxyglucose-induced intracellular glucopenia 

V. Other 

Menstrual cycle 
Pregnancy 

Aging 

Diabetes mellitus 

Hypercalcemia 

Hypokalemia 
Stress (?) 
Temperature 

Angiotensin 

Hypoxia, hypercapnea, acidosis 

VI. Drugs and hormones 

Stimulatory 

Acetylcholine 

Nicotine 

Apomorphine 

Morphine (high doses) 

Epinephrine 

Isoproterenol 

Histamine 

Bradykinin 

Prostaglandins 
{3-Endorphin 

Cyclophosphamide i.v. 

Vincristine 

Insulin 

2-Deoxyglucose 

Angiotensin 

Lithium 

Inhibitory 
Norepinephrine 

Fluphenazine 

Haloperidol 

Promethazine 

Oxilorphan 

Butorphanol 

Morphine (low doses) 

Alcohol 

Carbamazepine 

G1ucocorticoids 

Phenytoin (?) 
Fentanyl anesthesia 
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WATER HOMEOSTASIS 39 1 

Numerous other physiological and pathological conditions as well as many 
drugs can also influence vasopressin secretion (Table 1). Even though they 
have little significance for normal water balance, they may be responsible for 
spurious results of research studies and for clinically significant alterations of 
fluid and electrolyte balance, such as iatrogenic hyponatremia. 

VASOPRESSIN ACTION The most important biological action of vasopressin 
is to conserve body water by reducing the rate of urine output (56). The 
antidiuretic effect is achieved by promoting the reabsorption of solute-free 
water in the distal and collecting tubules of the kidney, which results in an 
increase in urine concentration and a decrease in urine flow (10). In healthy 
adults, the stimulus response relationship between plasma vasopressin and 
urine concentration is extremely sensitive (Figure 1b): the full range of 

urinary concentrations and dilution can be achieved by changing the plasma 

vasopressin concentration between 0.5 and 5 pg/ml (Figure 2) (60). 
The effect of vasopressin on urine concentration and flow is markedly 

influenced by changes in the volume of the filtrate presented to the distal 
tubule. When proximal reabsorption is reduced by volume expansion or the 
presence of unreabsorbable solutes such as mannitol, considerably more than 
15% of the filtrate may escape and overwhelm the limited capability of the 
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Figure 2 Relationships between plasma osmolality, plasma vasopressin, urine osmolality, and 
water intake or output in a healthy adult. An average solute excretion rate of 600 mosmoVday and 
an insensible loss of 1 liter/day were assumed. (Redrawn from 58 with permission.) 
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distal tubule to reabsorb water. As a consequence, the urine osmolality falls 
and the flow rises even in the presence of supramaximal levels of vasopressin 
(56, 58, 88). Conversely, in clinical situations in which the actual or effective 
blood volume is reduced (such as congestive heart failure or cirrhosis), the 
proximal nephron reabsorbs an increased proportion of the glomerular filtrate. 
When the distal tubule is presented with a reduced amount of concentrated 
filtrate, the ensuing urine will have low volume and increased osmolality even 
in the absence of vasopressin. In addition, the antidiuretic effect of vasopres­
sin may also be inhibited by a decrease in the medullary gradient, which is 
most often caused by chronic water diuresis. Polyuria of any etiology causes a 
"medullary washout" that prevents maximal increase in urine concentration 
even in the presence of vasopressin levels many times higher than those 
required for maximal antidiuresis (56, 94). 

Thirst 
In addition to antidiuretic hormone, thirst also plays a very important role in 
maintaining water homeostasis. Thirst is defined as a conscious desire to 
drink and must be differentiated from drinking itself, which may occur for 
reasons other than thirst. In fact, most drinking under conditions of daily 
living is not induced by thirst, but rather motivated by social customs or 
associated with meals. The function of the thirst mechanism is to ensure that 
water will be replenished promptly when a deficiency occurs. 

