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Abstract

Polydipsic hyponatremic schizophrenic (PHS) patients exhibit altered neuroendocrine activity that 

has been linked to their life-threatening water imbalance, as well as to impaired function and 

reduced volume of the anterior hippocampus. Polydipsic patients without hyponatremia 

(polydipsic normonatremic schizophrenics: PNS) exhibit similar, albeit less marked, changes in 

neuroendocrine activity and anterior hippocampal function, but not reduced anterior hippocampal 

volume. Indeed, reduced anterior hippocampal volume is seen in patients with normal water 

balance (nonpolydipsic normonatremic schizophrenics: NNS) whose neuroendocrine activity and 

anterior hippocampal function differ markedly from those with polydipsia. In an effort to reconcile 

these findings we measured hippocampal, amygdala and 3rd ventricle shapes in 26 schizophrenic 

patients (10 PNS, 7 PHS, 9 NNS) and 12 healthy controls matched for age and gender. Bilateral 

inward deformations were localized to the anterior lateral hippocampal surface (part of a 

neurocircuit which modulates neuroendocrine responses to psychological stimuli) in PHS and to a 

lesser extent in PNS, while deformations in NNS were restricted to the medial surface. 

Proportional deformations of the right medial amygdala, a key segment of this neurocircuit, were 

seen in both polydipsic groups, and correlated with the volume of the 3rd ventricle, which lies 

adjacent to the neuroendocrine nuclei. Finally, these structural findings were most marked in those 

with impaired hippocampal-mediated stress responses. These results reconcile previously 

conflicting data, and support the view that anterior lateral hippocampal pathology disrupts 

neuroendocrine function in polydipsic patients with and without hyponatremia. The relationship of 

these findings to the underlying mental illness remains to be established.
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1. Introduction2

Increased water intake (Hoskins and Sleeper, 1933) and impaired water excretion 

(Targowla, 1923) have been linked to chronic psychotic disorders since the 1930's. In many, 

water excretory capacity deteriorates during psychotic exacerbations (Targowla, 1923) 

producing symptomatic hyponatremia (Barahal, 1938) and fatal water intoxication (Hobson 

and English, 1963; Raskind et al., 1975; Vieweg et al., 1985). About 3% of schizophrenic 

patients exhibit both increased intake and impaired excretion (polydipsic hyponatremic 

schizophrenia: PHS)) while another 15% exhibit increased intake alone (polydipsic 

normonatremic schizophrenics: PNS) (DeLeon et al., 1994; Goldman, 2009).

PHS have subsequently been shown to have unexplained increases in basal antidiuretic 

hormone (arginine vasopressin: AVP) activity (Goldman et al., 1988) which are further 

aggravated by acute psychosis (Goldman et al., 1997). Both PHS and PNS also exhibit 

persistent cortisol resistance to dexamethasone (`DST nonsuppression') (Goldman et al., 

1993), which, along with the AVP dysfunction in PHS, appear attributable to a failure of the 

anterior hippocampus to normally restrain hormonal responses to psychological stress 

(Goldman et al., 2007a; Goldman, 2009). Interestingly, AVP and cortisol responses to 

psychological stress in patients without water imbalance (nonpolydipsic normonatremic 

schizophrenics: NNS) are indicative of enhanced hippocampal restraint (Goldman et al., 

2007a).

PHS also exhibit reduced anterior hippocampal volume (Goldman et al., 2007b; Luchins et 

al., 1997) further linking this segment to the neuroendocrine findings. The anterior 

hippocampus, and specifically its lateral aspect containing the CA1 and subicular subfields, 

normally restrain AVP and HPAA responses to psychological stress (Cullinan et al., 1993; 

Eisenberg and Berman, 2010; Herman et al., 2006; Nettles et al., 2000; Poletti et al., 1973; 

Risold and Swanson, 1996). Indeed, disruption of the neurodevelopment of this region in an 

animal model of schizophrenia reproduces the neuroendocrine findings (Mitchell and 

Goldman, 2004). Preliminary data show oxytocin, a closely related neuropeptide, is 

diminished in PHS proportional to their anterior hippocampal volume and hippocampal-

mediated neuroendocrine dysfunction (Goldman et al., 2007c; 2008). Finally, diminished 

oxytocin activity has been tentatively linked to clinical features of these patients psychotic 

illness (Goldman, 2009). In summary, these data suggest imagable anterior hippocampal 

pathology contributes to both the life-threatening neuroendocrine dysfunction and the 

underlying psychiatric disorder in hyponatremic schizophrenic patients.

