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Abstract

Objective—To identify the mechanism of unexplained hyponatremia and primary polydipsia in 

schizophrenia and its relationship to the underlying psychiatric illness.

Methods—Briefly review previous studies that led to the conclusion the hyponatremia reflects 

altered hippocampal inhibition of peripheral neuroendocrine secretion. In greater detail, present 

the evidence supporting the hypothesis that circuit dysfunction associated with the hyponatremia 

and the polydipsia contributes to the underlying mental disorder.

Results—Polydipsic patients with and without hyponatremia exhibit enhanced neuroendocrine 

responses to psychological stress in proportion to structural deformations on their anterior 

hippocampus, amygdala and anterior hypothalamus. Nonpolydipsic patients exhibit blunted 

responses and deformations on other hippocampal and amygdala surfaces. The deformations in 

polydipsic patients are also proportional to diminished peripheral oxytocin levels and impaired 

facial affect recognition that is reversed by intranasal oxytocin. The anterior hippocampus is at the 

hub of a circuit that modulates neuroendocrine and other responses to psychological stress and is 

implicated in schizophrenia. Preliminary data indicate other measures of stress reactivity are also 

enhanced in polydipsics and that the functional connectivity of the hippocampus with the other 

structures in this circuitry differs in schizophrenia patients with and without polydipsia.

Conclusion—Polydipsia may identify a subset of schizophrenia patients whose enhanced stress 

reactivity contributes to their mental illness. Stress reactivity may be a symptom dimension of 

chronic psychosis that arises from circuit dysfunction that can modeled in animals. Hence 

polydipsia could be a biomarker that helps to clarify the pathophysiology and heterogeneity of 

psychosis as well as identify novel therapies. Clinical investigators should consider obtaining 

indices of water balance, as these may help them unravel and more concisely interpret their 
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findings. Basic researchers should assess if the polydipsic subset is a patient group particularly 

suitable to test hypotheses arising from their translational studies.
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1.0 Overview of impaired water excretion, water intoxication and polydipsia

In the first half of the 20th century, unexplained impaired water excretion (Pfister, 1938; 

Targowla, 1923) and life-threatening hyponatremia (Barahal, 1938) were observed in 

patients with chronic psychosis and noted to coincide with psychotic exacerbations. Studies 

at that time also demonstrated that primary polydipsia was the major unexplained 

physiologic abnormality in those with severe mental illness (Hoskins and Sleeper, 1933; 

Sleeper and Jellinek, 1936). During the latter half of the 20th century, these unexplained 

impairments in water excretion and intake were recognized as common causes of morbidity 

and a frequent cause of death in schizophrenia patients (De Leon et al., 1994; Hawken et al., 

2009; Vieweg et al., 1985). More recent studies suggest these patients can be relatively 

easily distinguished from patients whose hyponatremia is attributable to recognized causes 

(Atsariyasing and Goldman, 2014; Ittaskul and Goldman, 2014). Primary polydipsia and 

evidence of impaired water excretion are found in 10–25% and 2–5% of chronic psychotic 

patients respectively, depending on the criteria used to define water imbalance. All of the 

patients with unexplained hyponatremia appear to have a primary polydipsia (hence about 

1/5th of polydipsic patients exhibit impaired water excretion), though the relationship, if any, 

between the two disorders was initially unknown. See Supplemental Figure 1 for a primer on 

water imbalance and Glossary for a definition of terms.

Here, we first briefly summarize studies characterizing the mechanism of the impaired water 

excretion and its relationship to acute psychosis in hyponatremic polydipsic psychotic 

patients. Next, we briefly review studies indicating that these patients, and to a somewhat 

lesser extent those polydipsic patients without impaired water excretion (i.e. normonatremic 

polydipsics), exhibit diminished anterior hippocampal restraint of peripheral neuroendocrine 

secretion during psychological stress. This is the opposite of the response seen in 

nonpolydipsic patients. This work is summarized in greater detail in Goldman, 2009.

The last part of the manuscript reviews evidence these findings are a facet of circuit 

dysfunction emanating from the anterior hippocampus (AH). Evidence that this dysfunction 

contributes to the underlying mental disorder, by altering central neuroendocrine activity 

and/or enhancing stress reactivity, is presented. In addition, we review evidence that 

nonpolydipsic patients differ markedly on many of these measures suggesting the 

pathophysiology(ies) of the mental disorders in polydipsic and nonpolydipsic patients likely 

differ. The mechanism of the polydipsia and the implications of these findings to current 

efforts to characterize basic dimensions of behavioral functioning and to ‘deconstruct’ 

schizophrenia are then discussed. Additional background on the pathophysiology of water 

imbalance for the interested reader is provided in Supplemental Information.
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1.1 Reset osmostat and its aggravation by psychosis

Hariprasad (et al., 1980) provided evidence that hyponatremic polydipsic patients have 

impaired water excretion attributable to a subtle disorder of antidiuretic function called reset 

osmostat. Several studies subsequently provided further evidence of reset osmostat in this 

population and indicated it was attributable to elevated activity of the antidiuretic hormone, 

arginine vasopressin (AVP) (Delva et al., 1990; Kishimoto et al., 1989; Ohsawa et al., 1993; 