Scientific studies of thirst are hampered by the inability to measure it 
directly or to quantitate it precisely. Nevertheless, it is clear that thirst is 
stimulated by many of the same factors that influence vasopressin secretion 
(55). As for vasopressin, the principal stimulus for thirst is an increase in the 
extracellular fluid or plasma osmolality. The sensitivity of thirst to changes in 
plasma osmolality is illustrated by the fact that an increase in osmolality of 
only 2-3% above the basal levels produces a strong desire to drink (31, 34). 
The absolute level of plasma osmolality at which thirst is first perceived is 
termed the osmotic threshold for thirst. Even though there is a wide individual 
variability in the thirst threshold among healthy people, the average value of 
295 mosmoVkg is considerably higher than the osmotic threshold for vaso­
pressin release (around 280 mosmol/kg). 

The mechanism by which increased plasma osmolality stimulates thirst is 
unclear. It probably involves osmoreceptor neurons located in the anterior 
hypothalamus (48), near but probably separate from osmoreceptors for vaso­
pressin release (2, 38). 

The solute specificity of thirst appears to be similar to that described for 
vasopressin. Thus, sodium and mannitol stimulate thirst while urea does not 
(95). The only exception is glucose, which does not stimulate vasopressin in 
healthy adults or animals (46, 77, 95) but seems to be a weak dipsogen when 
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studied carefully in humans (T. Vokes and G. L. Robertson, unpublished 
observations) . 

Similarly to vasopressin, thirst is also stimulated by a reduction in plasma 
volume (30). Experimentally, hypovolemic thirst has been produced by 
graded hemorrhage, sodium depletion, extravascular sequestration of ex­
tracellular fluids, or obstruction of the venous return to the heart (31). The 
magnitude of the reduction in circulating volume necessary to stimulate thirst 
is similar if not larger than that needed to stimulate vasopressin release and is 
on the order of 10- 15%. 

The mechanisms by which hypovolemia produces thirst are probably sim­
ilar to those that mediate vasopressin secretion and involve the stretch recep­
tor of the heart and large blood vessels and their vagal efferents (78). In 
addition, the effect of hypovolemia on thirst may also be mediated by the 
renin-angiotensin system (31), In experimental animals, angiotensin is a 
potent dipsogen when administered systemically (33) or intracerebroventricu­
larly (26, 32). In humans, however, the evidence is less clear. Even though 
occasional patients with hyperreninemia have been reported to have un­
controllable thirst ( 17, 62), most patients with high levels of renin and 
angiotensin have no apparent abnormality of water intake ( 17, 55), These 
observations suggest that, at least in man, angiotensin does not play a major 
role in the regulation of thirst. 

Other factors that influence thirst include the luteal phase of the normal 
menstrual cycle and pregnancy, both of which lower the thirst threshold as 
well as the osmotic threshold for vasopressin release (3, 19, 24, 73, 86), 
Hypokalemia and hypercalcemia also stimulate thirst (9, 3 1), which probably 
contributes to the polyuria observed in both of these disorders (9). 

Another aspect of thirst regulation that deserves attention is satiety. It has 
been shown that dehydrated dogs correctly replace the fluid deficit within 5 
minutes (79) and that anephric rats infused with hypertonic saline ingest the 
amount of water needed to restore plasma osmolality to the basal level (29), 
Even though little is known about the mechanism by which thirst osmorecep­
tors influence drinking behavior, some information is available about the 
anatomic origin of satiety signals. Thrasher et al (79) showed that in de­
hydrated dogs oropharingeal signals mediate short-term satiety, which causes 
the animal to stop drinking before water is absorbed and plasma osmolality 
corrected. In contrast, the long-term satiety probably involves the hypotha­
lamic osmoreceptor since it requires restoration of plasma osmolality (79), 