2Abbreviations: PHS: polydipsic hyponatremic schizophrenics; PNS: polydipsic normonatremic schizophrenics; NNS: nonpolydipsic 
normonatremic schizophrenics; DST: dexamethasone suppression test.
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Other data appear to conflict with this hypothesis. Thus, diminished anterior hippocampal 

volume has been linked to schizophrenia (Harrison et al, 2004; Schobel et al., 2009a; 2009b; 

Zhou et al., 2008) and is likely found in the majority of patients (Steen et al., 2006) who are 

not polydipsic and whose neuroendocrine function differs markedly from the polydipsic 

groups (i.e. NNS: Goldman, 2009 ; van Venrooij et al., 2010). Furthermore, anterior 

hippocampal volume is not reduced in PNS (Goldman et al., 2007b; Luchins et al., 1997) 

whose neuroendocrine function is intermediate to the hyponatremic (PHS) and 

nonpolydipsic (NNS) patients.

High dimensional brain mapping (HDBM) supplemented by principal components analysis 

of the resulting patterns (Csernanasky et al., 2004) can potentially reconcile these conflicting 

data by determining 1) if deformations in PHS overlie lateral subfields which modulate 

neuroendocrine responses to stress; 2) if similar but less pronounced deformations are seen 

in PNS; and 3) if deformations in NNS are restricted to the medial anterior surfaces. Shape 

changes on both the medial and lateral anterior hippocampus have been previously described 

(Csernanasky et al., 1998; 2002; Ho and Magnotta, 2010; Narr et al., 2004) in schizophrenia. 

In addition, we also analyzed amygdala and 3rd ventricle shapes because of the roles of the 

medial amygdala and the periventricular nuclei in modulating neuroendocrine responses to 

psychological stress (Aggleton, 1986; Cullinan et al., 1993; Herman and Mueller, 2006; 

Jankford and Herman, 2008) as well as in schizophrenia (Benes et al., 2010; Goldstein et al., 

2007; Shenton et al., 2001).

Methods

2.1 Subjects

MRI scans from twenty six schizophrenic patients and 12 healthy controls matched for age 

and gender were reanalyzed from a previous study which found reduced anterior 

hippocampal volume in PHS, but not PNS, relative to other schizophrenic groups and 

controls (Goldman et al., 2007b). In addition, we report the relationship of structural 

findings in a subset of these subjects to their previously published neuroendocrine responses 

to both a psychological (cold pressor) and physiological (postural stimulus) stressor 

(Goldman et al., 2007a; 2008).

Psychiatric subjects with a previous diagnosis of schizophrenia or schizoaffective disorder 

were selected in a two step process in which grouping for water balance was first done by 

review of the previous medical laboratory records, and then confirmed with measures of 

urine and plasma osmolality obtained three times/weekly over a three week period. Mean 

plasma osmolality provides a reliable index of impaired water excretion (Goldman et al., 

1996), while mean morning (0700h) and afternoon (1600) urine osmolality provide a 

reliable index of polydipsia in schizophrenic patients (Goldman et al., 1992).