Vieweg et al., 1986, 1990) (see Supplemental Figure 2 for further information about reset 

osmostat). A concurrently conducted study of osmoregulation, which also carefully 

measured or controlled recognized influences on AVP function, confirmed the finding and 

showed resetting could not be attributed to the recognized non-osmotic stimuli for AVP 

release (Goldman et al., 1988). Subsequent studies further substantiated this conclusion and 

found that other recognized and putative factors (e.g. oropharyngeal regulation, 

antipsychotics) could not account for the findings (reviewed in Goldman, 2009). These 

studies also demonstrated that the resetting appeared to be ameliorated by habituation to the 

clinical environs (Goldman et al., 1996) and confirmed they were worsened by psychotic 

exacerbations (Figure 1) (Goldman et al., 1997). Recent trials with highly specific AVP 

antagonists substantiate the conclusion that the variability in the hyponatremia, and thus the 

resetting, is attributable to enhanced AVP activity (Jossiasen et al. 2008, 2012). Together 

these findings provided a plausible physiologic explanation for the original observations 

linking acute psychosis to impaired water excretion and the life-threatening hyponatremia in 

hyponatremic polydipsic schizophrenic patients (Goldman, 2009). The mechanism, however, 

of the resetting and its aggravation by acute psychosis remained unknown.

AVP is a tightly-regulated and measurable neuropeptide released directly from the brain into 

the peripheral blood stream where it has precise quantifiable actions (increases urine 

osmolality) reflecting a precise CNS modulated-function (osmoregulation). In reset 

osmostat, the precision of the system is unaffected (e.g. plasma osmolality accounts for 

about 80–90% of the variance in AVP levels), just the set point for AVP release is lowered 

(Figure 1). Many factors (i.e. non-osmotic stimuli) can account for this lowering, some of 

which are associated with limbic functions (Robertson, 2006). The accessibility and 

precision of these various components of water balance offer a powerful tool for identifying 

and characterizing aberrations in CNS function attributable to a non-osmotic stimulus. This 

is one reason the neurohypophysial system has been described as a “veritable Rosetta stone 

for neuroendocrinology and neuroscience” (Gainer et al., 2002).

2.0 Reset osmostat and enhanced HPAA and AVP responses to 

psychologic stress

The association between habituation and acute psychosis to the AVP set point resembled the 

association between novelty and acute psychosis to variations in other neurohormone levels 

previously observed in psychiatric patients and attributed to non-specific psychological 

stress (Coccaro et al., 1984). This observation raised the possibility that psychological stress 

could be the non-osmotic stimulus that caused the reset osmostat. Consistent with this 

interpretation, hypothalamic-pituitary-adrenal axis (HPAA) activity (a generally reliable 
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measure of psychological stress) was elevated on admission in polydipsic relative to 

nonpolydipsic patients (Goldman, et al., 1993).

The problem with this interpretation, however, is that AVP secretion is insensitive to 

psychological stress in humans (Edelson and Robertson, 1986) and other mammals (Onaka 

and Yagi,1988). This insensitivity was attributed to neural inhibition by limbic pathways 

(Onaka and Yagi, 1990) and in this manner resembled the constraint of HPAA secretion by 

the hippocampus during psychological stress. The HPAA constraint involved a projection 

from the ventral subiculum (the rodent analogue of the lateral anterior hippocampus (AH) in 

primates) to the anterior hypothalamus (Herman et al., 1998). Indeed, this same projection 

enervated adjacent neurons in the anterior hypothalamus responsible for peripheral AVP 

secretion (Risold and Swanson, 1996; Tasker et al., 1998). Lesion studies demonstrated that 

lesioning this pathway enhanced both peripheral AVP and HPAA responses to psychological 

stimuli (Nettles et al., 2000) (see Figure 2 for model). This observation was reproduced in an 

animal model of schizophrenia that disrupts the neurodevelopment of this hippocampal 

segment (Chrapusta et al., 2003; Mitchell and Goldman, 2004), substantiating the possibility 

that this pathway may be altered in persons with schizophrenia.

The potential relevance of these observations to the impaired water excretion in 

hyponatremic patients was assessed in a series of studies in four subject groups (matched 

polydipsic schizophrenic patients with and without hyponatremia, nonpolydipsic 

schizophrenic patients and healthy controls). The first study compared neuroendocrine 

responses to physical and psychological stress. Results demonstrated that AVP responses to 

psychological (but not physical) stress were a) enhanced in hyponatremic polydipsic patients 

relative to the three other groups, were b) similar in healthy controls and normonatremic 

polydipsic patients and were c) blunted in nonpolydipsic patients relative to the other three 

groups (Goldman et al., 2007a). The peripheral HPAA responses were similarly ordered 

except that they were greater in normonatremic polydipsic patients than health controls. The 

effect of psychological stress on AVP in the hyponatremic group resembled the effect of 

acute psychosis, i.e. it further lowered the set point for AVP release.

In the second study, glucocorticoid negative feedback was assessed under conditions 

sensitive to hippocampal-modulated constraint of HPAA release. Feedback was markedly 

blunted in the hyponatremic polydipsic patients; intermediately blunted in the 

normonatremic polydipsic patients; and enhanced in the nonpolydipsic patients relative to 

healthy controls (Goldman et al., 2007b). These findings complemented those of the first 

study and both were consistent with diminished hippocampal inhibition of peripheral 

neuroendocrine secretion (Figure 2).

2.1 Enhanced neuroendocrine responses and lateral anterior hippocampal dysfunction

The third study measured the volume of the anterior and posterior hippocampus in the four 

groups. Based on the previous HPAA results, we predicted anterior, but not posterior, 

hippocampal volume would be smaller in the hyponatremic than normonatremic polydipsics, 

whose anterior volumes, in turn, we predicted would be larger in normonatremic polydipsics 

than the healthy controls. The results confirmed anterior (but not posterior) hippocampal 

volumes were smaller in hyponatremic polydipsic patients. Volumes, however, but did not 
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differ in the other three groups and thus were not consistent with the view that the relatively 

elevated HPAA responses in the polydipsics or the diminished responses in nonpolydipsics 

were attributable to imageable hippocampal pathology (Goldman et al., 2007c).