Maintenance of Salt and Water Balance 

As mentioned previously, thirst and antidiuretic hormone, vasopressin, play a 
key role in maintaining water balance-primarily by keeping the osmolality 
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of plasma and extracellular fluid in a remarkably narrow range (56, 58, 88). 
In each individual, the lower limit of this range is determined by the osmotic 
threshold for vasopressin release, while the upper limit is determined by the 
osmotic thirst threshold. If excess water is ingested, plasma osmolality falls 

below the threshold for vasopressin release, and plasma levels of the hormone 
decrease to undetectably low values. As a consequence, urine osmolality falls 
while urine flow increases. This leads to a prompt excretion of solute-free 
water and restoration of plasma osmolality to the previous level. Conversely, 
if water is lost in excess of sodium, plasma osmolality increases. This 
stimulates secretion of vasopressin, which promotes antidiuresis and water 
conservation. Provided the access to water is unrestricted, a rise in plasma 
osmolality above the threshold for thirst will also increase the water intake, 

which will dilute the body fluids to the previous level. 

PATHOLOGY 

Vasopressin Deficiency 
Deficient secretion or action of the antidiuretic hormone vasopressin man­
ifests as polyuria (daily urine output >30 mllkg). In clinical practice, the most 
common cause of polyuria is diabetes mellitus, in which increased urine 
output is due to glucosuria. This and other forms of solute diuresis can 
be identified by testing urine for sugar or calculating total daily solute excre­
tion. If the latter is above 1500 mosmollkg, the polyuria is probably due to 
solute diuresis. If solute excretion is below 1500 mosmollkg and the urine 
is dilute (less than 250 mosmollkg), polyuria is due to water diuresis and is 
referred to as diabetes insipidus. The latter can result from one of three 
defects: (a) decreased or absent production of vasopressin, referred to as 
central, cranial, or neurogenic diabetes insipidus; (b) suppression of vasopres­
sin secretion by high fluid intake, termed dipsogenic diabetes insipidus or pri­
mary polydipsia; and (c) decreased or absent renal response to vasopres­
sin, known as nephrogenic or vasopressin-resistant diabetes insipidus (56, 
58, 88). 

All three forms of diabetes insipidus have diverse and multiple etiologies 
(Table 2). Neurogenic diabetes insipidus may be idiopathic or result from an 
identifiable pathological process involving the hypothalamus and or the 
neurohypopysis (56, 88). Nearly any neoplastic, vascular, granulomatous, or 
infectious disease of the hypothalamus can destroy the vasopressin-producing 
cells and cause the hormone deficiency. Pathological processes restricted to 
the pituitary cause vasopressin deficiency by destroying the neurohypophysis 
or interrupting the stalk that leads to the retrograde degeneration of the 
neurosecretory cells (45, 49). However, since many axons terminate proxi­
mally, in the stalk or the influndibulum, the interruption of the neurohypoph­
ysis must be at or above that level to reduce the secretory capacity by 
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85%, the minimum required to produce clinically significant polyuria (56, 
58). The anatomic basis for vasopressin deficiency in patients with idiopathic 
forms of diabetes insipidus is the atrophy of the neurohypophysis and 
hypocellularity of the supraoptic and paraventricular nuclei (13, 16). The 
pathological mechanism that leads to the destruction of the vasopressinergic 
cells remains unclear. A proportion of patients with idiopathic diabetes 
insipidUS have a familial form of the disease that is similar to other idiopathic 
cases both in the clinical presentation and pathological findings (56). The 
pattern of inheritance is autosomal dominant but the molecular basis of the 
genetic defect responsible for the disease has not been identified. 

The primary polydipsia is either caused by pathological processes of the 
hypothalamus leading to abnormal thirst stimulation (74) or else is associated 
with psychoses wherein the high rate of water intake is apparently induced not 
by thirst but by psychotic ideation (54). 

