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Abstract 

Primary polydipsia, excessive drinking without known medical cause, continues 

to occur with a significant prevalence in psychiatric populations. While the etiology of 

polydipsia remains unknown, the fact that it is significantly associated with a diagnosis of 

schizophrenia has led some to postulate that the two may share common neurological 

pathophysiologies. Animal models of schizophrenia-like symptoms have focused on 

modeling the core behavioral and neurochemical features of the illness, like cognitive 

deficits and enhanced dopamine transmission. Here, we used three well-established 

models, including repeated amphetamine treatment, subchronic MK-801 (an N-methyl-

D-aspartate [NMDA]-receptor antagonist), and post-weaning social isolation. We also 

examined a “double-hit” model, combining NMDA-receptor antagonism and social 

isolation. We paired these models to test the hypothesis that drinking will be enhanced in 

a paradigm of excessive drinking in the rat. In rodents, non-physiologic drinking can be 

induced by intermittent presentation of food (e.g., one sugar-pellet a minute) in the 

presence of a drinking spout to a hungry animal, termed schedule-induced polydipsia 

(SIP).  

Animals pretreated with pharmacological or non-pharmacological models of 

schizophrenia-like symptoms showed significantly increased SIP, The “double hit” model 

did not further increase drinking above that of either social isolation or MK-801 

treatment alone. A moderate amount of spontaneous polydipsia in the homecage of MK-

801-treated rats was also observed and resulted in one death secondary to excessive 

drinking, a phenomenon also found in inpatients with schizophrenia. Following repeated 
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treatment with AMPH, there was some evidence that over time, animals learned to drink 

increased amounts independently of the scheduled food presentation. This evidence 

suggests that the excessive drinking behavior observed in polydipsia associated with 

schizophrenia may have a learned component. 

In summary, animal models of schizophrenia-like symptoms augmented SIP 

behavior, showing that polydipsia associated with schizophrenia may be modeled in 

rodents. As each model has been shown to modify dopamine transmission to some 

degree, the evidence suggests augmented SIP may reflect changes in dopamine 

transmission and dopamine may be the common link between polydipsia and 

schizophrenia. Further research is necessary to fully elucidate the mechanisms underlying 

SIP, polydipsia and schizophrenia.  
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Chapter 1 

General Introduction 

On average, individuals who are diagnosed with schizophrenia are expected to 

live 25 years less than members of the general population (Saha et al., 2007). Primary 

polydipsia, excessive drinking without known medical cause, contributes to this increased 

rate of premature mortality (Hawken et al., 2009). Few animal models have been 

developed to study the phenomenon of polydipsia associated with schizophrenia. Here, 

the neuropathophysiology of polydipsia and schizophrenia are reviewed, with an 

emphasis on three main hypotheses of schizophrenia. Each hypothesis is discussed in the 

context of a neurochemical or neurodevelopmental link and an animal model of 

schizophrenia-like symptoms: dopamine (DA) hyperfunction hypothesis and 

amphetamine [AMPH] sensitization; glutamatergic N-mehtyl-D-Asparate [NMDA] 

receptor hypofunction and subchronic treatment with an NMDA receptor antagonist; and  

neurodevelopmenatal insults and post-weaning social isolation. Finally, an animal model 

of excessive drinking, termed schedule-induced polydipsia (SIP) is examined, with a 

specific emphasis on the role of DA in its development. Evidence suggests the hypothesis 

that animal models of schizophrneia-like symptoms that modulate DA systems may also 

modulate an animal’s predisposition to acquiring SIP.  
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1.1 SCHIZOPHRENIA 

The risk of developing schizophrenia over one’s lifetime has been estimated to 

range from 0.3-2.0% (Saha et al., 2005). With worldwide population estimates topping 8 

billion by 2025, close to 160 million people may suffer from this neuropsychiatric 

disease. Schizophrenia is a debilitating mental illness and although psychosis is usually 

the most striking clinical aspect, it is not diagnostic of the disorder. Rather, schizophrenia 

is characterized by disturbances of thought and perception (positive symptoms), blunted 

emotion and motivation (negative), and impairments in executive function, memory, and 

attention (cognitive; Andreasen, 1995). The diagnostic clinical features of the disorder 

typically appear in the late second to third decade of life, with the average age of onset 

generally about five years earlier in males than in females (Häfner et al., 1998). 

In those people who suffer from mental illness, and in particular schizophrenia, 

there is evidence of elevated rates of medical morbidity and excess mortality (1.3-3.9 

times higher) compared to the general population (Sudders, 2000; Ösby et al., 2000a, 

200b). Significant mortality rates are reported to result from both natural and unnatural 

causes (Brown, 1997) and include cardiovascular disease, followed by suicide and 

accidental death, cancer and respiratory illness (Sudders, 2000). Polydipsia, excessive 

water drinking in the absence of physiological need, has recently been reported to 

significantly contribute to the enhanced mortality rates in schizophrenia populations 

(Hawken et al., 2009).  
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1.2 SCHIZOPHRENIA AND POLYDIPSIA 

Primary polydipsia, or water seeking without physiological need, has long been 

described in the scientific literature with reports of self-induced water intoxication dating 

back to the 1920s (Rowntree, 1923). Also dubbed ‘psychogenic polydipsia,’ it is 

particularly associated with chronic psychiatric illness and has been detected in over 20% 

of long-term in-patients with schizophrenia (de Leon et al., 1994). While not exclusive to 

mental illness (Stuart et al., 1980), schizophrenia is by far the most significantly 

associated diagnosis (Blum et al., 1983; Kirch et al., 1985; de Leon et al, 1996; Mercier-

Guidez and Loas, 2000).  Being male and smoking (de Leon et al., 1994; Mercier-Guidez 

and Loas, 2000) are also reported to be significantly associated with excessive water 

drinking behavior. 

  Primary polydipsia generally develops in three phases, beginning with an often-

undetected simple polydipsia and polyuria, followed by hyponatremia (low sodium serum 

values resulting from the kidneys failing to excrete excess fluid) and finally water 

intoxication (Illowsky and Kirch, 1988; de Leon et al., 1994). Repeated excessive fluid 

consumption can lead to significant physical consequences, including renal failure (Blum 

and Friedland, 1983), hypocalcemia and osteopenia with an increased incidence of 

fractures (Vieweg et al., 1987; Delva et al., 1989) and congestive heart failure (Koczapski 

et al., 1987). Not all patients with primary polydipsia, however, go on to develop water 

intoxication. Water intoxication has been reported to occur intermittently in up to 31% of 

those with polydipsia but this may be a conservative estimate (de Leon et al., 1996; 
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Mercier-Guidez and Loas, 2000) as symptoms of water intoxication can be difficult to 

recognize when coincident with schizophrenia, often manifesting as a worsening of 

psychosis, nausea, vomiting, delirium, ataxia, seizures, coma, and sometimes even death 

(de Leon et al., 1994; Vieweg et al., 1984a,b, 1985).  Despite these dire side effects, a 

majority of patients associate feeling better with drinking large quantities of water which 

serves to maintain the polydipsic behavior (Millson et al., 1992). Failure to recognize and 

successfully treat polydipsia further contributes to its catastrophic impact. 

Among chronically institutionalized schizophrenia patients, there is a group of 

symptoms that fail to be categorized as positive, negative or cognitive. These symptoms 

are often described as “bizarre behaviors” and include pacing, constant smoking, strange 

grooming patterns, hoarding, stereotypies and ritualistic mannerisms (Arieti 1974: Tracy 

et al., 1996). Polydipsia has been considered to be related to this group of aberrant 

behaviors. Repetitive stereotypic behaviors have been associated with both acute and 

chronic schizophrenia, and are specifically associated with positive symptom ratings 

(Luchins et al, 1992; Alexander et al., 1993; Tracy et al., 1996). Furthermore, polydipsia 

is temporally associated with other repetitive behaviors (grooming, pacing and 

ruminating; Shutty et al., 1995).  

Generally, polydipsia develops 5-15 years after the onset of psychiatric illness 

(Vieweg et al., 1984a, 1984b) and is significantly associated with chronicity of the illness 

(de Leon et al., 1996). From clinical observation of patients with schizophrenia, chronic 

hyponatremia and also a high incidence of poor response to neuroleptics, Illowsky and 
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Kirch (1988) postulated that patients with severe polydipsia might include an identifiable 

subgroup with more evidence of neurological impairment. Structural alterations measured 

with magnetic resonance imaging appear to be present in first episode schizophrenia 

compared to controls that show both whole brain and hippocampal volume reductions 

(Steen et al., 2006; Vita et al., 2006) and there is some evidence to suggest that structural 

changes progress in a subgroup of patients during the course of schizophrenic illness 

(DeLisi, 2008; DeLisi et al., 2004). Furthermore, episodes of water intoxication in 

schizophrenia are associated with a greater severity of psychotic illness measured by 

correlations with life in an institutionalized setting, earlier onset of psychosis, a lower 

level of current functioning and more severe positive, negative and disorganization 

symptoms during a stabilized stage of illness, and a more frequent lifetime history of 

alcohol use disorder (Poirier et al., 2010). Stereotypical behaviors are also more common 

in the later stages of schizophrenia (Luchins et al, 1992; Alexander et al., 1993; Tracy et 

al., 1996). Thus, it has been suggested that stereotypical behaviors, including polydipsia, 

are part of the same pathophysiology as schizophrenia constituting a coherent group of 

symptoms mediated by abnormalities of the hippocampus (Luchins 1990).  