A subsequent reanalysis assessing hippocampal shape, however, resolved this disparity and 

provided even more interesting results. Both polydipsic groups exhibited deformations on 

the lateral AH surface (more marked in those with hyponatremia) while the nonpolydipsic 

group exhibited deformations on other hippocampal surfaces relative to healthy controls 

(Goldman et al., 2011a) (Figure 3). Furthermore, the deformations on the lateral AH were 

proportional to the enhanced HPAA and AVP responses to stress. Together, the findings 

offered a plausible mechanism for not only the varying AVP set point in the hyponatremic 

patients but the enhanced HPAA activity in both polydipsic groups. Furthermore, the finding 

that nonpolydipsic patients exhibited deformations on other hippocampal surfaces raised the 

possibility that heterogeneity in schizophrenia might be partly attributable to which 

hippocampal segments were affected (Goldman, 2009).

2.1 Involvement of other limbic structures implicated in neuroendocrine regulation

The shape analyses also revealed deformations adjacent to the 3rd ventricle and on the right 

dorsal medial surface of the amygdala in the two polydipsic groups. Again these were more 

marked in those polydipsic patients with hyponatremia than normonatremia and were 

completely absent in nonpolydipsic patients (Goldman et al., 2011a). The deformations in 

the 3rd ventricle were adjacent to the supraoptic (SON) and paraventricular nuclei (PVN) 

(i.e. hypothalamic nuclei which regulate AVP and HPA activity) (Figure 2). The dorsal 

medial surface of the amygdala overlies the medial and central nuclei which are 

interconnected with both the lateral AH and anterior hypothalamic structures adjacent to the 

SON and PVN (i.e. periventricular surround). Indeed, the extent of the size of the 

deformations in left AH, right amygdala and 3rd ventricle covaried significantly with each 

other in the polydipsics, and furthermore the amygdala and 3rd ventricle deformations were 

correlated with peripheral AVP and HPAA responses to the psychological stressor, 

respectively. The findings remained significant even when group effects were partialed out 

(Goldman et al., 2011a). These observations extended the AH dysfunction to other limbic 

structures involved in modulating neuroendocrine responses to stress (Figure 4).

3.0 Are peripheral findings related to central dysfunction underlying mental 

disorder?

The findings could explain the elevated neuroendocrine activity in polydipsic patients, but 

did not establish a relationship to the underlying psychiatric disorder. Possible links between 

the findings and the mental illness are suggested by the fact the deformations occurred in 

structures previously implicated in schizophrenia (Heckers, 2001; Rosenfeld et al., 2011; 

Schobel et al., 2009; Shenton et al., 2001), and that enhanced responses to psychological 

stress have been implicated in schizophrenia (Myin-Germeys et al. 2003; van Venrooi et al. 

2012; Venables, 1977; Walker and Diforio, 1997). Hippocampal function varies markedly 

along both its medial-lateral as well as its anterior-posterior axes (Faneslow and Dong, 2010; 

Mitchell and Goldman, 2004). By this reasoning, lateral AH pathology could result in 
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psychosis by disrupting one set of hippocampal-modulated functions, while deformations on 

other hippocampal surfaces could disrupt other functions. In this model, psychosis is 

analogous to fever or rash, i.e. a clear but nonspecific indicator of hippopcampal dysfunction 

(Keshevan et al., 2013).

3.1 Oxytocin secretion from the hypothalamus into the periphery and the brain

Disruption of central neuroendocrine activity is one plausible means by which the 

hippocampal and other deformations in polydipsics could influence their mental disorder. 

Disruption of central oxytocin (OXY) is an appealing candidate given its impact on social 

functioning in healthy controls and at least some patients with schizophrenia (Gumley et al., 

2014). Social function is particularly impaired in polydipsic patients (Bralet et al., 2007). 

OXY is a nonapeptide closely related to AVP. Both are secreted into the periphery as well as 

directly into the brain from neurons in the anterior hypothalamus (Arakawa, et al., 2010; 

Legros, 2001) (Figure 2). Anatomic and electrophysiologic studies suggest the anterior 

hippocampus also influences peripheral OXY secretion (Herman et al., 2002; Risold and 

Swanson, 1996; Tasker et al., 1998), though this has not been directly studied. The influence 

of the AH on central OXY release is unknown. Both oxytocin and AVP are active in the 

brain and influence social functioning and interpersonal behavior as well as stress reactivity 

(Heinrichs, 2003; Insel, 2010a). The two hormones’ actions generally oppose each other, 

leading one investigator to call them ‘ying and yang’ hormones (Legros, 2001). The 

evidence indicates diminished central OXY or increased central AVP could enhance stress 

reactivity and impair social function (Insel, 2010a).

OXY’s appeal also stems from the fact that, unlike AVP, its peripheral and central release 

covary (Landgraf and Neumann, 2004) (Figure 2), particularly during psychological stress in 

laboratory animals (Wotjak et al., 1998). Furthermore, again unlike AVP, the central 

secretion of OXY from the hypothalamus likely accounts for most of the OXY in the brain 

(Landgraf and Neumann, 2004). Others note that peripheral OXY levels predict several 

central oxytocin-modulated social functions in healthy normals (Feldman et al., 2010, 2012) 

as well as persons with schizophrenia (Kéri et al., 2009), providing additional evidence that 

the peripheral and central activity are linked.