Table 2 Causes of diabetes insipidus 

I .  Vasopressin deficiency (neurogenic diabetes insipidus) 

Acquired 
Trauma (accidental, surgical) 
Tumors (craniopharyngioma, metastases, lymphoma) 
Granuloma (sarcoid, histiocytosis, tuberculosis, syphilis) 

Infectious (meningitis, encephalitis, Guillain-Barre syndrome) 

Vascular (Sheehan's syndrome, aneurysms, aortocoronary bypass, cerebral 

thrombosis) 
Idiopathic 

Familial (autosomal dominant) 

II. Excessive water intake (primary polydipsia) 

Granuloma (neurosarcoid) 
Psychogenic 
Idiopathic (resetting of the osmostat) 

III. Vasopressin insensitivity (nephrogenic diabetes insipidus) 

Acquired 

Infectious (pyelonephritis) 
Postobstructive (prostatic, ureteral) 
Vascular (sickle cell disease, trait) 
Infiltrative (amyloid) 
Cystic (polycystic disease) 
Metabolic (hypokalemia, hypercalcemia) 
Granuloma (sarcoid) 
Toxic (lithium, demeclocycline, methoxyflurane) 
Solute overload (glucosuria) 

Familial (X-linked recessive) 
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Nephrogenic diabetes insipidus can be a familial disorder inherited as an 
X-linked recessive trait (93), or is secondary to various pathological processes 
and drugs that affect the kidney (71) (Table 2). 

The pathophysiology of diabetes insipidus differs depending on the type. In 
neurogenic diabetes insipidus, the primary defect is a deficient secretion of 
vasopressin that leads to increased urinary losses of solute-free water, which 
in tum increases plasma osmolality and stimulates thirst. The resultant in­
crease in water intake compensates for the high rate of output and prevents 
further dehydration. The net effect is the high rate of urine output (polyuria) 
and fluid intake (polydipsia), while plasma osmolality stabilizes at a some­
what higher level, approximating the osmotic threshold for thirst (56, 58). In 
patients with nephrogenic diabetes insipidus, the pathophysiology is similar 
but the pathogenetic mechanism is an absent or deficient renal response to 
vasopressin that is secreted in normal or even increased amounts (56, 94). 

In patients with primary polydipsia, the initial event is increased water 
intake, which lowers plasma osmolality and suppresses vasopressin. As a 
consequence, urine osmolality also falls and urine volume increases. As in 
other forms of diabetes insipidus, the end result is a high rate of fluid intake 
and urine output. The difference is, however, that the plasma osmolality 
stabilizes at a lower level, near or slightly below the level of osmotic 
threshold for vasopressin release. Only if water intake is extremely high (over 
25 liters per day) will the excretory capacity of the. kidney be surpassed, 
resulting in dilutional hyponatremia in the absence of abnormalities in vaso­
pressin secretion (56). 

Thirst Deficiency 

If fluid intake is not sufficient to match renal and extrarenal losses, hypema­
tremia and hyperosmolality of body fluids will invariably develop. In a patient 
who has a free access to water and no neurological impairments, hypematre­
mia always indicates some intrinsic defect in the osmoregulation of thirst. 
Conversely, if thirst is normal, hypematremia will not develop even if 
vasopressin is deficient and/or fluid loss very high (55). This is exemplified 
by patients with neurogenic or nephrogenic diabetes insipidus who maintain 
plasma sodium and osmolality in the normal range even in the face of 
extremely high urinary losses. 

Chronic hypematremia with deficient thirst is observed with a variety of 
intracranial pathology, usually localized in or around the hypothalamus. The 
conditions that have been described in association with this disorder include 
vascular, neoplastic, and granulomatous diseases of the hypothalamus as well 
as hydrocephalus, trauma, and a few apparently idiopathic cases (38, 53). 

Most patients with deficient thirst also have abnormal vasopressin response 
to osmotic stimuli, which indicates that the osmoreceptors for thirst and 
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vasopressin secretion are anatomically very close (20, 21, 37, 53, 67). Since 
neurohypophysis is usually intact, the response of vasopressin to nonosmotic 
stimuli such as hypovolemia, hypotension, nausea, or hypoglycemia is nor­
mal (20, 37), a finding that differentiates these patients from those with true 
neurogenic diabetes insipidus in whom vasopressin responds subnormally to 
most if not all stimuli (6). Recently, however, Hammond et al (38) described 
a patient with absent thirst but normal osmoregulation of vasopressin sugges­
tive of a selective destruction of the thirst osmoreceptor or its efferent 
pathways. 