All were on clinically determined doses of antipsychotic medications and several were on 

benztropine and valproic acid (Table 1). None was taking lithium, carbamazepine or thiazide 

diuretics, or had alcohol/substance abuse or dependence in the past year. Psychiatric 

diagnosis was confirmed at discharge in a multidisciplinary conference and relied largely on 

the Structured Clinical Interview for DSM-IV. Patients with schizoaffective disorder were 
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included because identical disorders of water balance are frequently seen in these patients 

(De Leon et al., 1994; 1996), and recent evidence suggests schizophrenia and 

schizoaffective disorder share common neural and genetic mechanisms (Heckers, 2009). 

Healthy comparison subjects were recruited by advertisements placed around the University 

community. None had a personal or first-degree relative with a history of a DSM-IV Axis I 

disorder based on the SCID-NP (Version 2.0). All subjects provided informed witnessed 

consent to a protocol approved by the IRBs at University of Chicago and University of 

Illinois at Chicago.

2.2 MRI acquisition

Whole brain images were obtained on a 3.0T-GE Signa LX scanner (GE Medical Systems, 

Milwaukee, WI). 3D T1 weighted images were acquired using a spoiled gradient-recalled 

echo sequence (TE = min-full; TR = 20 ms; 1.5 mm coronal slices, flip angle = 30°, FOV = 

160 mm, matrix = 256 × 256). T2 weighted images were acquired using a fast spin-echo 

sequence (TE = 8ms, TR = 4,800 ms, 1.8 mm interleaved coronal slices, FOV = 160 mm, 

matrix = 256 × 256, echo train length = 8). Post acquisition processing was performed with 

BRAINS2 software (Magnotta et al., 2002). Tissue classification into white matter, gray 

matter and CSF was performed in 6 PHS, 6 PNS, 6 NNS and 10 healthy controls. 

Classification could not be performed in remaining subjects due to image artifacts. In 

addition to the shape analyses described below, parcellated hippocampal volumes (gray, 

white matter, CSF) in this subset were also not previously reported.

2.3 Shape Analysis

Right and left hippocampus (ICC = 0.72, n = 20), right and left amygdala (ICC = 0.77, n = 

10) and 3rd ventricle (ICC = .99, n = 6) were manually segmented (Kates et al., 1997; Pantel 

et al., 2000) in the 38 subjects, as well as a separate healthy subject who provided the 

template structures. Large-deformation diffeomorphic metric mapping (LDDMM) (Beg et 

al., 2005) was used to inject the templates into the manual tracings in each subject (Qui and 

Miller, 2008). To quantify shape, a triangulated graph of points was superimposed onto the 

surface of each template and carried along as the template was transformed onto each target 

segmentation. An average surface constructed from all subjects was used as a reference from 

which linear displacements were calculated at each surface vertex and compared between 

groups to generate surface maps. To definitively compare shapes between subject groups, a 

pooled within-group covariance matrix was derived from the resulting transformation 

vectors, and the dimensionality of this matrix was reduced by using principal components 

analysis (PCA) revealing the major dimensions of shape variation (i.e., eigenvectors). We 

limited ourselves a priori to the first 5 eigenvectors for each surface (which generally 

capture 75 to 85% of the total shape variance). To visualize the overlap between the 

structural deformation defined by significant eigenvectors and the shape differences 

generated by the initial surface maps, we mapped the maximum and minimal deviations 

from the template surface defined by significant eigenvectors. This technique allows one to 

make shape comparisons independent of volume differences and thus there is no need to 

covary for overall hippocampal size/brain size, intracranial cavity, or height.
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2.4 Statistics

Statistical analyses were performed by analysis of variance. Our primary outcome measures 

were the first five eigenvectors for the hippocampus, each defining unique aspects of 

deformations from the template surface. We transformed the main effect of group into 

polynomial contrasts in order to test the specific linear contrast interest: 

PHS>PNS>HC>NNS which we reasoned would be most sensitive to the predicted pattern of 

shape differences. This rank ordering (i.e. HC group between PHS/PNS and NNS) does not 

imply that healthy controls have greater deformations than NNS subjects, but instead that 

structural variations in patients with and without polydipsia are divergent (i.e. analogous to 

their neuroendocrine responses to stress) and more marked in PHS than PNS. The associated 

quadratic and cubic group contrasts were also assessed to help assure the specificity of the 

findings. Identical analyses were conducted on the amygdala and 3rd ventricle. Type I error 

for these ANOVAs was addressed by applying a Bonferroni correction. Neuroendocrine 

responses and their association with the structural findings were assessed with mixed effects 

linear regression as previously described (Goldman et al., 2007a, 2008) and employed the 

group contrasts defined above (see legend Table 2). Medication types were added separately 

as dummy variables (or chlorpromazine equivalents in the case of antipsychotics) in all these 

analyses to examine their contribution to the findings.