3.2 Structural deformations and evidence of altered peripheral and central oxytocin activity

To begin to explore the possibility that the structural deformations contribute to the 

psychiatric disorder by altering central OXY function, plasma OXY levels and an oxytocin-

modulated social function (facial affect recognition) were first assessed in the four groups 

noted above. Impaired facial affect recognition parallels other deficits in social function in 

schizophrenia and is associated with negative symptoms (Addington et al., 2010; Rosenfeld 

et al., 2011). As predicted, OXY levels in both polydipsic groups were lower than in either 

healthy controls or nonpolydipsic patients. Moreover, the drop was proportional to their 

impaired facial affect recognition (Goldman et al., 2008) as well as their deformations on the 

left AH and bilateral amygdalae (Goldman et al., 2011a).
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3.3 Intranasal oxytocin restores social deficits associated with diminished peripheral 
levels

To further assess the possible role of diminished central oxytocin in social deficits in 

polydipsic patients, polydipsic and nonpolydipsic patients were given two doses of 

intranasal oxytocin as well as placebo on three separate occasions. Intranasal oxytocin 

crosses into the brain and evidence suggests it increases central oxytocin activity (Neumann 

et al., 2013). Previous studies indicate intranasal oxytocin improves facial affect recognition 

(Marsh et al., 2010; Insel, 2010a), particularly for fear (Fischer-Shofty et al., 2010, 2013). 

As predicted, the results demonstrated that facial affect recognition was more impaired in 

the polydipsic group, and that they responded more favorably to oxytocin (with the higher 

dose) (Goldman et al., 2011b). In particular, fear recognition was nearly normalized in those 

with polydipsia. Together, these observations suggest that the structural deformations also 

disrupt central neuroendocrine function, which in turn could contribute to the psychiatric 

disorder(Figure 4).

3.4 Altered central oxytocin receptor activation is also possible

The above findings suggest that the structural deformations diminish central OXY levels, but 

are not inconsistent with the possibility of diminished receptor response. OXY influences 

social function and stress reactivity through receptors in both the amygdala (Insel, 2010a; 

Kirsch et al., 2005; Rosenfeld et al., 2011) and hippocampus (Montag et al., 2012). Impaired 

fear recognition, which was nearly normalized with supplemental OXY in polydipsics, is 

proportional to altered amygdala activity in schizophrenia (Gur et al., 2007; Rosenfeld et al., 

2011) and variations in the oxytocin receptor have been associated with impaired social 

functioning in schizophrenia (Cohen et al., 2010). Hence, it is plausible that the 

deformations reflect impaired action of OXY rather than, or in addition to, diminished 

secretion (Figure 4).

4.0 Does anterior hippocampal pathology induce a stress diathesis?

For many years, researchers have postulated that chronic psychotic patients are more 

vulnerable than healthy normals to negative psychological stimuli (Myin-Germeys et al. 

2003; van Venrooi et al. 2012; Venables, 1977; Walker and Diforio, 1997). In addition to 

disrupting central neuroendocrine activity, the neuroendocrine findings could be one 

component of such a stress diathesis. Measures of autonomic nervous system activity 

provide preliminary evidence that enhanced stress reactivity extends beyond the 

neuroendocrine system in polydipsic patients. Autonomic nervous system (ANS) responses 

to emotional stimuli, particularly skin conductance responses (SCRs), are also modulated by 

the hippocampus and amygdala (Critchley, 2002; LeDoux, 1992). Previous studies have 

linked enhanced SCRs to the putative stress diathesis (Ohman et al., 1981). We explored 

whether SCRs to affective stimuli were increased in polydipsic patients (Goldman et al., 

2012).

Results revealed SCRs were elevated in polydipsic patients for negative emotions but were 

non-significantly diminished for the single positive emotion that was assessed (happy) 

(Figure 5). In particular, the SCRs to fear were significantly elevated relative to the SCRs to 
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happy in polydipsic compared to nonpolydipsic patients (i.e. group X emotion interaction) 

(Goldman et al., 2012). This enhanced SCR response to negative emotions in polydipsic 

patients could reflect enhanced stress reactivity and thus provides preliminary evidence of 

increased stress reactivity.

4.1 Significance of blunted stress reactivity in nonpolydipsic patients

Nonpolydipsic patients constitute about 85% of those with schizophrenia, and thus it seems 

likely the nonpolydipsic subjects included in the studies reviewed above are more 

representative of the schizophrenia population at large. Unlike those with polydipsia, the 

nonpolydipsics exhibited blunted responses to psychological stress which is consistent with 

previous reports of diminished neuroendocrine (Bradley and Dinan, 2010, van Venrooi et al., 

2012) and SCR (Ohman, 1981; Venables, 1977) responses to psychological stimuli in 

schizophrenia. While some argue that this blunting in schizophrenia is abnormal (van 

Venrooi et al., 2012), the evidence suggests it is more likely an adaptive response to the 

chronic stress of having schizophrenia. Chronic psychological stress normally blunts HPAA 

responses to future stresses in humans (Elzinga et al., 2008; MacMillan et al., 2009; Miller 

et al., 2007). Furthermore, this blunting is correlated with measures of coping ability 

(Kudielka et al., 2009). A similar relationship of blunted HPAA responses to stress with 

coping ability, as well as with social functioning, is observed in schizophrenia patients 

(Brenner et al., 2011; Ikezawa et al., 2012; Straube, 1979). Thus, the blunting in the 

nonpolydipsic patients may be an indication of the normal response to psychological stress 

in schizophrenia patients, further underscoring the finding of the enhanced responses in 

those with polydipsia.

