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Abstract
Impaired water excretion was noted to coincide with psychotic exacerbations in the first decades of
the past century. In the ensuing decades, life-threatening water intoxication and elevated plasma
levels of the antidiuretic hormone, arginine vasopressin (AVP) were reported in a subset of persons
with schizophrenia. Subsequent studies demonstrated that the osmotic set point for AVP secretion
was transiently reset in these patients by an unknown process and that this was further exacerbated
by acute psychosis. More recent studies indicate that the AVP dysfunction is a manifestation of a
hippocampal-mediated impairment in the regulation of both AVP and HPA axis responses to
psychological, but not other types of, stimuli. Of potential significance, is that schizophrenic patients
without water imbalance exhibit the opposite pattern of responses. Preliminary data indicate those
with water imbalance also demonstrate a closely linked deficit in central oxytocin activity which
may account for their diminished social function. These latter behavioral deficits are perhaps the
most disabling and treatment resistant features of schizophrenia, which recent studies suggest, may
respond to oxytocin agonists. Together these findings support the view that schizophrenia is a
heterogeneous disorder, and provide novel biomarkers and approaches for exploring the
pathophysiology and treatment of severe mental illness.
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1. Introduction
1.1 History of primary polydipsia and water intoxication in severe mental illness

Impaired water excretion and water intoxication presenting concurrently with psychotic
exacerbations were first noted in the initial decades of the 20th century (Targowla, 1923,
Barahal, 1938). Investigators observed that over the course of a single day a patient could retain
ten or more liters of fluid producing a profound dilutional hyponatremia. Furthermore, primary
polydipsia was found to be the most common physiologic abnormality in chronic psychotic
patients (Hoskins and Sleeper, 1933). No recognizable factors could account for the water
imbalance, and over subsequent years the findings were both reproduced (De Leon et al.,
1994; Hobson and English, 1963) and linked to fatal outcomes (Vieweg et al, 1988).
Epidemiologic studies demonstrated that 10 to 20% of persons with schizophrenia were
polydipsic (intake in excess of ∼ 3 liters/day) but only a fifth to a third of these (2-5% of total)
experienced symptomatic hyponatremia (i.e. water intoxication: delirium, seizures, coma,
lethargy, ataxia) (De Leon et al., 1994). Below we refer to the former group of patients as
‘polydipsic normonatremic schizophrenics’, the latter group as ‘polydipsic hyponatremic
schizophrenics (PHS)’, and the two groups together as ‘schizophrenic patients with water
imbalance’. Thus schizophrenics without water imbalance (nonpolydipsic normonatremic
schizophrenics) constitute the majority (80-90%) of those with the mental illness. This review
focuses primarily on studies addressing the CNS factors which account for the hyponatremia
in the PHS and their relationship to the mental illness.

1.2 Evidence of antidiuretic hormone, arginine vasopressin (AVP) involvement
With the development of highly sensitive and specific radioimmunoassays, the role of excess
levels of the antidiuretic hormone (arginine vasopressin: AVP) in diverse disorders of impaired
water excretion became apparent during the latter half of the 20th century (Robertson, 1976).
While basal AVP levels and water excretion often appeared to be normal in PHS (Gillum and
Linas, 1984), more sensitive assessments of water balance, and other reports, revealed indirect
evidence of AVP dysregulation (Hariprasad et al., 1980, Ragavan et al., 1984). Among these
were reports of elevated plasma AVP concurrent with acute psychosis (Raskind et al., 1975).
While primary polydipsia was commonly found across psychiatric disorders, water
intoxication and AVP elevations appeared to be largely restricted to those with psychotic
illnesses (De Leon et al., 1994). A recent study demonstrating that an AVP V-2 antagonist
almost immediately normalizes plasma sodium and osmolality in PHS (Josiassen et al.,
2008) underscores the critical role of the hormone in the hyponatremia.

2.0 Mechanism of impaired water excretion
2.1 Why AVP abnormalities are potentially powerful means of probing CNS dysfunction

The brain maintains the concentration of solute in tissues within a very narrow (∼ 1%) range
primarily by controlling the secretion of AVP from the hypothalamus. Plasma AVP levels
normally exhibit a tight linear relationship (r = ∼0.9) to plasma sodium/osmolality such that
levels become undetectable when plasma sodium drops below about 130 mEq/l (∼275
mOsmoles/Kg). When AVP secretion is completely suppressed the human kidney can excrete
more than 1000 ccs/hour of urine with an osmolality of ∼ 40 mOsmoles/Kg. Minimal increases
(i.e. fentomolar) in plasma AVP rapidly reduce urine excretion to about 20 ccs/ hour of ∼ 1400
mOsmole/Kg urine. Urinary concentration peaks when plasma AVP levels reach only 5 pg/
ml.