Indirect evidence for a neuropathophysiological relationship between polydipsia 

and schizophrenia comes from the development and use of imaging and 

radioimmnoassay techniques during the later half of the 20th century. Dysregulation of 

antidiuretic hormone (vasopressin), specifically elevated plasma vasopressin concurrent 

with acute psychosis (Raskind et al., 1975) and in water intoxication associated with 
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psychotic illnesses (de Leon et al., 1994) led to the suggestion that altered 

neuroendocrine function underlies poldyipsia in schizophrenia (Goldman et al., 2007; 

Goldman et al., 2011). Polydipsic (both hyponatremic and normonatremic) patients with 

schizophrenia also show changes in neuroendocrine activity (vasopressin, 

adrenocorticotropin, and oxytocin) that corresponds to diminished anterior hippocampal 

volume (Goldman et al., 2011; Luchins et al., 1997; Goldman et al., 2007). Aberrant 

hippocampal function has been implicated in schizophrenia (for review see Harrison, 

2004) and reduced anterior hippocampal volume has specifically been linked to cognitive 

abnormalities associated with the illness (Zhou et al., 2008; Schobel et al., 2009a, 2009b). 

Animal studies demonstrate that polydipsia and other repetitive, stereotypical behaviors 

(e.g., pacing, grooming) commonly seen in schizophrenia are associated with both 

hippocampal lesions and blunted HPA feedback (Luchins, 1990; Mittleman et al., 1988). 

Volume reductions in regions such as the amygdala-hippocampus and thalamus are also 

evident in ultra-high risk individuals during transition to psychosis (Pantelis et al., 2003; 

Wood et al., 2010), suggesting that individuals may be prone to polydipsia during this 

time. This correlational evidence suggests a link between polydipsia and particular 

neurological features of schiopzhophrenia. 

 

1.3 SCHIZOPHRENIA HYPOTHESES 

The pathological origin of polydipsia remains unknown. The etiology of 

schizophrenia also remains contentious, although it is generally conceptualized as a 
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multifactorial neurodevelopmental disorder with both genetic and environmental risk 

factors associated with its onset (Tandon et al., 2008: Lewis and Lieberman, 2000). Two 

of the most robust pathological features of schizophrenia are elevated striatal DA 

transmission and abnormal prefrontal cortical function during cognitive tasks (Lewis and 

Anderson, 1995; Laruelle and Abi-Dargham, 1999). Based on these and other 

observations, several hypotheses of schizophrenia have been postulated that focus on 

behavioral, pathophysiological and etiological elements of schizophrenia.  

 

1.3.1 DOPAMINE HYPOTHESIS: AMPHETAMINE SENSITIZATION 

Dopmaine has long been identified as an important neurotransmitter in the 

pathophysiology of schizophrenia. Dopaminergic projections are classically divided into 

nigrostriatal, mesolimbic, and mesocortical pathways (Bjorklund and Dunnett, 2007). 

The nigrostriatal DA neurons originate in the substantia nigra pars compacta and project 

to the caudate-putamen (dorsal striatum), limbic areas and prefrontal cortex (PFC; Wise, 

2009). Projections along this pathway have generally been implicated in the execution of 

motor habits due to the association of degeneration of neurons in this pathway in 

neuropathic diseases like Parkinsons. The DA neurons of the mesolimbic system originate 

in the midbrain ventral tegmental area (VTA) and project to limbic structures such as the 

ventral striatum (e.g., nucleus accumbens [NAc]), the amygdala, and regions of the 

hippocampus. The limbic structures are important for learning, memory and emotion 

(McGaugh et al., 1990; Ito and Hayen, 2011). The mesocortical DA system also  
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originates in the VTA but projects to cortical regions, primarily the PFC, which includes 

the orbito-frontal, medial and dorsolateral regions. These areas are thought to be 

important for motivation, planning, and cognitive flexibility (Sakagami and Watanabe, 

2007). Both the mesolimbic and mesocortical circuits are interconnected and are 

collectively dubbed the mescorticolimbic DA system. Projections along this pathway 

have been the major focus of studies on motivation, cognition, and reward-related 

processes (Mogenson et al., 1980).  Furthermore, all three DA systems intermingle with 

overlapping target projections to the striatum, the main input of the basal ganglia (Tepper 

and Bolam, 2004; Wise, 2009).  

At the striatum, DA afferents and DA activity is in part modulated by 

glutamatergic afferents from virtually all sensory and motor regions of the cortex and 

thalamus. While this is true for the dorsal striatum, the ventral striatum receives 

glutamatergic inputs largely from the limbic regions such as the amygdala, PFC, 

hippocampus and anterior cingulate cortex (Fuxe et al., 1977; McGeer et al., 1977). DA 

neurons terminate on the gamma-aminobutyric acid (GABA)-releasing medium spiney 

neurons that in turn project back onto DA cells. Cortico-striato-thalamo-cortical loops 

allow for parallel processes to converge and integrate emotional, motivational and 

cognitive inputs with sensorimotor processes, in which DA plays an integral role 

(Alexander et al., 1986; Haber et al., 2000; Sesack and Grace, 2010).  

  DA interacts with both D1-like (including D1 and D5) and D2-like (including D2, 

D3, and D4) receptor subtypes primarily located in the mesocortical and mesolimbic 
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regions, respectively, that contribute to cognitive flexibility and performance (Seamans et 

al., 2001; Seamans and Yang, 2004). Dysfunction of the DA system, e.g., suboptimal 

levels of DA activation at DA receptors, may result in aberrant behaviors and cognitive 

dysfunction like that seen in schizophrenia (Arnsten et al., 1994; Seamans and Yang, 

2004).  

In its original inception, the DA hypothesis proposed that schizophrenia is the 

result of overactive striatal DA systems (van Rossum, 1966). Initial evidence for the 

hyperdopaminergic basis of schizophrenia came from findings that chronic use of 

psychostimulants that activate the DA system can induce psychosis in humans (Bell, 

1965; Angrist and Gershon, 1970) and antipsychotic drugs alleviate positive symptoms 

by blocking DA D2 receptors (Seeman et al., 1976). More recently, enhanced 

dopaminergic activity in schizophrenia has been identified by imaging studies showing 

that the binding of radio-labeled DA D2 receptor ligands to D2 receptors is displaced by 

AMPH-induced DA release, an effect more pronounced in patients with schizophrenia 

(Laruelle et al., 1996; Abi-Dargham et al., 1998; Laruelle et al., 1999). Furthermore, 

severity of exacerbation of psychotic symptoms by AMPH in schizophrenia was 

correlated with estimated DA release (Laruelle et al., 1999). Thus, over activation of the 

mesolimbic DA system has been primarily linked to the positive, psychotic features of 

schizophrenia, i.e., hallucinations and delusions (Carlsson, 1974).  

Repeated administration of AMPH has long been viewed as a potential model of 

psychosis (Snyder, 1973; Robinson and Becker, 1986) as evidence suggests chronic 
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exposure induces a hyperdopaminergic state akin to that observed in schizophrenia that 

persists during the withdrawal period (Robinson and Becker, 1986; Paulson and 

Robinson, 1995; Lodge and Grace, 2012). Long-term sensitization to psychostimulants is 

a process whereby repeated exposure to there drugs results in an enhanced response on 

subsequent exposures. In rodents, AMPH has the ability to stimulate locomotor activity, 

stereotypy and striatal DA release, effects that are enhanced if the animal has had prior 

AMPH experience (Robinson and Becker, 1986; Paulson and Robinson, 1995; 1996). 

Measures of hyperactivity and increased exploratory behavior bear little resemblance to 

positive symptoms of schizophrenia: Healthy people and patients with schizophrenia do 

not show increased locomotor activity per se, but rather a more generalized behavioral 

activation noted by increased restlessness or agitation on exposure to AMPH or during 

psychotic episodes. Testing for increased locomotor response to psychostimulants in 

animals is based on the notion that the propensity of a drug to induce locomotor activity 

in rats “may be a useful indicator of the propensity of a drug to elicit or exacerbate 

psychosis in humans,” (p. 1350, Moghaddam and Adams, 1998); increased locomotor 

behavior reflects the increased DA transmission in subcortical regions that are also 

thought to underlie psychosis. Humans exposed to multiple acute treatments of AMPH 

demonstrate increases in behaviors such as rates of eye blinking and other motor activity 

(Strakowski and Sax, 1998) and enhanced mesolimbic DA activity demonstrated by 

decreases in D2 receptor radio-ligand binding in the ventral striatum (Boileau et al., 

2006). Similarly, in animal models using AMPH-sensitized rats, significant augmentation 
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of DA neuron activity was found in the medial regions of the VTA (Lodge and Grace, 

2008, 2012). 