3. Results

3.1 Clinical data and parcellated hippocampal volumes

Subject groups consisted of seven polydipsic hyponatremic (PHS: 5 male, 45 ± 3 years), ten 

polydipsic normonatremic (PNS: 6 male, 42 ± 7 years), nine nonpolydipsic normonatremic 

(NNS: 6 male, 37 ± 11 years) schizophrenic patients and twelve healthy normals (HC: 8 

male, 42 ± 12 years). Clinical indices of water imbalance differed significantly, as expected 

given the selection criteria (Table 1). In contrast to patients, none of the healthy controls 

smoked cigarettes nor were they taking psychotropic medications. Estimated pre-morbid IQ 

was higher in healthy controls but did not differ across patient groups (Table1). Other 

clinical (Table 1) and demographic measures did not differ across groups (Supplemental 

Table 1).

Left hippocampal gray matter volume differed (F3,24=3.0, P=.05: PHS:1.82ccs ± .21, PNS: 

2.18 ±.23, NNS: 2.07 ±.27 ccs, HC: 2.18 ± .26), and post-hoc testing identified significant as 

well as trend-level reductions in PHS relative to HC (P <.05), and PNS (P = .08) 

respectively.

3.2 Surface Maps

3.21 Hippocampus—Inward deformations in PHS relative to HC (blue: Figure 1A) were, 

as predicted, centered on the dorsal anterior lateral surface of the hippocampus bilaterally 

(overlying the CA1 and subiculum) (Csernanasky et al., 2005). Less pronounced diffuse 

inward deformations were also seen on the medial surface of the hippocampal body, while 

diffuse outward deformations (orange) were apparent on the opposing surfaces. Significant 

differences between these two groups were largely limited, however, to the anterior lateral 

surface (blue: Figure 2A). Inward deformations in PHS relative NNS were similar (blue: 
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Figure 1B), and as predicted even more extensive on the anterior lateral surfaces (blue: 

Figure 2B). In addition, there was, as predicted, an outward deformation in PHS on the right 

medial anterior surface (orange: Figure 1B, 2B) indicative of the inward deformation in 

NNS.

Shape differences were objectified and compared across groups by reducing each subjects' 

variation from the template surface into unique elements with principal components 

analysis. The first five eigenvectors on each side accounted for 80% of the shape variance 

for all subjects. The 5th eigenvectors differed across groups (Figure 3A: left: F3,34= 4.90, P 

= .006, Bonferonni corrected P = .03; right: F3,34= 4.37, P = .010, Bonferonni corrected P = .

05) and were ordered in the predicted manner (PHS>PNS>HC>NNS; left F1,34= 12.4, P = .

001, Bonferonni corrected P = .005; right F1,34= 13.0, P = .001, Bonferroni corrected P = .

005;). Neither the quadratic nor cubic group contrasts approached significance. The 

maximum extent of these eigenvectors (blue in Figure 1C: illustrative of the PHS group) 

overlap the inward deformations in PHS while the minimal extent (blue in Figure 1D: 

illustrative of NNS group) overlap the inward deformation seen on the right medial surface 

in NNS (orange in Figure 1B and Figure 2B). Indeed Figure 1A closely resembles 1C, and, 

if one inverts the colors (i.e blue for orange) Figure 1B resembles Figure 1D. Thus the 

signifcant vector differences appear to encompass the above described predicted differences 

on the surface maps.