Of particular interest is that Brenner (et al., 2011) did not observe any benefits of coping 

ability on HPAA response in those schizophrenia patients with enhanced, in contrast to 

diminished, HPAA responses. Unfortunately, Brenner (et al., 2011) did not report measures 

of fluid intake in his subjects, as this could provide further evidence of a stress diathesis 

attributable to AH dysfunction in the polydipsic subset. The ventral subiculum has a 

projection to the nucleus accumbens which is critical for modulating the salutary benefits of 

coping on stress reactivity (Aggleton, 2012; Valenti et al., 2011; Gill and Grace, 2011). 

Hence, the AH may be critical to modulating the salutary benefits of coping behaviors. The 

accumbens is another limbic structure closely associated with stress reactivity and 

schizophrenia (Grace, 2012). Coping behaviors, per se, appear to be generated by the medial 

prefrontal cortex (Deutch et al., 1990; Franklin et al., 2012, Lataster et al., 2014) which also 

shares direct connections with the AH (Aggleton, 2012) and is associated with stress 

reactivity and schizophrenia (Goldman and Mitchell, 2004; Grace, 2012). These 

observations raise the possibility that disrupted interactions between the AH and these other 

structures could contribute to a stress diathesis (Figure 4).

4.2 Evidence of circuit impairments in hippocampal-modulated stress reactivity

To examine this possibility, we utilized resting state functional magnetic resonance imaging 

(rs-fMRI) to estimate the connectivity of the hippocampus to the other structures illustrated 

in Figure 4. Rs-fMRI provides a measure of neural circuit activity (Pettersson-Yeo et al., 

2011; Unschuld et al., 2013) which is correlated with task-evoked responses and underlying 
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anatomic connectivity (Fornito et al., 2012; Gu et al., 2010). Functional connection strength 

is typically estimated by measuring the covariation of the spontaneous changes in blood 

oxygen level dependent (BOLD) activity between different neural structures.

Subjects in our pilot study were seven polydipsic patients, nine nonpolydipsic patients and 

nine healthy normals. Preselected ROIs included the four bilateral structures and one midline 

structure (9 ROIs) illustrated in Figure 4, and four other structures (8 ROIs) (caudate, 

putamen, pallidum, thalamus) which constitute subcortical components of the cortical-

striatal-pallidal-thalamic loops frequently implicated in schizophrenia. BOLD activity in 

each voxel in these 17 ROIs was correlated with that of every other voxel in that ROI as well 

as all the voxels in the other 16 ROIs. The r values associated with the resulting 153 

connections were Z transformed and then analyzed with mixed model linear regression. The 

analysis determined if overall connectivity differed; if connections between the hippocampus 

and other 15 structures differed, and if the connections between the hippocampus and other 

structures implicated in stress reactivity (Figure 4) differed across groups.

Mean connectivity for all 153 connections between and within the 17 ROIs was lower in the 

healthy controls compared to the two groups of schizophrenia patients (Z = 5.63, P 

<0.00001) who did not differ from each other (P = 0.23). Similar results were found when 

the comparison was limited to the 33 connections between and within the left and right 

hippocampus and the other 15 ROIs. When restricted to the 17 connections between the 

hippocampi and structures illustrated in Figure 4, however, polydipsic patients showed 

greater connectivity than nonpolydipsic patients (nonpolydipsic: Z = 2.26, P <.025). These 

preliminary results support the view that that hippocampal connectivity with structures 

which modulate stress reactivity differs in polydipsic and nonpolydipsic patients, which 

could be a marker of increased stress reactivity.

5.0 Mechanism of primary polydipsia

Little is known about the mechanism of the primary polydipsia, despite it being the most 

distinguishing feature of this subset of patients. Thirst regulation, per se (Goldman et al., 

1988, 1996), appears intact while delusional explanations for drinking are not common. 

When asked, most polydipsic patients say drinking makes them feel better (May, 1995; 

Millson et al., 1992). One plausible explanation is that the polydipsia is also a consequence 

of AH dysfunction, particularly the previously noted influence of the AH on the nucleus 

accumbens (De Carolis et al., 2010; Hawken and Beninger, 2014; Luchins 1990; Pellon et 

al., 2011; Wallace et al. 1983). Specifically, increased drinking could be related to the 

disrupted coping ability (Valenti et al., 2011) and thus represent a more primitive effort to 

cope with psychological stress (Falk, 1977). Consistent with this interpretation, hippocampal 

lesions induce a type of polydipsia in laboratory animals (schedule-induced) that is 

aggravated by psychological stress while drinking reduces the elevated HPAA activity (Brett 

and Levine, 1979) and other stress markers (Mittleman et al., 1992; Troisi, 2002). Animals 

with hippocampal lesions also exhibit other odd behaviors that appear analogous to 

repetitive behaviors (pacing, pica, posturing) (Mittleman et al., 1990) commonly seen in 

patients with polydipsia (Luchins et al., 1992; Shutty et al., 1995). This issue warrants 

further study.
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6.0 Polydipsia may identify a discrete subset of chronic psychotic patients

Polydipsia identifies a discrete subset of patients with schizophrenia whose peripheral 

neuroendocrine findings and psychiatric disorder arise from pathologic changes in the 

anterior hippocampus and its projections to limbic structures implicated in stress 

modulation. This hypothesis arises from a sequence of studies, reviewed here, assessing the 

nature and mechanism of the peripheral findings in patients with polydipsia, and 

subsequently their relationship to the underlying psychiatric illness. Because polydipsic 

patients are relatively easy to identify and differ from other patients on these measures, 

assessment of polydipsia may facilitate resolution of discrepant and inconsistent findings in 

previous research studies. Because the stress and neuroendocrine circuitries are fairly well 

characterized, further studies may help resolve issues regarding the pathophysiology and 

treatment of severe mental illness in this subset. Finally, because this pathology can, and to a 

certain degree has, been reproduced in other mammals, the findings may enhance the ability 

of translational neuroscientists to create more accurate animal models of psychosis.