Excessive Vasopressin Secretion and Thirst 

Excessive thirst and water intake in the face of normal vasopressin secretion 
manifest as primary polydipsia or dipsogenic diabetes insipidus. However, 
excessive thirst coupled with excessive osmotically inappropriate vasopressin 
secretion leads to water retention and dilution of body fluids resulting in 
hypoosmolemia and hyponatremia. 

Hyponatremic disorders are usually divided into three categories­
hypervolemic, hypovolemic, and euvolemic-depending on whether the total 
body sodium and extracellular fluid volume are increased, decreased, or 
normal. In hypervolemic and hypovolemic forms, the hypersecretion of 
vasopressin, although inappropriate for the concurrent hypoosmolality 
of body fluids, is a normal physiological response to a decrease in total 
and/or effective blood volume. In contrast, in the euvolemic hyponatremia, 
referred to as Schwartz-Barther syndrome or syndrome of inappropriate anti­
diuretic hormone secretion (SIADH), the hypersecretion of vasopressin can­
not be attributed to recognized osmotic or volemic stimuli. All three forms are 
characterized by hyponatremia associated with impaired water excretion. 
However, the etiology, pathogenesis, and clinical features are quite different 
in each form. 

HYPERVOLEMIC HYPONATREMIA Hypervolemic hyponatremia is observed 
in conditions associated with generalized edema such as congestive heart 
failure (72, 76), cirrhosis (11, 72), and occasionally in nephrotic syndrome 
(81). The clinical presentation of hypervolemic hyponatremia is characterized 
by the combination of generalized edema and signs of decreased intravascular 
volume such as tachycardia, orthostatic hypotension, prerenal azotemia, in­
creased plasma renin and aldosterone, and decreased urinary sodium. Salt and 
water are retained despite a significant increase in total body sodium, prob­
ably because of a decrease in the "effective plasma volume." 

The mechanism by which effective hypovolemia leads to hyponatremia 
involves a reduction in the glomerular filtration rate and an increase in the 
proximal tubular reabsorption of filtered electrolytes and water. As a conse-
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quence, less filtrate is delivered to the diluting segment of the nephron and the 
ability to excrete free water is diminished. Water retention is further aggra­
vated by increased reabsorption of free water in the distal and collecting 
ducts, an increase due to increased secretion of vasopressin (11, 76, 81). 
Studies of vasopressin function indicate that the elevated hormone levels are 
caused by a downward resetting of the osmostat (80), probably as a conse­
quence of effective hypovolemia. 

HYPOVOLEMIC HYPONATREMIA Hypovolemic hyponatremia is seen in 
conditions in which total body sodium and extracellular fluid volume are 
decreased (56, 58). The clinical presentation is characterized by signs of 
decreased intravascular volume such as tachycardia, orthostatic hypotension, 
and prerenal azotemia. Urinary sodium is typically low except when the 
hypovolemia is due to renal sodium wasting as are some forms of renal 
disease, mineralocorticoid deficiency, and diuretic use or abuse. Diuretics 
induce hyponatremia by several mechanisms (1, 28). Firstly, thiazides inhibit 
sodium reabsorption in the diluting segments of the nephron. Consequently, 
maximal urinary dilution is impaired and the retention of free water promoted. 
In addition, the diuretics induce a contraction of the extracellular fluid 
volume, which in tum decreases the glomerular filtration and increases 
proximal reabsorption of salt and water. Finally, vasopressin secretion can 
also be stimulated by hypovolemia, thereby contributing to water retention 
(28, 92). 