3.21 Amygdala and 3rd ventricle—Amygdala surface maps comparing PHS relative to 

HC (Figure 4A) and PHS relative to NNS (Figure 4B) were unremarkable, except for an 

outward deformation on the anterior lateral surface in PHS relative to NNS (orange: Figure 

4B), indicative of a relative inward deformation in NNS. Still, the fifth eigenvector on the 

right differed across groups (F3,29= 5.92, P = .003, Bonferonni corrected P < .02) and the 

group linear contrast defined above was again significant (Figure 2B: F1,29= 11.0, 

Bonferonni corrected P = .002) suggesting that there were more subtle shape differences 

paralleling those in the hippocampus. The 5th eigenvector on the left showed similar but 

insignificant group differences (Figure 3B: F3,29= 2.27, P = .10; left linear contrast F1,29= 

6.7, Bonferonni corrected: P = .07). The maximum extent of these eigenvectors (Figure 4C: 

illustrative of PHS group) demonstrated outward deformations on the anterior and posterior 

surfaces (4C: red) and inward deformations (blue) on the medial surface. The latter overlies 

the medial nucleus (Heimer et al., 1999) which is innervated by the anterior lateral 

hippocampus and modulates HPAA responses to stress (Benes, 2010; Jankford and Herman, 

2008). The minimum extent (Figure 4D: illustrative of NNS group) demonstrated outward 

deformations on both the anterior and posterior surfaces and overlapped with the outward 

deformations on the surface map (orange: Figure 4B) indicative of inward deformations in 

NNS.

Outward deformations of the 3rd ventricle were seen in the surface map comparing PHS and 

NNS. These deformations (orange: Supplemental Figure 1) were located adjacent to the 

supraoptic and paraventricular nuclei, less marked differences were seen in the PHS relative 

to HC groups (not shown). None of the first five eigenvectors, however, differed across 

groups for this structure.
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3.3 Correlations between structural data

The 5th eigenvector from the left hippocampus was correlated with the 5th eigenvector from 

the right amygdala (r = .463, df = 33, P = .007), which in turn was correlated with 3rd 

ventricle volume (r = .504, df = 33, P = .003). Both the hippocampal eigenvectors were 

correlated with 3rd ventricle volume (left: r = .550, df = 38, P < .001; right: r = .571, df = 38, 

P < .001). These correlations appear robust as they were largely independent of predicted 

group effects (L hippocampus/R amygdala: partial r controlling for predicted group contrast 

= .445, df = 30, P = .011; R amygdala/3rd ventricle partial r = .469, df = 30, P = .007; Left 

hippocampus/3rd ventricle partial r =.464, df = 35, P =.004; R hippocampus/3rd ventricle 

partial r = .489, df = 35, P = .002).

3.4 Relationship of neuroendocrine responses to structural findings

Twenty-five subjects (7 PHS, 6 PNS, 5 NNS, 5 HC) in this study also participated in a study 

characterizing neuroendocrine responses to a cold pressor (a primarily psychological 

stressor) (Supplemental Figure 2 A,B) and to a postural stimulus (a primarily physiological 

stressor) (Supplemental Figure 2 insets) (Goldman et al., 2007a; Goldman et al., 2008). 

Differences in the group responses to these stimuli (or, in the case of oxytocin, absolute 

levels) in this subset resembled those seen in the entire sample, that is AVP and ACTH 

responses to the cold pressor were enhanced in PHS, intermediate in PNS and blunted in 

NNS relative to healthy controls (Supplemental Figure 2A,B). While there was not oxytocin 

response to the cold pressor, absolute levels were ordered in the same manner (Goldman et 

al., 2008).

The first row of Table 2 (first three columns) shows the extent that the rise and fall in AVP 

and ACTH (i.e. quadratic component of time response) and absolute oxytocin levels differ 

across groups in the previously described order (PHS>PNS>HC>NNS) and recapitulate 

findings of the previously summarized studies. Subsequent rows show the effect of adding 

3rd ventricle volume and the hippocampal and amygdala eigenvectors as covariates to each 

of the statistical models for these hormones and thus assesses if the structural measures 

make an independent contribution beyond that associated with the predicted group effect. 