Neurological changes associated with repeated or chronic AMPH use are reported 

to be long lasting: sensitized responses like re-emergent psychosis to acute AMPH is 

maintained long after abuse has stopped (Sato et al., 1983). Following subchronic AMPH 

regimes, animals also show heightened response to AMPH but also a persistent 

impairment of sensorimotor gating as assessed by prepulse inhibition (PPI) of the 

acoustic startle response and attentional deficits assessed by latent inhibition (LI; Peleg-

Raibstein et al., 2008; Tenn et al., 2003).  PPI refers to the inhibitory influence of a weak 

sensory stimulus (the prepulse) on the reaction to a subsequent startle-eliciting stimulus 

(the pulse). PPI is a useful operational index of pre-attentive sensorimotor gating 

mechanisms essential for the integration of cognitive and sensory information (Geyer et 

al., 2001). LI refers to the constraining affects of a prior stimulus on sequential stimulus-

response learning (Feldon and Weiner, 1992) and reflects the ability to ignore or suppress 

responding to irrelevant stimuli to focus on biologically salient input. Both PPI and LI 

show a similar neurobiology and neuropharmacology in rat and man (Lubow, 2005; 

Liang et al., 2009). The assumption is that positive symptoms of acute schizophrenia 

reflect dysfunction of the mechanisms producing PPI and LI (Moser et al., 2000). 

Accordingly, some evidence demonstrates that these processes are also aberrant in 

various phases of the schizophrenic illness (Baruch et al., 1988, Baff et al., 1992, 2001), 
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with a moderate amount of amelioration or reversal of the deficits following 

antipsychotic treatment (Featherstone et al., 2007).  

Historically, AMPH sensitization as modeled by enhanced responses to repeated 

AMPH exposure, has been thought to be limited to modeling the hyperdopaminergia and 

thus positive, psychotic features associated with schizophrenia. However, a role of 

hyperdopaminergia in cortical hypofunction and associated cognitive deficits in 

schizophrenia has also been suggested: in humans with prodromal signs of psychosis, 

prefrontal dysfunction during performance of a working memory task was directly related 

to elevated striatal DA function (Fusar-Poli et al., 2010). Furthermore, patients who 

display psychostimulant-induced psychosis following chronic AMPH abuse are reported 

to also display negative symptoms (Srisurapanont et al., 2003). In rodents, repeated 

AMPH exposure causes neurochemical abnormalities that may be associated with 

cognitive deficits that extend beyond the DA system and that have been identified in 

schizophrenia patients, including irregularities in GABAergic inhibition (Lewis et al., 

2005). For instance, reductions in the 67 kilodalton isoform of glutamic acid 

decarboxylase (GAD67) isomer, the primary enzyme of GABA synthesis from glutamate, 

in several brain regions similar to those reported in postmortem studies of schizophrenic 

brains are also found in AMPH-withdrawn animals (Akbarian et al., 1995; Peleg-

Raibstein et al., 2008; for review see Yin et al., 2012). As no intrinsic deficit has been 

observed in schizophrenia patients to account for the presumed hyperdopaminergia, 

together with recent findings like those described above, a substantiated revision of the 
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original DA hypothesis includes both hyperactivity of the mesolimbic DA system as well 

as hypoactivity of the mesocortical system (Davis et al., 1991). 

 

1.3.2 GLUTAMATERGIC HYPOTHESIS: NMDA HYPOFUNCTION  

As evidence accumulated for dysfunction of other neurotransmitter systems in 

schizophrenia beyond DA, alternate neurochemical hypotheses appeared. Kim et al. 

(1980) reported that low glutamate concentrations in the cerebrospinal fluid of 

schizophrenia patients was evidence of reduced glutamatergic neurotransmission and 

postulated a glutamatergic hypofunction hypothesis of schizophrenia. A role for the 

glutamate transmitter system, specifically the NMDA/glutamate receptor, was further 

advanced (Javitt and Zukin, 1991; Olney and Faber, 1995) based largely on the findings 

of behavioral and neurochemical actions of phencyclidine (PCP) and ketamine in humans 

and animals (Luby et al., 1959; Allen and Young, 1978; Lodge and Anis, 1982; White et 

al., 1982; Reich and Silvay, 1989). Acutely, noncompetitive antagonists of the NMDA 

glutamate receptor including PCP and ketamine were noted to induce positive symptoms 

in normal adults (Snyder, 1980; Javitt and Zukin, 1991; Krystal et al., 1994; Malhotra et 

al., 1996) and exacerbate symptoms in patients with schizophrenia (Luby et al., 1959; Itil 

et al., 1967; Lahit et al., 1994; Malhotra et al., 1997). While single acute doses of NMDA 

receptor antagonists were often the bases of the initial observations of PCP-induced 

psychosis, repeated use of the drug seemed to cause a more persistent schizophrenia-like 

symptomology, with chronic PCP users presenting with positive (psychosis,  
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hallucinations, delusions), negative (flattened affect, social withdrawal) and cognitive 

features (formal thought disorder, cognitive dysfunction; Rainey and Crowder, 1975; 

Allen and Young, 1978; Pearlson, 1981; Javitt and Zukin, 1991) at times diagnostically 

undifferentiable from schizophrenia. Following PCP withdrawal, chronic psychotic 

manifestations were reported in some cases (Rainey and Crowder, 1975; Allen and 

Young, 1978).  

Long-term administration of NMDA receptor antagonists produces behavioral and 

neurochemical effects in animals consistent with clinical observation in schizophrenia 

(for review see Jentsch and Roth, 1999). Acute administration of ketamine decreases 

striatal binding potential of D2-like receptor ligands in humans (Breier et al., 1998; Smith 

et al., 1998; Volenweider et al., 2000) suggesting increased striatal DA release. Like 

AMPH-treated animals, repeated NMDA-antagonist exposure leads to augmented 

locomotor responsivity to stress and d-AMPH (Jentsch et al., 1998). Furthermore, both 

acute (Miller and Abercrombie, 1996) and prolonged exposure (Balla et al., 2003) in 

rodents potentiates DA release following an AMPH challenge. Accordingly, this 

observed subcortical hyperdopaminergia could result from either underlying DA 

hyperactivity or NMDA hypoactivity (Javitt, 2003).  

In animals, repeated PCP treatment also produces cognitive impairments in 

working memory (Jentsch et al., 1997a) and response inhibition tasks (Jentsch et al, 

1997b) and causes reduced DA turnover and metabolites in regions of the PFC (Jentsch et 

al., 1997a,b). Subchronic treatment with another known non-competitive NMDA receptor 
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antagonist dizoclipine (MK-801) also produced a reduction in DA transmission in rat 

PFC (Jentsch et al., 1998). More specifically, subchronic exposure to MK-801 reduced 

DA D1-like receptor mRNA in the rat PFC (Healy and Meador-Woodruff, 1996a,b). 

Optimal prefrontal DA function and D1-like receptor stimulation are necessary for 

working memory in nonhuman primates and rodents (Arnsten et al., 1994; Sawaguchi 

and Goldman-Rakic, 1991; Williams and Goldman-Rakic, 1995; Zahrt et al., 1997). A 

hypoactivity of PFC has been implied clinically as patients with schizophrenia show 

reduced blood flow to the PFC during poor performance on cognitive tasks such as the 

Wisconsin Card Sort Task (Ingvar, 1987; Daniel et al., 1991), an effect similarly 

observed in PCP-abusing humans (Hertzman et al., 1990). Support for this comes from 

postmortem deficits in tyrosine hydroxylase immunolabeling, a marker for DA 

innervation, in the dorsolateral prefrontal cortex (DLPFC) of schizophrenic brains (Akil 

and Lewis, 1994). In animals, hypoactivity of the cortical DA system propagates 

subcortical hyperactivity (Grace 1991; Deutch 1992; Roberts et al., 1994). In a clinical 

population, increases in D1-like receptor expression in DLPFC and other prefrontal 

regions (medial prefrontal and orbito-frontal cortex) were recently demonstrated in drug 

naïve patients with schizophrenia (Abi-Dargham et al., 2002; Abi-Dargham et al., 2012). 