A deficiency of mineralocorticoid and/or glucocorticoid hormones has also 
been associated with hyponatremia (68). In isolated mineralocorticoid de­
ficiency, sodium wasting produces hypovolemia, which leads to hyponatre­
mia through reduction in glomerular filtration rate, increased proximal 
reabsorption, and a decreased distal delivery as well as through a stimulation 
of vasopressin secretion (15). The mechanism by which pure glucocorticoid 
deficiency produces hyponatremia is less clear because this condition is not 
associated with easily demonstrable hypovolemia. The impaired water excre­
tion is believed to be due to the effect of decreased cardiac output on renal 
hemodynamics as well as on vasopressin secretion (44). 

Hypovolemic hyponatremia can also be observed in diarrhea, bulimia, 
renal tubular acidosis, and other conditions that cause sodium depletion (56). 

SYNDROME OF INAPPROPRIATE ANTIDIURETIC HORMONE SECRETION 

(SIADH) The euvolemic hyponatremia of this syndrome is characterized by 
normal or only slightly increased blood volume and pressure and by absence 
of edema. The clinical manifestations are those of hyponatremia. 

SIADH has been observed in many different clinical situations (Table 3). 
Most are associated with malignant tumors, diseases of the lung and central 
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nervous system, or administration of certain medications. The basic 

abnormality in SIADH is persistent vasopressin secretion in the face of 

hypoosmolality and hyponatremia. By definition, hypovolemia and other 

nonosmotic stimuli for vasopressin secretion are absent, as are renal, adrenal, 

and thyroid deficiency (5). In SIADH, vasopressin can be secreted ectopically 

by malignant or granulomatous tissue or eutopically by the neurohypophysis 

(52, 96). The plasma levels of vasopressin, although high for the concurrent 

hypoosmolality of body fluids, are usually not high in absolute terms since 

they are in the range found in normally hydrated healthy adults (52, 56, 96). 

Table 3 Disorders associated with SIADH 

I .  Malignant tumors III. Diseases of the lung 

Carcinoma of the lung Pneumonia 

Carcinoma of the duodenum Tuberculosis 
Carcinoma of the pancreas Cavitation 
Thymoma Empyema 

Mesothelioma Cystic fibrosis 
Carcinoma of the bladder Pneumothorax 

Carcinoma of the ureter Asthma 
Prostatic carcinoma Positive-pressure 
Lymphoma breathing 
Ewing's sarcoma 

IV. Drugs 

Vasopressin and DDAVP 
II. Disorders of the CNS Oxytocin 

Meningitis Clofibrate 
Encephalitis Chlorpropamide 
Brain abscess Thiazide diuretics 
Guillain-Barre syndrome Phenothiazines 
Head trauma MAO inhibitors 
Subarachnoid hemorrhage Tricyclic antidepressants 
Cerebrovascular accident Carbamazepine 
Cavernous sinus thrombosis Nicotine 
Brain tumors Vincristine, vinblastine 
Olfactory neuroblastoma Cisplatin 
Cerebellar and cerebral atrophy 
Hypoplasia of corpus callosum V. Acute psychosis 
Hydrocephalus 
Neonatal hypoxia 

Multiple sclerosis VI. Postoperative period 
Delirium tremens 
Wernicke's encephalopathy 
Shy-Drager syndrome VII. Endocrine diseases 
Acute intermittent porphyria Myxedema (rarely) 
Rocky Mountain spotted fever Adrenal insufficiency 
Tetanus 

VIII. "Idiopathic" 
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Consequently, hypersecretion can be identified with certainty only by relating 
vasopressin levels to plasma osmolality or sodium under conditions of 

hypoosmolality. In a minority of patients, however, vasopressin secretion is 
completely normal but urine osmolality remains inappropriately elevated in 
the face of hypoosmolality and in the absence of detectable vasopressin (41, 
52, 96). In these patients, urinary concentration may be due to a yet un­
identified antidiuretic substance or to increased renal sensitivity to sub­
threshold levels of vasopressin. 