By taking a ‘bottom up’ approach, this work draws into question the long held view that 

animal models cannot capture the core pathology of schizophrenia. Disrupting ventral 

hippocampal/subicular function (the rodent analogue of the anterior lateral hippocampus) 

has reproduced findings reported here (Tseng et al., 2009, Valenti et al., 2011) as well as 

other features of schizophrenia (Lodge and Grace, 2008; Tseng et al., 2009). More 

significantly, some of these findings can be reversed by deep brain stimulation (Ewing and 

Grace, 2013), transplantation of GABAergic precursor neurons (Perez and Lodge, 2013) into 

the ventral hippocampus, or by activation of alpha-5 containing hippocampal GABA 

receptors (Lodge and Grace, 2011). Hence, translational neuroscience has already revealed 

potential novel therapies that may be effective in this subset (Grace, 2012).

The strategic approach taken here is unusual. The approach involves careful assessment of 

peripheral findings (i.e. hyponatremia; reset osmostat; enhanced HPAA responses, 

diminished plasma oxytocin) that potentially reflect limbic dysfunction. It requires intimate 

knowledge of neurophysiology with the goal of identifying recognized or putative 

modulators that are responsible for the findings. In contrast many investigators assume that 

modulators are not responsible for their findings (i.e. there is a more fundamental disruption 

of the neurosystem under study), as long as demographic and treatment measures are 

matched across groups (Goldman, 2009).

While unusual, the approach adheres to the view of mainstream researchers who have 

concluded that relying on clinical features of mental illness (e.g. DSM-IV), and particularly 

those of schizophrenia (Insel, 2010b), to guide research into pathophysiology and treatment 

has been largely unproductive (Hyman, 2007; Kapur et al., 2012). Schizophrenia is 

increasing viewed as “dysfunction in neural circuits which can be identified with functional 

neuroimaging and by new methods for quantifying connections in vivo” (Insel, 2010b). In 

contrast to typical clinical features (e.g. hallucinations, thought disorder, delusions) 

measures of stress reactivity require assessing how psychological stress modulates different 

neurosystems. In so doing, it may yield a ‘dimension of observable behavior characterized 

by neurobiologic measures’ that leads to more productive classification of severe mental 
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illness (NIMH RDoC). This approach also reflects principles associated with the 

‘deconstruction’ of schizophrenia : 1) characterize a valid phenotype based on translational 

neuroscience; 2) elucidate pathophysiological processes that identify intermediate 

phenotypes; 3) incorporate the heterogeneity of schizophrenia in these efforts; 4) separate 

causal factors from consequences and adaptive responses; and 5) formulate hypotheses that 

can be tested in animal models (Karatsoreos and McEwen, 2011; Keshavan et al., 2011; 

Nava and Röder, 2011).

Other peripheral findings in schizophrenia may similarly reflect altered limbic functioning 

associated with the psychiatric disorder (Kirkpatrick, 2013). Some possibilities warranting 

consideration include peripheral features of catatonia (Castillo et al., 1989); inflammatory 

markers like monocytosis (Bergink et al., 2014; Kirpatrick and Miller, 2013); insulin 

resistance (Kirkpatrick, 2013) and other neurohormone findings (Bergink et al., 2014; 

Kudielka et al., 2009).

7.0 Caveats and limitations

At this stage, the idea that ‘discrete pathologic changes in a neurocircuit involved in stress 

modulation contributes to the psychiatric illness in polydipsic psychotic patients’ is only a 

hypothesis; albeit one that we believe warrants serious consideration. Nearly all of the 

studies reviewed here utilized very small samples and many findings have not been 

reproduced. The first concern is ameliorated somewhat by the fact that identifying discrete 

subgroups and measuring or controlling recognized modulators greatly diminishes group 

variance. The latter concern is critical, however, in addition to the concern that some 

findings have not undergone external review. Furthermore, adequate evidence for a 

generalized stress diathesis is still missing and other measures of stress-sensitive indices are 

thus needed.

Part of the hypothesis is predicated on the views that the anterior hippocampus modulates 

central neuroendocrine activity; that peripheral and central oxytocin secretion covary during 

psychological stress; and that centrally secreted oxytocin accounts for most of the oxytocin 

in the brain. Each of these statements is controversial. Furthermore, the other part of the 

hypothesis, involving the role of the anterior lateral hippocampus in stress reactivity, is not 

firmly established. The assertion, that the stronger resting state connectivity in polydipsic 

patients between the hippocampus and the other structures illustrated in Figure 4 reflects 

dysfunction, may also seem counterintuitive. This is particularly so because diminished 

temporal-frontal connectivity is a longstanding finding reproduced on a regular basis by 

schizophrenia researchers. Indeed, task and non-task fMRI measures primarily demonstrate 

diminished hippocampal connectivity in schizophrenia (but see Salvador et al., 2010; Ford et 

al., 2014), though these studies, with one exception (Fan et al., 2013), have not examined the 

connections illustrated in Figure 4 (e.g. Qui et al., 2010; Zhou et al., 2008). One possibility 

is that the increased hippocampal connectivity in both patient groups reflects the enhanced 

anterior hippocampal activation which is increasingly recognized as a frequent finding in 

chronically psychotic patients (Suazo et al., 2013; Tregellas, et al., 2014).
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Alternative explanations exist for some findings. Most subjects were receiving antipsychotic 