This system provides a rapid, robust and extremely precise means for maintaining the internal
milieu regardless of levels of fluid intake. Note, however, that very slight increases in AVP
can markedly diminish maximal water clearance (e.g. water clearance drops by 50% if maximal
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diluting capacity changes from 40 mOsmole/Kg to 80 mOsmole/Kg which is still very dilute
urine). The precision and range of this system, its preeminent role in maintaining basic
metabolic functioning, and the careful delineation of the many physiologic/pathological
modulators and their associated neural pathways has made variations in AVP secretion
incomparable windows into a wide range of CNS (dys)functions. The fact that the impairments
in water excretion in PHS are life-threatening, predate the introduction of antipsychotic
medications and coincide with exacerbations of psychosis suggest that their delineation and
localization might provide insights into severe mental illness.

2.2 Reset osmostat in PHS
Hariprasad (et al. 1980) reported that evidence of urine concentration in PHS was apparent at
plasma sodium/osmolality levels normally associated with maximal urinary dilution. The
findings suggested a lowering of the osmotic set point for AVP secretion (‘reset osmostat’).
In order to address the role and mechanism of AVP in these findings, Goldman (et al. 1988)
systematically altered plasma osmolality with an oral water load and hypertonic saline infusion.
This enables one to characterize the sensitivity, gain and set point of osmotic regulation
(‘osmoregulation’) of AVP secretion and action. These and most of the other studies described
below were performed in a clinical research center enabling careful assessment of other factors
known or proposed to modulate AVP.

Subjects were PHS and nonpolydipsic (normonatremic) schizophrenic patients who were
clinically stable and on similar doses of antipsychotic medication. Both patient groups
demonstrated the normal tight linear relationship between plasma AVP and plasma osmolality,
but those with hyponatremia exhibited a lower osmotic set point for vasopressin secretion (i.e.
reset osmostat) as well as increased renal sensitivity to the hormone (Goldman et al., 1988,
Table 1). Recognized modulators (e.g. nicotine activity, nausea, blood volume, blood pressure,
renal function as well as plasma potassium, calcium, cortisol, and thyroxine) could not account
for the findings. Shortly thereafter, a second group published data drawn from these same
populations of patients confirming these results (Kishimoto et al., 1989). These reports thus
demonstrated that the reset osmostat described by Hariprasad was attributable to an
unexplained alteration in AVP activity.

2.3 Nature of altered AVP activity
A series of studies followed which addressed other putative factors that might reset the
osmostat. In one study, osmoregulation was assessed in PHS and polydipsic normonatremic
schizophrenic patients in order to assess claims that polydipsia (Hariprasad et al., 1980), per
se, alters the set point for AVP release (Goldman et al., 1986a). The earlier reports arose from
subjects who were studied immediately following transfer to a research unit, while these
subjects were acclimated to the research unit for several weeks in order to diminish the possible
role of acute stress/novelty on neuroendocrine release (Coccaro et al., 1984), In addition,
patients all received the same antipsychotic medication (fluphenazine) to more closely examine
putative medication effects on water excretion (Aljouni et al., 1974; Rider et al., 1995;
Kishimoto et al., 1989; but see Suzuki et al., 1992). In a second study, oropharyngeal regulation
of water balance (the acute drop in AVP observed immediately following fluid ingestion which
facilitates physiologic diuresis, Applegren et al., 1991) was assessed.

The results demonstrated that adaptation to the research unit appeared to partly normalize the
osmotic set point, consistent with the interpretation that an idiosyncratic response to the stress
of hospitalization in PHS contributed to the earlier findings (Goldman et al., 1996b). None of
the other putative factors (polydipsia, oropharyngeal influences, neuroleptic medication) could
account for the results (Goldman et al., 1996a), though neuroleptic medication appeared to
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enhance renal responsiveness to AVP in all patient groups, and polydipsia seemed to blunt the
gain of AVP secretion in both polydipsic patient groups (Table 1).