Furthermore, an increase in D1-like receptors in the DLPFC was associated with severity 

of working memory impairment (Abi-Dargham et al., 2002). An increase in D1-like 

receptors is postulated to be the compensatory result of reduced DA transmission (Abi-

Dargham et al., 2012). However, this hypothesis remains to be confirmed.  
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Executive functions of the PFC, including working memory are also critically 

dependent on NMDA receptors (Krystal et al., 1994; Verma and Moghaddam 1996; 

Lisman et al., 1998; Stefani and Moghaddam, 2005). In imaging studies, NMDA receptor 

antagonists produce profound cortical activation (Lahti et al., 1995; Breier et al., 1997; 

Vollenweider et al., 1997; Suzuki et al., 2002). Interestingly, following long-term 

exposure of PCP (Wang et al., 2000) and ketamine (Moghaddam et al., 1997) animals 

show increased glutamate levels, suggestive of increased levels of excitatory 

neurotransmission. In concordance with these finding in animals, drug treatments that 

target glutamatergic receptors improve the clinical state of patients with schizophrenia 

(Conn et al., 2009). In behaving animals, the activity of cortical pyramidal neurons is 

regulated by fast-spiking parvalbumin-positive GABA interneurons (Wilson et al., 1994; 

Markram et al., 2004). The NMDA receptors are thought to play a role in regulating the 

spontaneous firing of fast-spiking interneurons, wherein reducing NMDA receptor 

function preferentially reduces the firing rate of fast-spiking interneurons (Jackson et al., 

2004; Homayoun and Moghaddam, 2007), that then results in disinhibition of pyramidal 

neurons and net cortical excitation (Stahl, 2007; Lisman et al., 2008). Evidence for 

reduced prefrontal GABAergic neurotransmission is one of the most reliably reproducible 

neuroanatomical alterations in schizophrenia (Lewis et al., 2005), particularly in the 

DLPFC. For instance, a reduction in GAD67 (Akbarian et al., 1995; Volk et al., 2000; 

Gonzalez-Burgos et al., 2010) and the calcium-binding protein parvalbumin mRNA 

expression (Hashimoto et al., 2003) as well as increased expression of some subunits of 



 

17 

 

GABAA receptors (Volk et al., 2002) have been demonstrated in the DLPFC of 

individuals with schizophrenia suggesting reduced GABA function (Lewis et al., 2005). 

The re-formulation of the glutamate hypothesis has thus emerged, where hyperactive 

glutamatergic neurons in several brain regions including the PFC may underlie psychotic, 

cognitive and emotional manifestation in schizophrenia (Krystal et al., 2003; 

Moghaddam, 2003; Lodge and Grace, 2008).  

 

1.3.3 NEURODEVELOPMENTAL HYPOTHESIS: SOCIAL ISOLATION 

Beyond pharmacological insults, exposing mammals to early life adversity such 

as maternal separation or social isolation has been shown to adversely affect the 

developing brain and modify adult behavior (Harlow et al., 1965). In humans, there is 

now considerable interest in the role of environmental influences like social anxiety, 

isolation and stress in the pathway to developing schizophrenia (van Os et al., 2010).  For 

instance, the more demanding and stressful social environment associated with city living 

and immigration has been suggested to underlie reports of increased risk of psychosis and 

schizophrenia in urban-raised children (Lewis et al., 1992; Mortensen et al., 1999; 

Lederbogen et al., 2011) and in some migrants (Bhugra, 2000; Cantor-Graae and Selten, 

2005) who may be genetically or otherwise predisposed to mental illness (Krabbendam 

and van Os, 2005). 

Rearing rodents in social isolation from weaning (post-natal day [P]21) produces 

an array of consistent, long-lasting behavioral and neurochemical alterations (Heidbreger  
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et al., 2000; Lapiz et al., 2003; Fone and Porkess, 2008) that are consistent with some of 

the core symptoms of schizophrenia. Therefore, post-weaning social isolation has been 

considered a non-pharmacological, non-lesion manipulation that models schizophrenia-

like symptoms in rodents. Congruent with a developmental hypothesis of schizophrenia, 

the effects of social isolation show a critical period, where isolation between P25 and P45 

days followed by group housing reveals irreversible effects on some behaviors, i.e., a 

similar period of isolation later in the life of the rat does not produce similar effects 

(Einon and Morgan, 1977; Einon and Morgan, 1978; Wilkinson et al., 1994). Following 

chronic social isolation, hyperactive locomotor response to a novel environment has been 

described as the most consistent finding in these animals (Fone and Porkess, 2008; Ashby 

et al., 2010; Simpson et al., 2010; Fabricius et al., 2011a; Simpson et al., 2012). Socially 

isolated rats also show increased responses to the behavioral effects of DA agonists, 

including AMPH (Sahakian and Robbins, 1977; Chitkara et al., 1984; Smith et al., 1997). 

Accordingly, these behavioral responses to novelty and psychostimulants may be 

representative of a hyper-responsive DA system (Jones et al., 1992; Heidbreder et al., 

2000; Fabricius et al, 2010).  

Evidence for increased DA neurotransmission in socially isolated animals comes 

from reports where isolates show AMPH-induced hyper-locomotion associated with 

potentiated DA release in the NAc (Hall et al., 1998; Jones et al., 1990; Wilkinson et al., 

1994). Further attempts to identify both region- and DA-specific changes associated with 

social isolation have produced conflicting results, with authors reporting increases, 
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decreases or no change in basal DA levels and DA turnover in medial regions of the PFC, 

NAc and amygdala (Heidbreder et al., 2000; Dalley et al, 2002; Miura et al., 2002; 

Brenes and Fornaguera 2009; Fabricius et al., 2011b; Han et al., 2011; Wang et al., 

2012). These inconsistencies are likely due to other variables that influcence the social 

isolation paradigm including rat strain, length of isolation protocol, and experimental 

manipulation (Weiss et al., 1999; Lapiz et al., 2003; Wang et al., 2012).  More reliably, 

socially isolated rats also show deficits in PPI (Geyer et al., 1993; Wilkinson et al., 1994; 

Weiss et al., 1999), LI (Han et al., 2012), and cognition and working memory tasks 

(McLean et al., 2010; Quan et al., 2010). Reduced medial PFC volume associated with 

impaired PPI (Day-Wilson et al., 2006) as well as reduced dendritic complexity, spine 

density and elongated terminal branches suggests hypofrontality in animals reared in 

social isolation (Wang et al., 2012). Given the inconsistent DA findings, how DA 

receptor alternations might contribute is not yet clear as both increases, decreases and no-

change in D2-like receptor expression has been reported in medial PFC and NAc 

following social isolation (Jones et al., 1992; Wright et al., 2008; Han et al. 2012). While 

few studies have directly assessed the effects of social isolation on the other 

neurotransmitter systems (for review see Lapiz et al., 2003 and Fone and Porkess, 2008), 

there is evidence demonstrating a reduction in GABAergic function: studies have 

reported reduced GABA transporter-1 (GAT-1)-positive chandelier cartridges in the 

ventral prelimbic cortex (Bloomfield et al., 2008), decreased density of calcium-binding 

protein parvalbumin- and calbindin-positive cells in the hippocampus (Pascual et al., 
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2007; Harte et al., 2007) and decreased binding of a marker for GABAA receptors in the 

hippocampus and cortex (Serra et al., 2000). These changes in isolation-reared rats agree 

well with substantial indirect evidence of functional impairment of inhibitory GABAergic 

interneurons in the hippocampus seen in post-mortem schizophrenic brains (Beasley and 

Reynolds, 1997; Woo et al., 1998; Pierri et al., 1999; Hashimoto et al, 2003).  

 

1.4 SCHIZOPHRENIA, PSYCHOSIS AND MODELING EXCESSIVE DRINKING  

Behavioral measures have been used extensively for establishing the validity of 

animal models of schizophrenia. Some of these measures, like horizontal locomotion, do 

not correspond directly to symptoms of schizophrenia yet have been used for providing a 

functional measure of anti-dopaminergic activity of antipsychotics. Other behavioral 

measures, such as PPI and LI, have also been used as measures of  “aberrant” information 

processing and associative learning associated with positive symptoms in schizophrenia. 

This is partly because positive symptoms, such as hallucinations and delusions that 

characterize psychosis, can only be identified by the content of speech.  

Among psychotic patients who drink excessively, the most common explanations 

offered originate from the patients’ delusions (for review see Illowsky and Kirch, 1988). 

Polydipsia in humans is temporally associated with psychotic episodes and thus may 

itself be a positive feature of schizophrenia. Early studies by Hoskins and Sleeper (1933) 

showed significant differences in urine output volumes in patients with schizophrenia 

compared to healthy controls, a polyuria that resolved when polydipsia was controlled. 
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The specific temporal relation between polydipsia and psychosis has been repeatedly 

observed in patients who increase fluid intake concurrently during psychotic exacerbation 

followed by normalized drinking and serum sodium levels when psychosis remits 

(Raskind et al., 1975; Zubenko et al., 1984). Furthermore, episodes of self-induced water 

intoxication accompanying psychotic exacerbations of affective illness have also been 

reported to respond to treatment with antipsychotic medications (Zubenko et al., 1984; 

Vieweg et al., 1984b). Increases in polydipsia symptoms have been associated with 

decreasing antipsychotic treatment (Shen and Sata, 1983). The correlation between 

psychosis and polydipsia remains to be explained. 