therapy during the studies. While patient groups were matched for chlorpromazine 

equivalents this is not a precise way of controlling for neuroleptic exposure and does not 

address the possibility of idiosyncratic responses. The fact that most of the peripheral 

findings appear to have been documented prior to the introduction of antipsychotics 

somewhat diminishes this concern. Some of the mechanistic interpretations are also open to 

question. Thus it is possible that hippocampal findings are a consequence, rather than the 

cause, of the water imbalance or of enhanced HPAA activity (Arango et al., 2001). On the 

other hand, effects limited to the anterior segment or its lateral surface have not been 

reported in other populations. Finally, the inability to clearly link the polydipsia to the 

hippocampal structural and functional findings is concerning. It might seem tempting to 

instead view it as a primary disorder in fluid intake since the anterior hypothalamus 

regulates both water intake and excretion. Further studies are needed to determine the 

mechanism of the polydipsia.

8.0 Next steps

In addition to addressing the issues raised above, we believe the field of research into the 

pathophysiology and development of novel therapies for psychosis would benefit if 

investigators obtain estimates of water balance in their clinical studies of psychotic patients. 

Polydipsia (> 4 liters intake/day) is fairly stable (Schnur et al., 1997; Vieweg et al., 1990) 

and reliably diagnosed by obtaining two or three spot urine samples (Abassi, et al., 1997). 

Obtaining both a morning and afternoon urine sample is ideal, though afternoon samples are 

acceptable. Urine creatinine concentration provides a more reliable estimate than either urine 

osmolality or specific gravity, though this is not essential (Goldman et al., 1992). Mean urine 

osmolalities of <200 mOsm/Kg (normal 400 to 1000mOsm/Kg) or urine specific gravities of 

<1.008 (normal 1.015 to 1.030) are generally accepted as confirming polydipsia. Episodic 

hyponatremia and reset osmostat can be identified by measuring morning and evening body 

weight (Vieweg et al., 1988). A 3% or greater increase in body weight is suggestive of reset 

osmostat, and should be confirmed by obtaining two or three afternoon plasma sodium 

(<130 me/L; normal 135–150 mEq/L). Identifying which patients are polydipsic may greatly 

facilitate interpretation of their findings, particularly since the groups are likely to be at 

opposite ends of the spectrum on other measures besides stress reactivity. Unless polydipsic 

and nonpolydipsic subjects are distinguished, the results may tend to ‘cancel each other out.’
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Refer to Web version on PubMed Central for supplementary material.
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Glossary

Facial Affect Recognition
A component of social cognition that is assessed by having the subject identify the 

emotion(s) (and in some cases their intensity) displayed on photos of actors. It is 

consistently impaired in chronically psychotic patients and appears sensitive to variations in 

central oxytocin activity. Social cognition, in turn, is predictive of negative symptoms and 

overall functioning in persons with schizophrenia

Functional connectivity
An index of the extent that neural activity covaries in different brain structures which can 

provide evidence that the structures constitute a neural circuit

Glucocorticoid negative feedback
The extent that stress hormone (plasma cortisol) levels influence cortisol regulation. 

Feedback is generally considered a component of how the hippocampus normally restrains 

HPAA responses to psychological stress. The dexamethasone suppression test (DST) is an 

index of general feedback sensitivity. More specific indices (i.e. hippocampal-modulated) 

can be obtained by varying baseline cortisol levels and the time of day that feedback is 

assessed

Hyponatremia
Diminished concentration of sodium ions in the plasma. This is generally interchangeable 

with hypoosmolemia (i.e. diminished plasma osmolality) which is dilution of all solute in 

the plasma, which in turn indicates diminished tissue tonicity because water crosses freely 

across intra- and extra-cellular compartments

Impaired water excretion
The kidney has a tremendous capacity to retain or excrete water. Normal water excretion is 

defined relative to concurrent plasma osmolality

Increased stress reactivity
Defined here as increased sensitivity of affective, cognitive, neuroendocrine, autonomic and 

behavioral measures to psychologic stress. Generally interchangeable with ‘stress diathesis’ 

as defined by others

Non-osmotic stimuli
Modulators of AVP activity independent of changes in tonicity

Osmoregulation
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The neurosystems which regulate and modify water intake and excretion (i.e. water balance) 

in the service of optimizing tissue tonicity and secondarily maintaining sufficient blood 

pressure

Primary Polydipsia
Increased fluid intake not attributable to increased fluid loss. Generally considered to exceed 

four liters daily

Psychological stress
Defined here as a stimulus that is interpreted to be threatening to the physical or emotional 

well-being of the subject; to be distinguished from physical stressors which require a 

physiologic response to maintain homeostasis. Note that it is difficult to administer 

standardized stressors to psychotic patients because of their inclination toward idiosyncratic 

interpretations

Water intoxication
Impaired brain function due to dilution of tissue tonicity in the brain typically associated 

with cerebral compression by the skull; potentially life-threatening.
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Fig. 1. 
Acute psychosis aggravates reset osmostat in hyponatremic polydipsic patients. Following 

three weeks of optimal treatment on an inpatient psychiatric research unit, osmoregulation 

(dotted lines) in six hyponatremic polydipsic (red) and eight matched normonatremic 

polydipsic (blue) patients was similar and near normal. A transient psychotic exacerbation 

was then induced with intravenous methylphenidate. While severity of induced psychosis 

was similar, peak arginine vasopressin (AVP) plasma levels were higher in those subjects 

with hyponatremia (solid squares) despite their lower sodium levels. Moreover, as the figure 

illustrates, these peak AVP levels in the hyponatremic subjects (but not the normonatremics 

half-filled squares) were proportional to concurrent plasma sodium (solid red line: PNa= 