2.4 Impact of psychosis on AVP secretion
The lowered set point for AVP release uncovered in the initial studies was not only transient,
but inadequate to produce water intoxication, indicating some other factor(s) must be involved
(Berl 1988). As previously noted, psychotic exacerbations had been observed to coincide with
enhanced AVP secretion and water intoxication (Ragavan et al., 1984; Raskind et al., 1975;
Suzuki et al., 1992). Patients in the previous set of studies were all clinically stable. To confirm
this previously noted association and address the mechanism (Fleischhacker et al., 1987), a
brief psychotic exacerbation was induced with the psychotomimetic methylphenidate in PHS
and polydipsic normonatremic patients.

The results confirmed the prediction that AVP levels rose more during exacerbations in the
PHS. This occurred despite the fact that their plasma osmolality was much lower which in deed
appeared appropriately suppress their AVP response (Goldman et al., 1997). No other
recognized factors except for basal positive symptoms of psychosis could predict the finding
(Table 1).

Thus the first two stages of the research indicated that life-threatening water intoxication in
PHS was caused, in part, by enhanced AVP secretion that was linked to psychological stress
and state of psychosis. Other aspects of AVP regulation appears to be intact in these and other
schizophrenic patients. Polydipsia and a medication-induced enhanced renal response to AVP
were contributory to the water imbalance but insufficient in themselves to produce
hyponatremia.

3. Hippocampal modulation of neuroendocrine responses to stress
3.1 Neuroendocrine responses to psychological stress in PHS

Converging data indicate that the anterior hippocampal formation, a brain region consistently
implicated in psychosis, normally constrains hypothalamic-pituitary-adrenal axis (HPA) and
AVP responses to psychological (but not systemic) stressors (Herman and Mueller, 2006;
Nettles et al., 2000; Pruessner et al. 2008). Preliminary evidence of a diminished cortisol
response to dexamethasone (Goldman et al., 1993) and smaller anterior temporal lobe volumes
(Elkashef et al., 1996, Luchins et al., 1997) in PHS were consistent with the interpretation that
dysfunction of this function could account for the enhanced AVP secretion. To address this
explanation the adrenocorticotropin (ACTH) and AVP responses to two different stimuli: hand
immersion in ice water (‘cold pressor’) and upright posture were assessed. The study was
conducted in the evening when hippocampal influences are most apparent. Previous studies
indicated neuroendocrine responses to the cold pressor are likely attributable to emotional
factors (Bullinger et al, 1984), while responses to upright posture are not (Goldman et al.
2007a).

As predicted, AVP and ACTH responses to the cold pressor were enhanced in PHS relative to
healthy normals. In contrast, responses were blunted in schizophrenic patients without water
imbalance, consistent with the extant literature (Jansen et al., 2000; Zahn and Pickar, 2005).
Responses of polydipsic normonatremic patients were generally intermediate to the other two
patient groups. Responses to the postural stimulus, on the other hand, did not differ across
patient groups such that there were marked differences between patient groups in their relative
responses to the two types of stress (Fig. 1). Thus these findings supported the view that there
was a specific impairment in the neuroendocrine responses to psychological stress in PHS that
was the opposite to the pattern seen in patients without water imbalance.

Goldman Page 4

Brain Res Rev. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.2 Further evidence for hippocampal involvement in the hyponatremia
Two other studies also probed the involvement of the hippocampus. In the first, anterior and
posterior hippocampal, as well as amygdala, volumes were compared across groups. As
mentioned, the anterior hippocampus is a structure thought to normally constrain
neuroendocrine responses to psychological stress. As predicted, this structure but not the
amygdala or posterior hippocampus was smaller in PHS than the other groups (Goldman et
al., 2007b, Table 1). In the second study, the ACTH response to cortisol (i.e. HPA negative
feedback) was measured during the evening after endogenous cortisol levels were first lowered.
The ACTH response under these conditions is particularly sensitive to hippocampal influences,
and as predicted, the response was markedly blunted in the PHS (Goldman et al., 2007c). In
contrast, the pattern in schizophrenic patients without water imbalance was enhanced relative
to healthy controls, while polydipsic normonatremic subjects were again intermediate.