The pathogenesis of hyponatremia in SIADH is similar to that produced by 
administration of vasopressin to healthy volunteers (43). If water intake is 
normal, i.e. 1 to 2 liters a day for an adult, producing fixed antidiuresis has 
little or no effect on body water and sodium content. However, if fluid intake 

increases even slightly, a compensatory rise in urinary water excretion cannot 
occur because plasma vasopressin cannot be suppressed and urine cannot be 
diluted in response to hyponatremia. Consequently, a portion of ingested 
water is retained every day and may accumulate sufficiently to cause a 

progressive expansion of body fluids and dilutional hyponatremia. When 

body fluids are expanded more than 10%, the urinary excretion of sodium 
increases primarily because of decreased reabsorption in the proximal tubule. 
This natriuresis partially corrects the hypervolemia and prevents the occur­
rence of edema or hypertension but further aggrevates hyponatremia. There­
fore, the severity of hyponatremia depends primarily on the rate of water 
intake rather than on the level of antidiuresis or plasma vasopressin. For the 
same reason, water restriction is a very effective measure for treating the 
hyponatremia of SIADH. 

The pathophysiology is slightly different in a subset of patients that have a 
variant of SIADH known as reset osmostat (52, 96). In this subset, plasma 
vasopressin and urinary concentration can be maximally suppressed if plasma 
osmolality and sodium are sufficiently lowered, usually to the levels consider­
ably below normal. Therefore, the severity of hyponatremia in these patients 
is determined not only by the rate of water intake but also by the new level of 
the osmotic threshold for vasopressin release. 

NUTRITION AND WATER BALANCE 

Changes in water balance have been observed in conditions associated with 
altered food intake and/or body weight. Obesity has been associated with a 
tendency to retain salt and water and with abnormalities in the regulation of 
vasopressin secretion (22). The latter was observed when the response of 
obese subjects to salt and water loading was studied during baseline obesity, 
after 37 days of fasting, and after 37 days of hypocaloric (1000 calories/day) 
refeeding (22). In the baseline obese state, the response to water loading was 
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abnormal since plasma vasopressin did not decrease to the levels observed in 
normal subjects. As a consequence, the obese patients failed to dilute urine 
appropriately and excreted a significantly smaller percentage of the water load 
in 4 hours than did the lean controls (65 ± 12% in obese vs 98-137% in 
controls). The response of vasopressin to salt loading was also abnormal in 
the baseline obese state since the infusion of hypertonic saline produced 
erratic hormone levels that did not correlate with plasma osmolality. This is 
markedly different from the response in healthy adults, who invariably dis­
play a strong positive correlation between the two variables. 

In the same study, the abnormal vasopressin response to salt and water 
loading was partially corrected by fasting and hypocaloric refeeding. During 
fasting, water loading resulted in normal suppression of plasma vasopressin 
levels. Despite that, however, the percentage of water load excreted in 4 
hours (46 ± 9%) was subnormal, probably because of a reduction in solute 
diuresis, which is essential for normal urinary dilution and generation of free 
water. During hypocaloric refeeding, plasma vasopressin response to water 
loading was normal and the percentage of water excreted in 4 hours (70 ± 

18%) closer to, but still lower than, that in controls. The response to salt 
loading showed an improvement after fasting, as well as during the 
hypocaloric refeeding. In both studies, the increase in plasma osmolality, 
(produced by the infusion of hypertonic saline) resulted in an appropriate rise 
in plasma vasopressin. However, the slope of the line relating plasma vaso­
pressin to osmolality (a measure of the sensitivity of osmoregulatory re­
sponse) was lower during fasting (0. 12) than in the same subjects studied after 
refeeding (0.28) or in normal controls (0.31). 