10.2PAVP + 114 mEq/L; r = 0.80), consistent with reset osmostat. The resetting appears so 

severe (i.e. new set point = 114mEq/l) that it would induce water intoxication in the presence 

of even modest polydipsia. Thus these findings provide a plausible explanation for the 

observations first made in the early 20th century that acute psychosis in some chronic 

psychotic patients impairs water excretion and contributes to water intoxication (Data 

derived from Goldman et al., 1996, 1997). See Supplemental Information for primer on 

water imbalance and reset osmostat. Normal range of AVP relative to concurrent plasma 

osmolality is shown in grey.
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Fig. 2. 
Proposed neurocircuit dysfunction underlying enhanced peripheral neuroendocrine 

responses to psychologic stress in polydipsic schizophrenia patients. The earlier findings 

suggested the enhanced AVP release in hyponatremic polydipsic patients might be related to 

acute psychologic stress, however, psychological, unlike physical, stress does not normally 

increase AVP release. The figure shows the circuitry which appears to be responsible for 

inhibiting AVP and HPAA axis release during acute psychological stress.

Neuroendocrine secretion directly into the peripheral circulation occurs from magnocellular 

neurons (MAGN) which secrete vasopressin (AVP) and oxytocin (OXY). The closely related 

neuropeptides regulate water excretion and lactation, respectively. ACTH secretagogues are 

released from adjacent parvacelllular neurons (PVN) into the neurohypophyseal circulation 

where they modulate HPAA activity by inducing ACTH release from the anterior pituitary. 
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Projections from the lateral anterior hippocampus (AH) relay in the ‘PVN surround’ and 

terminate in the (paraventricular) PVN and supraoptic nuclei (not shown) of the anterior 

hypothalamus where they normally inhibit AVP and HPAA axis secretion during 

psychological stress. Evidence suggests this pathway also may enhance peripheral OXY 

release. Glucocorticoid negative feedback contributes to the HPAA restraint particularly in 

the pathway emanating from the AH. The enhanced AVP and HPAA activity observed in 

polydipsic schizophrenia patients appears to result from disrupted lateral AH function. See 

Goldman, 2009 for further details.

This lateral AH dysfunction could be responsible for core features of the psychiatric illness 

if it also disrupts central neuroendocrine activity. Dendrites on MAGN also secrete AVP and 

OXY directly into the brain where these peptides modulate stress responses and social 

functions in particular by binding to receptors in the amygdala and hippocampus. In general, 

the central effects of these peptides oppose each other. The dendritic secretion of OXY 

parallels peripheral release particularly during psychological stress. This dendritic secretion 

appears responsible for much of the OXY in the brain. The impact of the hippocampal 

pathway on central OXY release is unknown but we propose its disruption in polydipsic 

patients may reduce both peripheral and central oxytocin activity.
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Fig. 3. 
Lateral anterior hippocampal deformations in polydipsic patients. Panel A shows the 

average surface map of the bilateral hippocampi in polydipsic hyponatremic schizophrenia 

patients relative to healthy controls while Panel B shows the map in this group relative to 

those without polydipsia. Inward deformations on the lateral anterior surface (blue) are 

apparent in the hyponatremic patients in both panels. Panels C and D focus on the 

significant groups differences by mapping the extremes of the 5th eigenvector obtained after 

reducing shape variation to 5 unique patterns (eigenvectors) with principal components 

analysis. Only the fifth eigenvector differed and the magnitude of the differences was 

ordered hyponatremic polydipsic> normonatremic polydipsic> healthy control> 

nonpolydipsic (P<.01). The maximum magnitude reflects findings in polydipsic 

hyponatremics and the minimum reflects findings in nonpolydipsic patients. Note the blue 

areas in C reflect prominent inward deformations on the anterior lateral surface 

representative of the polydipsic hyponatremics, while those in D show inward deformations 

on other hippocampal surfaces representative of nonpolydipsic patients. The magnitude of 

these deformations were proportional to those in amygdala and anterior hypothalamic 

structures which also contribute to neuroendocrine responses to psychological stress. In 

addition, these deformations predict group differences in peripheral HPAA and AVP 

responses, as well as basal oxytocin levels providing neural correlates of the peripheral 

neuroendocrine dysfunction.
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Fig. 4. 
The anterior hippocampus is the at hub of a circuit whose dysfunction could contribute to 

schizophrenia in the subset of patients with polydipsia. Earlier work demonstrated structural 

deformations on the anterior hippocampus, amygdala and anterior hypothalamus could 

underlie the altered peripheral neuroendocrine findings in polydipsic schizophrenics. The 

findings could also account for core features of the psychiatric illness if they alter central 

OXY secretion from the anterior hypothalamus or its actions on the hippocampus and 

amygdala.

In addition, the AH has direct and significant connections with the nucleus accumbens and 

medial prefrontal cortex to other structures also implicated in and schizophrenia. Together 

these structures form a circuit which determines stress reactivity by modulating both the 

impact of stress and the efficacy of coping behaviors.
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Fig. 5. 
Preliminary evidence of a more generalized stress diathesis in polydipsic patients. The figure 

illustrates skin conductance responses to emotional stimuli in five polydipsic and six 

nonpolydipsic patients. Subjects were asked to assess the intensity of four emotions seen in 

pictures of faces (10/emotion). SCRs were generally higher in the polydipsics (P <0.10), 

except for happiness. In particular, the relative intensity of the SCRs to fear and to happiness 

differed in the two groups (P < 0.05), consistent with the view that these patients have an 

enhanced response to negative emotional stimuli.
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