3.3 Synthesis with data from animal models of schizophrenia
Together this third phase of studies provides diverse evidence for the concept that PHS have
a hippocampal-based impairment in the restraint of neuroendocrine responses to psychological
stress. Additional support for this explanation comes from experiments in laboratory animals
which disrupt the development of this brain region (ventral hippocampal formation in rodents,
anterior hippocampus in primates), yielding adult animals with behavioral, electrophysiologic,
anatomic and biochemical features of schizophrenia (Lipska, 2004; Lodge and Grace, 2007).
Recent studies confirm these adult animals also exhibit enhanced AVP and HPA responses to
stress (Chrapusta et al., 2003; Mitchell and Goldman, 2004) as well as blunted HPA negative
feedback (Goursand et al., 2006), i.e. findings that parallel those in PHS. Thus, the findings
are consistent with the view that anterior hippocampal pathology in schizophrenia is
responsible for the enhanced AVP secretion required to produce life-threatening water
intoxication.

4. Oxytocin and the underlying neuropsychiatric disorder
4.1 Is enhanced stress response directly linked to psychiatric illness?

As mentioned above, the anterior hippocampus is not only implicated in regulating
neuroendocrine responses to psychological stress but also the pathophysiology of
schizophrenia. Indeed, hippocampal-based enhanced stress vulnerability is thought to mediate
key features of the mental illness (Conrad and Scheibel, 1987; Goldman and Mitchell, 2004;
Gray, 1998; Walker et al., 2008), supporting the view that the former finding may be intimately
related to the latter illness. The fourth phase of the research addresses this possibility. Oxytocin,
a neurohormone closely linked to AVP and to the HPA axis has been the focus of this effort
because of its role in modulating psychological stress responses as well as social behaviors
that are markedly impaired in schizophrenia.

4.2 Brief review of central and peripheral oxytocin release
Oxytocin is secreted from the same hypothalamic nuclei that produce ACTH secretagogues
and AVP. Furthermore, oxytocin release is likely modulated by the same hippocampal
projection which influences AVP/ACTH secretagogue responses to psychological stress (Fig.
2) (Herman et al., 2002;Risold and Swanson, 1996). Oxytocin’s primary peripheral function
is to facilitate labor and lactation which appear unrelated to the major functions of either the
HPA axis or AVP. Oxytocin and AVP, however, are closely related nonapeptides differing in
only two amino acids. While peripheral stimuli often increase both hormones (Olsson and
Högberg, 2009), the two hormones have opposing actions in the central nervous system (CNS)
(Legros, 2001). CNS AVP has been linked to aggression (Caldwell et al., 2008a;Legros,
2001) while CNS oxytocin diminishes psychological stress responses and enhances prosocial
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behaviors (Carter, 1999;Heinrichs et al, 2003;Keri et al., 2008;Ditzen et al., 2009;). Indeed
some claim its efficacy on social behavior is because it reduces the stress associated with
interpersonal proximity (Ross and Young, 2009). Thus the hippocampus could normally
increase oxytocin as part of its stress-modulating function, and the hippocampal-mediated
impairment in this response might contribute to both stress vulnerability and social deficits.

Central and peripheral oxytocin are released in a coordinated manner from the dendrites and
axon terminals of the same magnocellular hypothalamic neurons (Neumann et al., 1993;
Wotjak et al., 1998). Furthermore, the dendritic release may account for much of the oxytocin
in the brain, as it is the most common neuropeptide found in the CNS (with many oxytocin
receptors found particularly in limbic structures), yet few oxytocin containing projections have
been identified (Ludwig and Leng, 2006; Neumann et al., 1994). Thus these hypothalamic
neurons may be the source of both central and peripheral oxytocin, in which case peripheral
measures of oxytocin could provide an indication of central activity. Indeed, evidence suggests
that diverse factors known to increase peripheral oxytocin levels decrease stress responses
which are presumably mediated by CNS oxytocin (Heinrichs et al., in press).

4.3 Possible relevance of CNS oxytocin to impaired social behaviors in PHS
Oxytocin knockout mice exhibit features of schizophrenia (Caldwell et al., 2008b) that are
reversed with oxytocin (Feifel and Rez, 1999). Furthermore, deficits in social function in
laboratory animals induced by diverse pharmacologic or environmental factors are normalized
with oxytocin treatment (Lee et al., 2005; Lee et al., 2007), and are at least partly mediated by
the ventral striatum (Ross and Young, in press), a brain region closely linked to psychosis.
Social dysfunction, as noted, is a key feature of schizophrenia, reflected in the prominence of
negative symptoms and the deficit syndrome (Addington et al., 2006; Goetz et al., 2007;
Kirkpatrick et al., 2001; Kirkpatrick, 1997). Together these observations suggest that
diminished CNS oxytocin activity could contribute to the social dysfunction in schizophrenia.