Seven of 15 covariates were significant (Table 2). In contrast, structural measures did not 

correlate with the two indices of water intake (Table 2, last column) suggesting shape 

differences were not predictive of polydipsia.

Discussion

These results reconcile conflicting evidence regarding whether neuroendocrine dysfunction 

in schizophrenic patients with water imbalance is attributable to anterior hippocampal 

pathology. Thus, vasopressin, adrenocorticotropin and oxytocin functioning are altered in 

polydipsic hyponatremic (PHS) and, to a lesser extent, in polydipsic normonatremic 

schizophrenic (PNS) patients. The hormonal findings are suggestive of anterior hippocampal 

dysfunction, and in PHS are accompanied by evidence of structural pathology (i.e. reduced 

anterior hippocampal volume). Anterior hippocampal volume in PNS, however, resembles 

that of healthy controls, while the majority of schizophrenic patients, who are neither 

polydipsic nor hyponatremic (NNS), have consistently been reported to have diminished 
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anterior hippocampal volumes, yet NNS exhibit neuroendocrine responses that diverge from 

those of the two polydipsic groups.

The greater structural detail provided by high definition brain mapping has reconciled this 

discrepancy: PHS, and to a lesser extent, PNS exhibit bilateral inward deformations on the 

anterior lateral hippocampal surface (Figure 1, 2A; Figure 3) which overlies subfields 

known to modulate neuroendocrine responses to psychological stress while nonpolydipsic 

patients (NNS) show anterior hippocampal deformations restricted to the medial surface 

(Figure 1 B,D; Figure 2B). These findings were predicted from the previous literature, 

apparent on surface maps and confirmed with principal components analysis to be 

significantly different across groups. Furthermore, the findings were robust in that they were 

apparent after controlling for multiple comparisons.

Additional support for the involvement of the anterior hippocampus in the neuroendocrine 

dysfunction comes from examining the shapes of associated structures and assessing 

whether these are also correlated with each other and the neuroendocrine dysfunction. While 

the findings were not predicted as a result of a prior literature or as robust or consistent, 

distinct patterns of shape deformations in the right medial amygdala (Figure 3B) overlay an 

area closely associated with anterior lateral hippocampal function (Figure 4 C,D) (Benes, 

2010; Cullinan et al., 1993; Herman et al., 2006; Jankford and Herman, 2008) and were 

correlated with the shape changes in the left hippocampus and volume of the 3rd ventricle. 

Finally, the structural findings in the left hippocampus, right amygdala and 3rd ventricle 

volume correlated with the previously characterized neuroendocrine dysfunction (Table 2), 

further supporting the view that anterior hippocampal pathology is responsible for the 

findings in the polydipsic groups.

Alternative interpretations of the data are possible. Group differences in indices in water 

balance (Table 1) could theoretically be a cause rather than a consequence of the difference 

in structural shapes. While to our knowledge such selective structural deformations have not 

been previously observed, this possibility must be considered. A previous history of 

alcoholism could play a role since polydipsic patients are more likely to have been alcoholic 

(Poirer et al., 2010), which in turn can disrupt water balance and brain structure. Most of the 

effects of acute ingestion and withdrawal on water balance resolve rapidly (Mander et al., 

1989;Taivainen et al., 1995), however, and those that persist are opposite to what is seen in 

the polydipsic groups (Doring et a., 2003). Alcohol also causes brain volume loss in limbic 

areas which may be permanent (Rosenbloom et al., 2003), leaving open the possibility that a 

prior history of alcoholism could explain the findings. Finally, group differences in 

psychological stress or excessive HPAA activity could theoretically produce the structural 

changes (Koenig et al., 2002) though evidence indicates stress alters the medial, not lateral, 

hippocampus (Wang et al., 2010), and the effect of stress on hippocampal structure remains 

controversial.