 

1.5 MODELING EXCESSIVE DRINKING BEHAVIOR IN RATS 

Geyer and Markou (1994) summarized characteristics of a good disease model: 1) 

it must exhibit some symptomatic isomorphism with the idiopathic disease; 2) it must 

present with dependent measures that can be objectively quantified, and 3) it is 

reproducible and robust. Current models of excessive psychogenic drinking involve the 

use of acute treatments with the D2/D3 receptor agonist quinpirole.  In the hours 

following quinpirole administration either systemically or intra-striatally, rats are 

reported to increase spontaneous homecage drinking in a sensitization-like manor 

(increased drinking on subsequent quinpirole challenges; Fraioli et al., 1997; Amato et 

al., 2012). Furthermore, antipsychotics like haloperidol and clozapine prevent (Amato et 

al., 2008; De Carolis et al., 2010) and reverse (Amato et al., 2008) quinpirole-induced 
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polydipsia. Thus, some have suggested acute quinpirole to be a putative model of 

polydipsia associated with schizophrenia (Amato et al., 2008; Milella et al., 2010). 

Repeated quinpirole treatment, however, is not considered an animal model of 

schizophrenia because it does not produce a hyperdopaminergia that shows behavioral 

aberrations similar to schizophrenia in the baseline state of the animal (from Tenn et al., 

2003). Furthermore, the hyperdopaminergia of schizophrenia and perhaps polydipsia, is 

chronic and self-sustaining, not an acute and exogenous effect of a drug. Thus, acute drug 

challenges in normal rats may be much more akin to episodic drug use than they are to 

the condition of schizophrenia and polydipsia.  

 

1.6 SCHEDULE-INDUCED POLYDIPSIA 

A model of polydipsia that does not require contemporaneous drug administration 

is schedule-induced polydipsia (SIP). When an animal is hungry (i.e., food restricted by 

limiting its daily food intake) and is presented with 45-mg Noyes food pellets at one-

minute intervals, a curious phenomenon occurs in the presence of freely available water: 

Apparently water satiated animals will intake water amounts to sometimes one-half their 

body weight (Falk, 1961). In contrast, little or no water is consumed when it is available 

in the absence of intermittent food schedules. For instance, if animals receive all food 

pellets at once or while in their homecage, water intake remains normal (Falk, 1967; 

Hawken et al, 2011). This pattern of excessive drinking, known as SIP, has been 

repeatedly confirmed in a large number of mammalian and non-mammalian species 
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including various strains of rats (Falk, 1969; DeCarolis et al, 2003), mice (Palfai et al, 

1971), rhesus monkeys (Schuster and Woods, 1966), pigeons (Dale, 1979) and even 

humans (Kachanoff et al, 1973). In 1961, JL Falk first observed this phenomenon in 

normal rats maintained at 70 to 80 percent of their starting weight on a 1-minute variable-

interval schedule of food reinforcement. Under this schedule, rats bar-pressed for food 

pellets that were delivered randomly but averaged one per minute. Under these conditions 

Falk noted that the ‘polydipsic’ (excessive drinking) behavior developed quickly and was 

often evident by the second 3.2-hour session. The nature of SIP was later characterized to 

be food-deprivation and fixed or variable intermittent schedule dependent, in which food 

pellets are delivered at a rate no less than every 20 seconds (Falk, 1966; 1969). While 

food deliveries can be contingent upon a specific operant response (e.g., lever pressing), 

the development of SIP does not require that the food be earned (Falk, 1966).  

SIP is considered a non-regulatory behavior, neither characterized by metabolic 

abnormalities nor resulting from homeostatic mechanisms engaged during abnormal fluid 

losses (e.g., diabetes insipidus: Falk, 1971). Regulatory polydipsia can occur by shifts in 

the volume of water compartments of the body via sodium depletion or some other fluid 

loss. However, SIP fails to be characterized by these traditional physiological 

explanations. It presents as a maladaptive response, with animals drinking themselves 

into a dilutional hyponatremia bordering on water intoxication.  

Understanding how and why SIP develops begins with examination of the 

conditions necessary for it to occur. SIP and other adjunctive behaviors are controlled by 
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three parameters: a) intermittent reinforcement (food) presentation; b) level of food 

restriction; and c) available environmental stimuli.  SIP seems to be partially governed by 

the properties of the food pellet. To a hungry animal, the food pellet is considered 

reinforcing as it is associated with activating and stimulating properties (Hooks et al, 

1994). Interestingly, the relationship between polydipsic water consumption and the 

interval of food reinforcement presentation is an inverted U-shaped function of the inter-

food interval, with too short or too long an interval unable to initiate or maintain SIP 

(Falk, 1966; Flory, 1971). While a variable intermittent food schedule has been shown to 

elicit SIP, one that is truly random fails to (Lashley and Rosellini, 1980). However, 

pairing a stimulus that would predict pellet delivery within a random schedule allowed 

SIP to manifest (Lashley and Rosellini, 1980). This implies that the predictive nature of 

the schedule is a necessary element of SIP development. In a fixed-time schedule, 

temporal regularity allows for predicting reinforcements based on time alone. 

Furthermore, the magnitude of reinforcement (i.e., measured as number of food pellets) 

influences the amount of drinking established (Flory, 1971; Yoburn and Flory, 1977) but 

beyond a maximum value does not lead to further increases in polydipsic behavior. Thus, 

Falk postulated that the critical defining feature of schedule-induced polydipsia is not the 

time between the eating episodes in itself but rather the rate of consummatory behavior 

determined by interval time parameters along with the magnitude of the food 

reinforcement (Falk, 1967; Falk, 1971).  
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Appetitive reinforcement and the cues (e.g., time) associated with it strongly 

implicate a role for DA. A DA projection from the VTA to the NAc, specifically, signals 

the occurrence of novelty, food reinforcement and stimuli associated with food and other 

reinforcements (Shultz, 1998). Accordingly, DA transmission is increased in the NAc 

when animals engage in feeding behaviors (Ahn and Phillips, 1999). Voltometry studies 

measuring DA efflux in the NAc have demonstrated that NAc DA increases initially 

during consummatory behavior (on receiving food) but then on future presentations 

primarily increases beforehand, in anticipation of receiving the food. The immediate 

consequences of receiving the reward are a transient suppression of this increase 

(Richardson and Gratton, 1996). NAc DA transmission associated with consuming the 

food appears to disappear progressively as a function of the animals’ training and DA 

cells are increasingly activated by stimuli or behaviors that are associated with food 

presentation (Ljungberg et al, 1992). Thus, initially DA increases occur when food 

presentation is novel and unexpected and later during the period when it can be 

anticipated by a conditioned sensory cue.   

DA also fluctuates in this way in a non-contingent intermittent food reinforcement 

paradigm. Richardon and Gratton (2008) examined NAc DA transmission elicited by 

non-contingent food presentations under fixed-time (high predictability) and variable-

time (low predictability) schedules. When animals were naive to the experimental 

conditions, increases in NAc DA were associated with both food consumption and the 

intervals separating each food presentation. However, repeated presentations showed the 
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increased signal only prior to each food delivery. Food presentation and consumption was 

associated with a decline in DA signal, relative to the preceding increase. This biphasic 

DA signal was common to both fixed and variable interval schedules; however, DA 

levels in the variable interval showed less fluctuation and more of a general increase 

throughout the interval. DA signals associated with fixed intervals were more precise and 

distinct illustrating the role DA neurons play in interval timing (Buhusi and Meck 2005; 

Meck et al, 2008) and associative anticipatory responses based solely on temporal cues 

(Church et al, 1994).  

Given the timing and appetitive reinforcement necessary for SIP, phasic DA 

signals like those described above are likely present throughout the paradigm. The 

functional significance of this short-latency DA fluctuation, however, is not known. It has 

been postulated to represent a learning signal indicating a reward prediction error (the 

probability of not receiving a reward; Schulz, 1998), yet others have argued that the 

phasic DA signal plays a more general role in discovering new actions that generate 

reinforcement rather than computing a type of goal-directed prediction (Redgrave and 

Gurney, 2006). Whatever its function, the role of the phasic DA signal in SIP is integral 

to SIP development as disrupting it (eliminating food reinforcement or disrupting DA 

transmission with DA agonists or receptor antagonists) attenuates the development of 

polydipsia or causes an extinction-like decline in the behavior (Falk, 1971; Flores and 

Pellón, 1995; Escher et al, 2006).  
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Schedule-induced behaviors cannot be induced by non-reinforcing, non-food 

stimuli or in food-satiated animals (for review see Falk, 1971). It appears a biologically 

significant stimulus (food when an animal is restricted from eating) is a requirement for 

SIP acquisition: As animals increased in weight through reduced food restriction, 

polydipsia decreased in a linear fashion, even though schedule behavior (pressing for and 

consuming the food pellets) remained the same (Falk, 1969). Thus, eating alone is not 

sufficient for SIP induction. This is not a phenomenon unique to schedule induced 

paradigms as the ability of appetitive reinforcement to be conditioned to other stimuli 

depends directly on the deprivation state of the animal (for review see Dickinson and 

Balleine, 2002). Food restriction also increases brain self-stimulation and self-injection of 

many abused drugs (Olds, 1958; Carroll et al, 1979; 1981). The defining feature of food 

restriction is the induced shift in primary motivational state, allowing food and other 

relevant stimuli to be more activating, salient and thus reinforcing to the animal.  