Keri (et al., 2008) addressed this possibility by comparing differences in peripheral oxytocin
activity in schizophrenic patients and healthy controls following exchange of both personal
and impersonal information. Enhancing trust between strangers is one of the means by which
oxytocin appears to promote interpersonal proximity and hence prosocial behavior
(Baumgartner et al., 2008; Kosfeld et al., 2005; Zak et al., 2005, 2007). Trusting behavior, per
se, may also increase both CNS and plasma oxytocin levels (Keri et al., 2008). Keri et al.
predicted that only the exchange of personal information would increase oxytocin levels.
Indeed, such an increase was found in the healthy controls but not the schizophrenic subjects,
while levels of oxytocin in schizophrenia were inversely correlated with indices of their social
dysfunction (i.e. negative symptoms).

Social dysfunction is particularly prominent in PHS (Bralet, 2007) suggesting that oxytocin
levels might be even lower in this subgroup. Indeed, preliminary data indicate this is true
(Goldman et al., 2008). Furthermore, the diminished levels appear to be linked to the
hippocampal-mediated neuroendocrine dysfunction identified in the third phase of the research
summarized above (Table 1): plasma oxytocin was correlated with both anterior hippocampal
volume loss and the ACTH response to cortisol (i.e. HPA negative feedback). Furthermore,
oxytocin levels in this study were correlated with impairments in cognition linked to social
behavior as well as social dysfunction, per se. Regarding the former, oxytocin improves the
ability to attend to and identify the emotional state of others (Domes et al., 2007, Guastella et
al., 2008; Savaskan et al., 2008) which is a cognitive function markedly impaired in
schizophrenia (Addington et al., 2006; Bozikas et al., 2006, Kucharska-Pietura et al., 2005).
Plasma oxytocin levels were highly predictive of this ability (Goldman et al., 2008) as well as
indices of the deficit syndrome (Goldman, unpublished data) (a marker of profound social
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deficits). In summary, these early reports are consistent with the idea that social deficits in PHS
may be directly related to their hippocampal-mediated neuroendocrine dysfunction.

4.4 Therapeutic implications
Recent studies suggest exogenous oxytocin reduces psychological stress responses and
enhances social function in healthy controls (Heinrichs et al., in press). Intranasal oxytocin
appears to cross the blood-brain barrier (Born et al., 2002; Pietrowsky et al., 1996; Riekkinen
et al., 1987) and to bind receptors in sub-cortical limbic structures (Chen et al., 1998; Loup et
al., 1991) supporting the view that these hormonal effects are centrally mediated. Trials has
begun to address whether oxytocin can diminish the social dysfunction in anxiety disorders
(Guastella et al., 2009) and autism (Heinrichs et al., 2009), but there is surprisingly little work
in schizophrenia despite the prominence of social deficits in schizophrenia, their clinical
significance and their general resistance to available therapies. Currently a trial is underway
assessing whether intranasal oxytocin reverses the deficits in facial affect discrimination that
were identified in the initial study summarized above. Preliminary findings are consistent with
this view (Gomes et al., 2008). Testing has recently begun for oxytocin receptor agonists which
cross the blood brain barrier. The current intention is to develop these agents for the treatment
of anxiety and depression. Should the findings of intranasal oxytocin in PHS hold up, oxytocin
agonists could provide a novel therapy for a core feature of schizophrenia, albeit possibly
beneficial only for the subset of patients with water imbalance.

5. Potential significance of findings and methodological approach
5.1 Summary of research to date

Disordered water balance in schizophrenia and its association with acute psychosis were first
observed nearly a century ago. The studies reviewed here (Table 1) substantiate the view that
these patients have a relatively subtle and transient impairment in water excretion attributable
in part to resetting of the osmostat for AVP secretion. This resetting in turn appears to be caused
by a hippocampal-mediated impairment in neuroendocrine regulation which produces
enhanced AVP and HPA axis responses apparent only during psychological stress or acute
psychosis. In addition, these patients exhibit related deficits in oxytocin activity that contribute
to core, and potentially reversible, features of their neuropsychiatric illness. If confirmed these
findings could lead to fundamental insights into the pathophysiology and treatment of severe
mental illness.