Differences between healthy controls and patients in smoking, pre-morbid IQ and 

neuroleptic treatment are possible, but unlikely explanations, since healthy controls' 

structural and functional findings were generally intermediate to those of the patient groups. 

Psychotropic medication, per se, also appears to be an unlikely explanation because 
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medication exposure did not differ across patient groups (Table 1); other studies indicate 

antipsychotic medication cannot account for the neuroendocrine or structural findings in 

schizophrenia (Csernansky et al., 2004; Jessani et al., 2006; Goldman, 2009; Ho and 

Magnotta, 2010); inclusion of medication type or dose as a covariate in the analysis did not 

alter the key findings; and the fundamental aspects of the water imbalance (i.e. impaired 

water excretion which worsens during psychotic exacerbations, life threatening water 

intoxication) (Targowla, 1923; Barahal, 1938) were described prior to the discovery of this 

class of medicines. Finally, measures associated with differences in brain volume are 

unlikely to account for the findings, not only because they did not differ across groups 

(Supplemental Table 1), but because they are not known to effect shape, per se.

There are a number of limitations in the interpretation of the data. Foremost, is the small 

sample size leaving open the possibility that the findings may be difficult to reproduce, and 

making it difficult to conclusively identify or exclude explanatory variables. Differences in a 

structure's shape cannot be taken to represent pathologic changes intrinsic to that structure, 

and, may instead, for instance, reflect changes in neighboring structures. Other important 

limitations regard the applicability of discoveries regarding rodent structure/function 

relationships to humans. The study does not address or resolve other important issues. Some 

studies (Narr et al., 2004), including our own (Csernanasky et al., 1998), have identified 

shape changes in the anterior lateral hippocampus in schizophrenic patients most of whom 

were presumably nonpolydipsic. Perhaps a larger sample would identify discrete differences 

in PHS and NNS subjects on the lateral surface, but currently this issue is unresolved. The 

significance of the deformations in the amygdala and the medial surface of the anterior 

hippocampus in NNS is unclear, as are group differences in the body of the hippocampus. 

The latter could relate to previously observed differences in cognition in polydipsic and 

nonpolydipsic patients (Torres et al., 2009), but according to our data is unlikely to account 

for the polydipsia, per se.

Despite accumulating evidence that schizophrenia reflects altered neural circuit function, 

pinning down the pathophysiology by linking structural and functional pathology together 

remains a huge challenge. Many studies rely on poorly understood and complicated CNS 

functions that are difficult to model in animals. The current work raises the possibility that 

structural changes in a relatively well-characterized and accessible neurocircuit found in all 

mammals may induce functional changes which contribute to the psychiatric disorder in a 

subset of patients. In particular, the findings identified here could be part of the hippocampal 

dysfunction (Harrison et al, 2004; Schobel et al., 2009a; 2009b; Zhou et al., 2008) which has 

been proposed to induce an increased vulnerability to psychological stress (Gray, 1998; 

Mednick and Schulsinger, 2005) in schizophrenia. Whether these patients represent a 

distinct subtype of schizophrenia attributable to a distinct pathophysiology or have the same 

illness affecting different limbic neurocircuits is an open question.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Hippocampal shape differences. Panel A shows surface map of polydipsic hyponatremic 

schizophrenic patients (PHS) compared to healthy controls and Panel B is PHS compared to 

nonpolydipsic patients (NNS). Inward deformations in PHS patients are in blue in Panels A, 

B, inward deformations in NNS patients are in orange (minimal apparent) in panel B. See 

Figure 2 for surface map restricted to significant group differences. Panel C shows maximal 

(illustrative of PHS group) and Panel D shows minimal (illustrative of NNS group) 

deformations captured by the 5th eigenvector. Note the blue on the anterior lateral surfaces 

in C overlaps the blue in A, B and in Figure 2 A,B; and that blue on the anterior medial 

surface in D overlaps the orange in B and in Figure 2B. The range in A,B is 0 to ±3 mm, and 

in C,D is 0 to ±1 mm.
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Figure 2. 
Hippocampal shape differences showing statistically significant (P <.05: surface point-wise, 

without multiple comparison correction) deformations in the surface maps of PHS compared 

to healthy controls (Panel A) and PHS compared to nonpolydipsic patients (Panel B) Note 

the inward deformations on the bilateral anterior lateral surfaces in PHS (A,B: blue), and on 

the right anterior medial surface in NNS (B: orange).