The identity and function of motivation in learning and behavior has been 

speculated since the beginning of behavioral theory when ‘instincts’ and the internal 

‘drive’ generated by hunger and thirst were recognized to facilitate behavioral response.  

However, motivation remains difficult to define and difficult to measure. On 

appearances, motivation is a state of activation, energizing an animal to engage with its 

environment. A hungry animal shows increased levels of locomotor activity following the 

receipt of food (Hooks et al, 1994). Early experiments of electrical brain stimulation of 

certain loci of the hypothalamus induced behaviors recognized to require motivational 



 

28 

 

activation, including feeding, drinking, exploration, sexual behavior, and attack 

(Vaccarino et al, 1989). Via stimulation of the median forebrain bundle containing the 

dopaminergic projections, hypothalamic stimulation studies provided some of the first 

evidence to support the role of DA in the energizing aspects of motivation, reinforcement 

behavior and associative learning (Olds and Milner, 1954; Vaccarino et al, 1989). 

However, in the context of motivation, the functional significance of a DA signal is still 

largely unclear.  

What we do know is that stimulating the DA system (generating a DA signal via 

natural reinforcer, electrical current or chemical agent) is activating and reinforcing: 

animals engage in locomotion and exploratory behavior and seek stimuli that are 

reinforcing in themselves (Wise and Rompré, 1989; Blackburn et al, 1992). Appetitive 

stimulation by food and food-associated cues results in a DA signal that some have 

postulated represents “appetitive motivation” (Hooks et al, 1994; Alcaro and Panksepp, 

2011; Matsumoto and Hikosaka, 2009) supporting the notion that DA signals a 

motivational state. “Incentive motivation” was formulated as a variable that contributes to 

the energizing of behavior (Bolles, 1975; for review see Wise, 2004). Under food 

restriction, and therefore in a motivational state, DA appears to be largely involved in the 

anticipatory “incentive” or “seeking” actions of stimuli. This is modeled by increases in 

DA associated with stimuli that anticipate food, or food itself, that causes animals to 

engage in approach behaviors that ideally facilitate encountering things that are 

biologically relevant. In turn, these relevant stimuli also signal DA and continue to 
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induce exploratory, consummatory and other behaviors until motivation (activation of 

DA) wanes through satiety (Ahn and Phillips, 1999; for review see Blackburn et al, 

1992). Thus reinforcement comes after motivated behavior but also contributes to it: DA 

acts to ‘potentiate responsiveness’ by inducing a ‘priming effect’ to facilitate behaviors 

that prepare animals to respond to significant stimuli (for reviews see Blackburn et al, 

1992; Wise, 2004;). Association learning happens when stimuli (both in the wake of 

reinforcement and during an activated state) repeatedly precede a DA signal of 

reinforcement.   

The behavioural activation by DA through reinforcing stimuli has been postulated 

to be general in nature, rather than specific, promoting a state that is responsive to a broad 

spectrum of stimuli and a heightened degree of flexibility in a reflexive response 

repertoire (Blackburn et al, 1992; Alcaro and Panksepp, 2011). Stimuli do not necessarily 

elicit specific directed behavior toward reinforcement unless prior learning to 

environmental cues had occurred. Thus, stimuli available in the environment control the 

behavior (Vaccarino et al, 1989): if animals were previously trained to associate specific 

stimuli with stimuli that are reinforcing, activating the DA system will cause animals to 

immediately engage in goal-directed behaviors. However, when the DA system is 

activated in the absence of conditioning, the animal’s behavior is non-specifically 

activated and depends on available stimuli in the environment (running wheel, drinking 

spout, etc; Jacob and Farel, 1971; Wise, 2004). In this way the activating property of DA 
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caused by a significant DA signal from food stimuli and the resultant non-specific 

approach behavior to an available drinking spout are postulated to facilitate SIP.  

The SIP paradigm requires a certain, but ideal, amount and fluctuation of DA 

release to activate SIP-dependent behaviors. Fixed, short intervals for food presentation 

to a food-restricted animal appears to achieve the putatively required DA activity. SIP is 

dependent on a relatively short interval and interestingly, more DA release is also 

associated with shorter rates of reinforcement: a fixed interval of 30 seconds produces 

larger DA fluctuations than a fixed interval of 120 seconds (Cousins et al, 1999). 

Furthermore, less DA is released from food consumption when food sated, even though 

‘incentive’ (prepatory) DA release is still present in some parts of the brain (medial PFC 

but not NAc, Ahn and Phillips, 1999). Over the course of a schedule-induced session, DA 

levels have been shown to increase in the NAc, paralleling observations of increased 

drinking over repeated trials (Weissenborn et al, 1996; Moreno et al, 2012), suggesting 

increased activation of the DA system is necessary for SIP. Thus, it follow that an animal 

with a more reactive DA system would be expected to show more SIP or adjunctive 

behavior.  

 

1.7 HYPOTHESES 

In this thesis I will examine the effects of pharmacologically or 

neurodevelopmentally enhancing DA transmission on the development of SIP behavior. 

Specifically, I will use popular animal models of schizophrenia-like symptoms, including 
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AMPH sensitization and withdrawal, subchronic NMDA-receptor antagonism, social 

isolation rearing, and a ‘double-hit’ model that combines both social isolation from 

weaning and NMDA-receptor antagonism and measure the amount of water consumed 

during the SIP paradigm. My underlying hypothesis is that polydipsia (measured here by 

SIP) is born from the pathophysiology of schizophrenia and that manipulations that 

induce schizophrenia-like phenotypes will enhance SIP behavior. In the first chapter, I 

will use repeated treatment with AMPH followed by withdrawal and measure its effect 

on the development of SIP. In the second chapter, I will explore the effects of NMDA 

receptor antagonism on the SIP paradigm. In the third chapter, I will use both social 

isolation from weaning alone and with NMDA-antagonism (“double-hit”) to see if these 

insults will also augment SIP acquisition and maintence. The fourth chapter will 

summarize observations of spontaneous polydipsia following the above manipulations. 

The possibility that DA contributes to the mechanism for the development of polydipsia 

associated with schizophrenia will be presented.  
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Chapter 2 

Amphetamine sensitization increases schedule-induced polydipsia: 

Implications for polydipsia associated with schizophrenia. 

 

2.1 ABSTRACT 

Amphetamine enhances dopamine (DA) transmission and induces psychotic states 

or exacerbates psychosis in at-risk individuals. Amphetamine sensitization of the DA 

system has been proposed as a rodent model of schizophrenia-like symptoms. In humans, 

excessive non-physiologic drinking or primary polydipsia is significantly associated with 

a diagnosis of schizophrenia. In rodents, non-physiologic drinking can be induced by 

intermittent presentation of food in the presence of a drinking spout to a hungry animal; 

this phenomenon is termed, “schedule-induced polydipsia” (SIP). We injected rats with 

amphetamine (1.5 mg/kg) daily for five days. Following four weeks of withdrawal, 

animals were food restricted and exposed to the SIP paradigm (non-contingent fixed-time 

1-min food schedule) for daily two-hour sessions for 24 days. Results showed that 

previously amphetamine-injected animals drank more in the SIP paradigm and drank 

more than controls when the intermittent food presentation schedule was removed. These 

findings suggest that hyperdopaminergia associated with schizophrenia may contribute to 

the development of polydipsia in this population. Whether animals that develop SIP have 
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DA dysfunction or aberrant activity of other circuits that modulate DA activity has yet to 

be determined. 

 

2.2 INTRODUCTION 

Schizophrenia, a disease affecting approximately 1% of the global population 

(Jablensky, 1997), is characterized by subtle neurological abnormalities that result in 

disordered perception, cognition, and emotion. Schizophrenia is debilitating, often 

requiring short-term and sometimes permanent hospitalization or institutional living. Of 

psychiatric inpatients with a diagnosis of schizophrenia, up to 20% (de Leon et al., 1994) 

have been observed to also have primary polydipsia, i.e., either chronic or intermittent 

excessive drinking without homeostatic or physiologic cause. Co-morbid polydipsia can 

have clinically significant physical complications (Illowsky and Kirch, 1988) and 

continually ingesting large amounts of fluid increases mortality in this population 

(Hawken et al., 2009). 