5.2 Potential significance to stress-vulnerability hypothesis
Schizophrenic patients with water imbalance exhibit hippocampal dysfunction and elevated
stress vulnerability which many have linked to the disorder (Conrad and Schiebel, 1987; Gray
et al., 1998; Mednick and Schulsinger, 1968; Walker et al., 2008) but for which there has been
minimal empirical support. Indeed, most evidence suggests the opposite, i.e. schizophrenia is
associated with blunted stress responses ((Gundoz-Bruce et al., 2007; Jansen et al., 2000; Zahn
and Pickar, 2005)). This apparent contradiction is addressed by the studies reviewed here which
demonstrate that only a small subset of schizophrenic patients (i.e. those with water imbalance)
exhibit ‘stress vulnerability’ whereas the majority do not. It remains to be shown, however,
that this vulnerability extends to behavioral responses to stress.

This research supports the view of many that it is critical to identify endophenotypes in order
to meaningfully address the pathophysiology of severe mental illness. The success of the
strategy reported here is a product of the facts that patients with water imbalance can be reliably
distinguished from other schizophrenic patients (de Leon et al., 1994; Goldman et al., 1992)
and that AVP regulation is well-characterized and precise (Robertson, 1976).
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Unfortunately, most studies of severe mental illness are not designed to account for
heterogeneity. Moreover, the validity of putative endophenotypes, the knowledge needed to
link them and recognized modulators to well-characterized neural functions/pathways, and the
means of identifying subtle variations in neurofunction are often not established. Sadly, even
when information about physiologic modulation of dependent measures is available,
investigators may ignore it. For instance, of the 15 studies of psychiatric disorders published
from 2000-2006 in which AVP is a major outcome variable, only six measured plasma
osmolality or sodium. Only two of the fifteen reported easily obtainable measures of other
physiologic modulators of plasma AVP (e.g. blood pressure, nicotine use). Only one of the
articles acknowledged that the missing information was possibly relevant (Jahn et al., 2004)
while another asserted that “plasma osmolality was not measured because it is not associated
with plasma vasopressin in depression” (de Winter et al., 2003). Thus another implication of
this work is that investigators should attend more closely to potential alterations in brain
physiology in psychiatric disorders that may be linked to with well-characterized neural
systems.

6. Limitations and caveats
6.1 Methodogical concerns

One of the challenges of matching subsets of patients with the same mental illness, as well as
studying a relatively uncommon disorder, is generating a sufficient sample. Thus while some
of the findings have been replicated and others seem logical extensions from earlier phases,
most sample sizes are small with some cells containing only five subjects. In addition, since
water imbalance is usually only apparent several years after the onset of schizophrenia (De
Leon et al., 1994), it is nearly impossible to find patients at present who have not received
antipsychotic medication. It is also very difficult to discontinue these medications because of
cooperation required for the lengthy and somewhat intrusive procedures needed to fully
characterize neuroendocrine regulation. Fortunately, impaired water excretion and its
association with psychotic exacerbations occurred prior to the introduction of antipsychotic
medication which argues against the possibility that the more recent findings are attributable
to an idiosyncratic response to these medications.

6.2 Concepts require more empirical support
Some of the views presented here are based on concepts that have not been adequately tested,
and a discounting of alternative explanations before they have been adequately addressed. For
instance, the view that hippocampal-mediated responses to psychological stress are altered in
PHS assumes that knowledge gained from other mammals and particularly rodents can be
extrapolated to humans. Furthermore smaller anterior hippocampal volumes in PHS do not
necessarily reflect a pathological process, and could alternatively be a consequence rather than
the cause of enhanced HPA activity (Arango et al., 2001). In addition, other neurostructures
such as the prefrontal cortex are implicated in both schizophrenia and neuroendocrine
responses to stress (perhaps by their modulation of emotional resilience (Maier et al., 2006))
and their involvement has not been examined.