These results suggest that obesity causes an abnormality in the hypothalam­
ic control of vasopressin secretion that can be corrected, at least in part, by 
caloric reduction and weight loss. The mechanisms by which changes in 
nutrition exert influence on the hypothalamic function are unclear. One 
possibility is that some of the effects are mediated by changes in the circulat­
ing insulin levels, which have been shown to influence the osmoregulation of 
vasopressin at least in patients with diabetes mellitus (85). Even though the 
pathophysiological consequences of vasopressin abnormalities observed in 
obesity are not completely clear, it is conceivable that the water-retaining 
tendency of obese subjects could be caused partly by a failure to suppress 
vasopressin by hypoosmolality normally. 

Abnormalities in vasopressin regulation have been observed on the op­
posite end of nutritional spectum, i.e. in anorexia nervosa (35), a psychiatric 
syndrome characterized by a marked reduction in food intake in the obsessive 
pursuit of thinness. Earlier studies have reported defects in urinary concentra­
tion and dilution (47). More recently the nature of vasopressin abnormalities 
was studied by examining the hormone response to osmotic stimulation in 
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anorexic patients in the underweight state, during short-term recovery, and 
after full recovery (35). In the underweight state, all patients had an abnormal 
vasopressin response to increasing plasma sodium-in one patient the re­
sponse was subnormal, while in the other three it was erratic and resulted in 
plasma vasopressin levels that were not significantly correlated with sodium. 
In subjects studied after short-term recovery, vasopressin response improved, 
i. e.  the plasma levels of the hormone were correlated with sodium levels. 
However, the absolute levels of vasopressin remained lower than in the 
controls. Finally, after full recovery, the response of vasopressin to osmolal­
ity was completely normal. 

These results indicate that the nutritional abnormality and/or psychiatric 
disturbance of anorexia nervosa influence the hypothalamic regulation of 
vasopressin. The mechanism of such influence is presently unclear but does 
not appear to involve any of the recognized nonosmotic stimuli for vasopres­
sin secretion. The pathophysiological consequences of abnormal vasopressin 
regulation are not clear either. None of the patients had gross abnormalities in 
systemic water balance as evidenced by normal plasma concentrations of 
sodium. However, subnormal vasopressin response to increasing plasma 
sodium could be responsible, at least in part, for the increased urine output 
frequently observed in patients with anorexia nervosa. 

Profound changes in the water and electrolyte balance have also been 
observed during fasting and refeeding. Initial days of fasting are accompanied 
by a marked increase in the renal excretion of sodium (12 , 14). Prolonged 
fasting, however, leads to sodium conservation while refeeding, particularly 
with carbohydrates, causes an avid sodium retention (14, 83). The mech­
anisms by which fasting and refeeding alter the excretion of sodium are a 
subject of debate. Possible explanations include the obligatory cation cover­
age of metabolically generated organic acids (69), elevation of circulating 
glucagon (42, 65) , and suppression of insulin (40). Regardless of the mech­
anism, however, the natriuresis of fasting is responsible for the large propor­
tion of the weight loss that occurs in the first week of fasting (12, 14). 

The mechanism by which alterations in urinary sodium excretion cause 
marked changes in body weight is as follows: During fasting, the urinary 
sodium loss leads to a decrease in plasma sodium and osmolality and thereby 
inhibits vasopressin secretion. As a result, urinary excretion of water in­
creases, which leads to a significant reduction in total body water and a 
decrease in body weight. Conversely, during refeeding, sodium retention 
leads to an increase in plasma sodium and thirst and to a stimulation of 
vasopressin secretion. The resultant increase in water intake and decrease in 
renal water excretion increase the total body water and augment the body 
weight. These changes in sodium and water balance fully explain the observa­
tion that the weight loss in the first week of fasting and the weight gain in the 
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initial phases of refeeding are far greater than could be predicted from the 
changes in the caloric balance . 

The above-described alterations in vasopressin secretion and water balance 

observed during dietary modifications, in obesity and in anorexia nervosa, are 

examples of an important link between the regulation of nutrient metabolism 

and water homeostasis . Further studies are needed to uncover the mechanisms 
by which nutrition influences the regulation of water and electrolyte balance 

in health and disease. 
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