The pathophysiology underlying polydipsia associated with schizophrenia is 

largely unknown but dopamine (DA) has been implicated. The role for DA in the 

etiology of psychosis, a clinical hallmark of schizophrenia, is primarily based on 

evidence that dopamine D2 receptors are the pharmacological target of all antipsychotic 

drug treatments (Seeman et al., 1975; Meltzer and Stahl, 1976; Seeman, 1987; Nord and 

Farde, 2011). Secondly, DA agonists (e.g., amphetamine [AMPH]) can produce 

symptoms that mimic an acute psychotic state in non-schizophrenic people and 
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exacerbate positive symptoms in individuals with schizophrenia (Angrist and Gershon, 

1970; Angrist et al., 1974; Lieberman et al., 1987; Friedman and Sienkiewicz, 1991). 

Further support for hyperactivity of subcortical DA pathways in schizophrenia comes 

from positron emission tomography studies that show greater striatal DA release 

(measured by enhanced displacement of D2 receptor ligands) in response to an acute 

AMPH challenge in drug-naïve subjects diagnosed with schizophrenia (Laruelle et al., 

1996; Laruelle, 2000; Kegeles et al., 2010). Finally, the degree of DA system response 

appears to correlate with degree of positive symptoms (Laruelle et al., 1999). 

It has been postulated that it is the hyperdopaminergia of schizophrenia that 

facilitates excessive drinking in polydipsic patients (Illowsky and Kirch, 1988; Fukunaka 

et al., 2007). The evidence comes in part from reports of an associated increase in 

polydipsic behaviors during psychotic episodes that then abate when the psychosis remits 

(for reviews see Illowsky and Kirch, 1988; Mittleman et al., 1994). Primary polydipsia 

has also been correlated with measures of increased cognitive dysfunction (Torres et al., 

2009) and greater severity of psychotic illness (Poirier et al., 2010). More direct evidence 

comes from Matsumoto et al. (2005) who demonstrated that polymorphisms in the D2 

receptor gene (DRD2) confer susceptibility to polydipsia in schizophrenia. Increases in 

levels of antipsychotic medication or adding the atypical antipsychotic clozapine (a 

‘broad-spectrum’ antagonist; Naheed and Green, 2001) may reduce symptom severity as 

well as the incidence of polydipsia (Zink et al., 2004; for review see Bersani et al., 2007). 
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Together, this suggests a similar mechanism may underlie psychosis and polydipsia 

(Raskind et al., 1975; Smith and Clark, 1980; Illowsky and Kirch, 1988). 

In rodents, drinking is in part modulated by DA neurotransmission: intermittent 

administration of DA-releasing drugs like AMPH or the D2-like receptor agonist 

quinpirole increases drinking in the hours following injection (Rowland et al., 1981; 

Fraioli et al., 1997; Cioli et al., 2000). Excessive drinking behavior in rats has also been 

examined in a schedule-induced polydipsia (SIP) paradigm, where food-restricted 

animals will drink large quantities of water when presented with intermittent food 

delivery (Falk, 1961). DA systems are also implicated in the development of this 

‘adjunctive’ behavior as animals that develop SIP show increased DA turnover (Hooks et 

al., 1994), and increased D2-like and decreased D1-like receptor binding throughout the 

nucleus accumbens, medial prefrontal cortex, amygdala and ventral tegmental areas 

(Pellón et al., 2011) suggesting that an imbalance of DA receptor activation may facilitate 

SIP behavior.  

Repeated AMPH treatment, termed “AMPH sensitization”, followed by a period 

of AMPH withdrawal produces a hyperdopaminergic state in rodents (for review see 

Robinson and Becker, 1986; Paulson and Robinson, 1995; Lodge and Grace, 2012) that 

may model some of the neurochemical and behavioral abnormalities associated with the 

psychotic aspects of schizophrenia. The effects of repeated AMPH treatments are 

reported to be chronic and self-sustaining: long after AMPH exposure, animals 

behaviorally show heightened response to AMPH, disruption of sensorimotor gating as 
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assessed by prepulse inhibition of the acoustic startle response and attentional deficits 

assessed by latent inhibition (for review see Tenn et al., 2003; Peleg-Raibstein et al., 

2008). Neurochemically, reductions in 67 kilodalton isoform of glutamic acid 

decarboxylase (GAD67), the primary enzyme for γ-aminobutyric acid (GABA) synthesis, 

in several brain regions similar to those reported in postmortem studies of the brains of 

schizophrenia patients are also found in AMPH sensitized animals (Akbarian et al., 1995; 

Peleg-Raibstein et al., 2008; for review see Yin et al., 2012). 

We have previously demonstrated that an animal model of schizophrenia-like 

symptoms involving subchronic treatment with the N-methyl-D-aspartate (NMDA) 

glutamate receptor antagonist MK-801 enhances SIP development (Hawken et al., 2011). 

Here, we test the hypothesis that an AMPH sensitization model of schizophrenia-like 

symptoms will augment SIP in rats. 

 

2.3 METHODS 

2.3.1 Subjects 

Twenty-four male Sprague Dawley rats weighing 200-225 g (Charles River, QC) 

were housed separately in clear Plexiglas cages (45 x 23 x 20 cm deep). The floors were 

lined with bedding (Beta Chip, NEPCO, Warrenburg, NY) and the cages were located in 

a climate-controlled colony room (21±1˚C; humidity 40-70%) on a reversed 12-hr 

light/dark schedule (lights off at 0700-hr). Animals initially had free access to both food 

(LabDiet rodent feed #5001, PMI Nutrition International, Brentwood, MO) and water but 
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were later food-restricted (see next section). Rats were treated in accordance with the 

guidelines of the Canadian Council on Animal Care and the Queen’s University Animal 

Care Committee approved the experimental protocol.  

2.3.2 Drug Treatment 

One week following arrival in the facility, animals were randomly assigned to 

either receive once daily intraperitoneal injections of AMPH sulfate (Sigma, Oakville, 

ON) dissolved in saline at a dose of 1.5 mg/kg or saline (1 mg/ml) for five consecutive 

days. A 28-day washout period followed the last injection. During this time, animals were 

food (but not water) restricted, i.e., they were allowed free access to food for 2-hr per 

day. Food restriction was continued for the duration of the study. 

2.3.3 Apparatus 

Four commercially built (Med Associate Inc., St. Albans, VT) operant chambers 

(30.5 x 24.1 x 21 cm) were housed inside sound-attenuating cabinets that contained an 

electric fan for ventilation that ran throughout the experiment. The boxes were made of 

polycarbonate with aluminum panels and steel grid flooring. A light was illuminated in 

the box for the duration of the session. Each reward consisted of one 45 mg dustless 

precision food pellet (Bio-serv, Frenchtown, NJ), released into the recessed dispenser tray 

(5 x 8 x 4 cm). On the opposite wall of the pellet dispenser and sitting between two 

inactive levers was a metal drinking spout containing a ball bearing. The drinking spout 

was freely available the entire session. A photo beam sensor was positioned across the 

mouth of the drinking spout to measure head entries. Inactive levers recorded lever 
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presses. The operant chambers were controlled by a computer running MED-PC IV (Med 

Associates Inc., St. Albans, VT). 

2.3.4 Behavioral Testing 

All animals completed 24 days of testing. Prior to each testing session, 22-hr 

homecage drinking (by weighing homecage water bottles) and animal weights were 

recorded. For the first two 2-hr testing sessions, all animals received pellets in a dish at 

the start of the session (Free Feed [FF]). On day three, experimental animals (AMPH: n = 

6; Saline: n = 6) were then tested: for each session, the test box automatically dispensed a 

pellet every min for a total of 120 pellets over 120 min. Control animals (AMPH: n = 6; 

Saline: n = 6) did not receive a scheduled delivery of pellets but instead had FF, 120 

pellets in a dish by the feeder in each session. On day 24, all groups received FF. Animals 

were tested in packs of 4 in daily morning and afternoon sessions. The amount of water 

consumed in each test session was recorded by measuring the before and after weights of 

the water bottles. Following testing, the animals were returned to their homecages and 

allowed free access to food for 2-hr.  