Another example is the conclusion that psychological, but not physical, stress responses vary
across patient groups. The conclusion rests on a single psychological stressor (cold pressor)
which contains both physical and psychological components. The problem is that
schizophrenics tend to interpret pure psychological stresses (e.g. timed math problems, public
speaking, mock job interviews) in an idiosyncratic manner, making them of very limited value.
In any case, ideally one should administer diverse stressors before concluding that stress
vulnerability, per se, is altered. Even if confirmed with other stressors, the enhanced HPA axis
response in PHS could be a consequence of their enhanced AVP response, since magnocellular
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AVP appears capable of acting as an ACTH secretagogue (Engelman et al., 2004). Finally, as
mentioned in the text, autonomic, emotional and cognitive responses to psychological stress
have not been shown to be altered in PHS, which are likely more relevant to the concept of
stress vulnerability in schizophrenia.

Another concept requiring more empirical support involves the possible significance and
reversibility of oxytocin dysfunction in PHS. This view is again based on extrapolating animal
data to humans. Additional propositions presented here include that the hippocampus
modulates oxytocin release in a manner analogous to that of AVP and ACTH, that peripheral
and central oxytocin regulation are closely linked, and that the effects of intranasally
administered oxytocin are centrally mediated. Furthermore, as noted above, peripheral
oxytocin and AVP respond similarly to most stimuli, and the finding that levels are instead
opposed in PHS and perhaps other patient groups appears to be both paradoxical and
unprecedented. Alternative explanations for the findings such as the possibility that diminished
oxytocin is attributable to polydipsia (since it also blunts AVP secretion (Goldman et al., 1986a;
Moses and Clayton, 1993)), or that diminished HPA responses to psychological stress are
mediated by diminished parvocellular oxytocin release (Legros, 2001) have not been excluded.

7. Areas for further investigation
7.1 Polydipsia and associated features in patients with water imbalance

In addition to the need to confirm the scientific basis on which the findings have been
interpreted, other aspects of the water imbalance have not been adequately addressed. The
mechanism of the polydipsia, for instance, which is a strikingly abnormal behavior in these
patients and plays at least an equal role in hyponatremia, remains unknown. Animal studies
indicate that polydipsia and other repetitive behaviors (e.g. pica, pacing) (Devenport et al.,
1981; Lee et al., 2007; Shutty et al., 1995) commonly seen in schizophrenic patients with water
imbalance (Luchins et al., 1992; Arieti et al., 1974) are associated with both hippocampal
lesions and blunted HPA feedback (Luchins, 1990; Mittleman et al., 1988). Moreover, it is
possible that these behaviors could also be ameliorated with oxytocin, since oxytocin has been
reported to reduce motor stereotypies in persons with autism and Aspergers Syndrome
(Hollander et al., 2003).

7.2 Altered neuroendocrine responses in patients without water imbalance
The significance of the blunted HPA axis and AVP responses to psychological stress, the
enhanced HPA feedback, and the generally higher plasma oxytocin in schizophrenics without
water imbalance is consistent with the prior literature. In turn, these results provide powerful
support that the changes in PHS cannot be attributed to chronicity of the illness, treatment of
schizophrenia, or other nonspecific factors. The mechanism of these findings, however, is not
apparent. It is tempting to attribute them to an appropriate compensation to the chronic stress
of having a psychotic disorder, but there is no evidence to support this proposition.