Mean eigenvectors capture discrete shape differences across groups. The figure shows group 

mean (± SD) magnitude of the 5th eigenvectors for the hippocampus (A) and amygdala (B). 

Note the magnitudes parallel the neuroendocrine responses in Figure 4 which were the basis 

for the predicted linear contrast (PHS>PNS>HC>NNS). See Figures 1C,D and 3 C,D for 

maps of the extreme values of these eigenvectors and to assess their overlap with the 

corresponding surface maps. Vector magnitude PHS>PNS>HC>NNS: #P < .01; * p < .10 

(Bonferonni corrected for multiple comparisons).
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Figure 3. 
Amygdala shape differences. Note the minimal shape differences between PHS and HC in 

Panel A. Red/orange colors in Panel B reflect inward deformations on the anterior surface 

in NNS relative to PHS. Panel C shows maximal (illustrative of PHS group) and Panel D 
shows minimal (illustrative of NNS group) deformations captured by the 5th eigenvector. 

Note the blue on the medial surface in C, D reflecting inward deformations in PHS, and the 

blue on the anterior and posterior lateral surfaces reflecting inward deformations in NNS.
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Figure 4. 
Arginine vasopressin (AVP: Panel A) and adrenocorticotropin (ACTH: Panel B) responses 

to a psychological (cold pressor) and physiologic (postural) stressor (inset). Note that group 

responses to the cold pressor, but not the postural stimulus, generally parallel group 

differences in the structural measures shown in Figure 2. See Goldman et al., 2007a for 

further information on this study.
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Table 1

Clinical measures and indices of water imbalance in patient groups

Polydipsic Nonpolydipsic

Hyponatremic (PHS) Normonatremic (PNS) Normonatremic (NNS)

AM Plasma Osmolality, mmol/kg*(SD) 279.4 (6.2) 291.7 (4.5) 289.5 (3.4)

PM Urine Osmolality, mmol/kg^ (SD) 140 (154) 258 (101) 746 (368)

Age at onset, y (SD) 23.8 (10.0) 21.0 (4.3) 20.6 (3.7)

PANSS Positive (SD) 13.7 (5.7) 16.4 (4.3) 17.3 (7.5)

PANSS Negative (SD) 18.4 (9.3) 13.5 (4.2) 13.8 (4.7)

PANSS General (SD) 28.6 (11.1) 27.0 (5.6) 29.3 (10.3)

GAF (SD) 35.8 (8.7) 42.5 (7.2) 41.1 (4.1)

Chlorpromazine Equiv., mgs/day@ (SD) 482 (395) 425 (259) 532 (330)

Schizoaffective, No. (%) 1 (14) 1 (10) 1 (11)

2nd generation antipsychotic (%) 3 (43) 7 (70) 3 (33)

Smoker (%)# 4 (57) 8 (80) 3 (33)

All other group effects were not significant.

SD = Standard deviation

*
Group effect for plasma osmolality: P <.05; Post-hoc tests for hyponatremic polydipsic vs other two groups: each P<.05

^
Group effect for urine osmolality: P<.01; Post-hoc tests for nonpolydipsic normonatremic vs other two groups: each P < .01.

@
Three PHS, four PNS, and five NNS were receiving benztropine. Four patients PHS, four PNS, and one NNS received valproic acid.

#
There was a trend toward more smokers in the polydipsic normonatremic group than the other patient groups. No healthy controls were smokers.
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