7.3 Central vasopressin regulation in PHS
Finally, given the close association between central oxytocin and vasopressin, and the
demonstration that peripheral AVP regulation is altered in these patients, it is reasonable to
expect than any deficit in central oxytocin might be associated with excess central vasopressin
activity. This in turn could contribute to the inability to trust and the difficulty modulating
aggression (Thompson et al., 2004; Storm and Tecott, 2005) in schizophrenia. If this were the
case, recent discovered CNS-penetrating AVP V1 antagonists could also provide new
treatment options.
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8. Summary
Information about neuroendocrine regulation in humans and other species has provided insights
into the mechanisms of altered water metabolism in schizophrenia. The findings have lead to
evidence of widespread neuroendocrine dysfunction in these patients that may be closely
related to the underlying neuropsychiatric disorder, and contribute to disabling but reversible
features of the illness. The reliance of this work on distinct clinical syndromes limited to a
subset of patients, and their association with relatively well-characterized neurophysiologic
systems suggests that similar strategies may lead to new insights into the significance of neural
findings in mental disorders.
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Figure 1.
Ratio of peak plasma vasopressin, adrenocorticotropin and cortisol responses to a sixty second
immersion in ice water (cold pressor) and a postural stimulus in nonpolydipsic normonatremic,
polydipsic normonatremic, and polydipsic hyponatremic schizophrenic (PHS) patients.
Responses of healthy normals (not shown) generally resemble those of the polydipsic
normonatremics. The hippocampal formation is thought to normally constrain neuroendocrine
responses to the cold pressor as it (unlike the postural stimulus) is determined by emotional
factors. Thus the findings support the view that hippocampal-mediated responses to
psychological stress are enhanced in PHS but blunted in patients without water imbalance.
(Adapted from Goldman et al., 2007a)
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Figure 2.
Mechanism of abnormal neuroendocrine regulation in PHS and its relationship to the
underlying mental illness. The anterior hippocampal formation (Anterior HF) normally
constrains hypothalamic-pituitary-adrenal axis (HPA), vasopressin and oxytocin responses to
psychological stress via relays to the paraventricular surround (PVN surround) which in turn
projects to the paraventricular nucleus (PVN) of the hypothalamus. The PVN contains
parvacellular neurons (PARV) which secrete HPA secretagogues from the median eminence
(not shown) and magnocellular neurons (MAGN) which secrete vasopressin (AVP) and
oxytocin (OXY) from the posterior pituitary (PP). Peptide hormones from both types of neurons
are secreted directly into blood vessels. The HPA secretagogues regulate adrenocorticotropin
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(ACTH) release from the anterior pituitary (AP) which then acts on the adrenal glands to release
cortisol. Cortisol in turn feedsback at several levels of the HPA axis (glucocorticoid negative
feedback), including the anterior hippocampal formation. AVP acts on the kidney to enhance
water excretion and oxytocin enhances lactation. Oxytocin also acts centrally at limbic
receptors to enhance social behaviors and to diminish responses to psychological stress. Central
oxytocin is secreted from dendrites of magnocellular neurons directly into the brain, and this
source may in fact account for much of brain oxytocin.
We propose the normal anterior hippocampal-mediated constraint of neuroendocrine responses
to stress is impaired in PHS such that peripheral HPA axis and AVP responses are enhanced,
while peripheral and central oxytocin responses are blunted. schizophrenic patients with water
imbalance. Anterior hippocampal pathology disrupts the balance of regulatory influences
emanating from the periventricular surround and this in turn alters central and peripheral AVP,
HPA and oxytocin activity.
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Table 1
Summary of major findings from investigations into the nature of altered neuroendocrine regulation in polydipsic
hyponatremic schizophrenics

Subject
Groups* Methods/Procedure Summary of Findings# Reference

PHS^ Water restriction
post-ad lib intake

■ Urine concentration begins at low
 plasma osmolalities

Hariprasad et al.,
1980

PHS, NNS Oral water load/
hypertonic saline inf.

■ Lower osmotic set point for AVP
■ Enhanced renal response to AVP Goldman et al., 1988

PHS, NNS
HC Ad lib fluid intake ■  Lower osmotic set point Kishimoto et al.,

1989

PHS, PNS,
NNC, HC

Oral water load/
hypertonic saline inf.

■  Enhanced renal response to AVP
 only in PHS
■  Neuroleptics enhance renal AVP
 response in all patient groups

Goldman et al.,
1996a

PHS, PNS Intravenous
psychotomimetic

■ Enhanced AVP response to psychosis
■ Response predicted by basal psychosis Goldman et al., 1997

PHS, PNS,
NNC, HC Cold pressor test

■ Enhanced AVP, ACTH, CORT
 response to cold stress
■ Blunted AVP, ACTH, CORT response
 to cold stress in NNS

Goldman et al.,
2007a

PHS, PNS,
NNC, HC Structural MRI ■ Smaller anterior hippocampus Goldman et al.,

2007b

PHS, PNS,
NNC, HC

Cortisol infusion
post-metyrapone

■ Blunted ACTH drop
■ Enhanced ACTH drop in NNS

Goldman et al.,
2007c

PHS, PNS,
NNC, HC Cold pressor test

■ Diminished oxytocin
■ Levels predicted by anterior hippo.
 volume, ACTH response to cortisol,
 and facial affect discrimination

Goldman et al., 2008

*
PHS = polydipsic hyponatremic schizophrenic, NNS = nonpolydipsic normonatremic schizophrenic; PNS = polydipsic normonatremic schizophrenic,

HN = healthy normals.

#
Polydipsic hyponatremic schizophrenics (PHS) compared to other groups unless otherwise stated.

^
Group compared to established norms.
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