2.3.5 Statistical analysis 

All analyses were performed using SPSS version 17.0 (Chigaco, IL). Control data 

were used to determine if the SIP paradigm was successfully established. Animals were 

deemed to have developed SIP when they consumed at least 15 ml of water per 2-hr 

session for 3 consecutive days (Hawken et al., 2011). Amount of water drunk during the 

testing sessions was also compared to 22-hr homecage water consumption (percent of 

homecage drinking). Drinking more in the 2-hr session than that consumed daily is a 
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reported definition of polydipsia (Flory, 1971). Acquisition (testing days 3 to 23) and 

expression (testing days 2 and 24) were analyzed between the paradigm (experimental x 

control) and the treatment (AMPH x Saline) conditions across days using repeated 

measures analysis of variance (ANOVA). Tests of simple effects were used to examine 

significant interactions. For repeated measures ANOVA, trend analyses (contrasts) were 

performed. Neither sphericity of variance nor a significant main effect of the within-

subject variable is an assumption of running trend analysis (Glass and Hopkins, 1996). In 

this type of analysis, the within-subject variable of Day is treated like a continuous 

variable and therefore its degrees of freedom is reduced to 1. 

2.4 RESULTS 

2.4.1 SIP Acquisition 

The AMPH experimental groups that received intermittent food presentation 

drank substantially more during daily 2-hr sessions than the other groups and there was 

some evidence of a greater increase in drinking in the Saline experimental group in later 

sessions (Fig 1; 3-way ANOVA revealed a significant main effect of day, F[1,20] = 10.9, 

p = 0.004, day x paradigm interaction, F[1,20] = 4.74, p = 0.042,  treatment, F[1,20] = 

11.7, p = 0.003, paradigm, F[1,20] = 14.7, p = 0.001, and a significant treatment x 

paradigm interaction, F[1,20] = 9.08, p = 0.007). Two-way ANOVA examining the 

within-paradigm effects of treatment on daily session drinking revealed significantly 

more drinking in the AMPH group compared to the Saline controls within the  
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Figure 1 

Five injections of amphetamine (AMPH) given weeks earlier significantly increased 
drinking in the schedule-induced polydipsia (SIP) paradigm across days. Daily mean 
(±SEM) water drinking (ml) during the 2-hr testing session for AMPH and saline groups 
in experimental and control paradigms are shown. Free feeding (FF) sessions were 
identical to the control paradigm, with 120 pellets freely available in a dish for the 
duration of the testing session. All animals experienced FF sessions prior to and 
following paradigm testing. AMPH treated animals learned to drink more in the SIP 
paradigm: One-way analysis of variance (ANOVA) for FF prior to SIP training showed 
no differences between AMPH and saline groups; however, following SIP training 
AMPH-treated animals drank significantly more during FF than saline treated controls 
(F[1,11] = 7.18, p = 0.023) demonstrating conditioning. This was not true for groups in 
the control paradigm. *ANOVA revealed a significant effect of AMPH (p < 0.05). 
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experimental paradigm (main effect of day, F[1,10] = 8.47, p = 0.016 and treatment, 

F[1,10] = 14.0, p = 0.004). The AMPH control group failed to drink more than the saline 

control group (Fig 1). AMPH-treated animals in the experimental paradigm gradually 

increased drinking over days.  

Animals in the experimental paradigm increased weight over days (F[1,10] = 

83.0, p < 0.001) but weight gain across the two groups (AMPH and saline) was not 

significantly different (data not shown). Thus, increased drinking was not due to 

differences in body weight.  

In the experimental paradigm, 2 rats in the AMPH group developed SIP (3 

consecutive days consuming at least 15 ml) and 2 more nearly developed SIP (2 

consecutive days consuming at least 15 ml), compared to none of the saline-treated rats.  

At the end of the 21 days of testing, 2 of the 6 AMPH-treated rats drank more in the daily 

2-hr drinking sessions than they drank in 22-hr in their home cages. None of the rats in 

the saline group achieved this. Control animals not subjected to the 1-min schedule of 

pellet delivery did not develop SIP. That is, control animals failed to drink more than 15 

ml on 3 consecutive days and also failed on any day to drink more than their daily 22-hr 

water consumption. 

Home cage drinking increased over days for all rats (Fig. 2; F[1,20] = 40.3, p < 

0.001) and was not different between paradigms or drug conditions. When the amount of 

water consumed in each daily testing session was expressed as a percentage of home cage 

drinking (data not shown), only the AMPH treatment group in the experimental paradigm  
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Figure 2  
 
Home cage water consumption was not altered by either amphetamine (AMPH) treatment 
or intermittent food presentation. Mean (±SEM) of daily home cage water consumed (ml) 
during the 21-day testing period for AMPH and saline groups in experimental and control 
paradigms are shown. 
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Figure 3 
 

The experimental (intermittent food presentation) paradigm increased time spent at the 
drinking spout. Mean (±SEM) duration (s) at the drinking spout during the inter-pellet 
interval (1 min; measured in 5-s bins) over 21 days for amphetamine (AMPH) and saline 
experimental and control groups is shown.  
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showed an across-day pattern of drinking a larger proportion of their daily intake during 

testing sessions (3-way ANOVA showed a significant day x paradigm interaction, 

F[1,20] = 6.09, p = 0.023, and significant effects for paradigm, F[1,20] = 12.9, p = 0.002, 

treatment, F[1,20] = 8.67, p = 0.008 and a paradigm x treatment interaction, F[1,20] = 

7.30, p = 0.014). Two-way ANOVA confirmed the treatment effect was largest for the 

AMPH-treated rats in the experimental paradigm (significant main effect of day, F[1,10] 

= 5.14, p = 0.042, and treatment, F[1,10] = 9.60, p = 0.011). 

When duration of time spent at the drinking spout was averaged across the 21 test 

days into 5-s bins (Fig 3), AMPH and saline animals in the experimental paradigm  

showed the postprandial pattern of drinking characteristic of SIP. Spout time for the 

experimental groups increased after pellet delivery to a maximum in the sixth 5-s bin and 

then declined to control levels toward the end of the 60-s interval. AMPH-treated animals 

in the experimental paradigm showed the longest duration of drinking throughout most of 

the inter-pellet interval. Control animals spent a consistently low amount of time at the  

spout (Fig. 3). This is further evidence that the SIP paradigm was successfully established 

in the experimental groups. 

2.4.2 SIP Expression 

Following 21 days of SIP or control training, in a final day of testing all animals 

(regardless of paradigm) received a dish of 120 pellets (FF) during the their daily 2-hr 

session (Fig. 1). The AMPH experimental group drank more in spite of no longer 

receiving intermittent food.  A 3-way ANOVA comparing drinking under FF conditions 

averaged for the two FF days prior to training and the FF day that followed training 
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revealed a significant effect of day (F[1,20] = 61.0, p < 0.001), nearly significant day x 

paradigm interaction (F[1,20] = 4.32, p = 0.051) and a significant day x treatment x 

paradigm interaction (F[1,20] = 9.02, p = 0.007). Further analysis of the experimental 

paradigm groups by a 2-way ANOVA revealed a significant day x treatment interaction 

(F[1,10] = 5.09, p = 0.048) and a trend toward significance for treatment (F[1,10] = 4.61, 

p = 0.057) suggesting that animals that experienced intermittent food presentation learned 

to drink more independently of the food schedule. This was not true in the control 

paradigm where animals were not exposed to SIP training and did not show increased 

drinking following 21 days of FF exposure. 

 

2.5 DISCUSSION 

We examined possible excessive drinking in the context of an AMPH 

sensitization model of schizophrenia-like symptoms. Animals exposed to a 5-day 

repeated treatment regime of the DA-releasing agent AMPH drank significantly more 

weeks later in a schedule-induced polydipsia paradigm than those that received saline 

alone. Furthermore, AMPH pre-treated animals also drank more following the SIP 

paradigm in the absence of an intermittent food schedule. These findings suggest a 

hyperdopaminergic animal model of polydipsia associated with schizophrenia akin to that 

observed in the human population. 

A moderate amount of SIP was successfully established in our animals as 

demonstrated through both comparisons to home cage water consumption and control 
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groups not exposed to the intermittent food delivery schedule (Falk, 1961, 1969; Flory, 

1971). A smaller proportion of animals reached SIP criterion in this study than shown 

previously (Hawken et al., 2011). This and the slight shift of the postprandial drinking 

curve to the right (as compared to that in Hawken et al., 2011) likely reflects the drinking 

spout being located on the wall opposite to the pellet dispenser as opposed to a drinking 

spout that is adjacent to pellet delivery. This location eliminates the near ceiling effect of 

SIP, with a reported 80% of animals exposed to the intermittent food paradigm 

developing polydipsia. In humans, not all individuals with schizophrenia go on to 

develop polydipsia. The set-up reported here produces SIP rates (roughly 30%) 

comparable to the frequency of polydipsia reported in schizophrenia populations 

(approximately 20%; de Leon et al., 1994).  

Excessive drinking in the SIP paradigm happens only after repeated pairing of 

intermittent food with access to a drinking spout. SIP cannot develop in the absence of 

intermittent food delivery (Falk, 1971) and also fails to develop if water is introduced 

after animals have received a schedule of intermittent food presentation without 

concurrent water availability or a schedule that is paired with wheel-running (Williams et 

al, 1992). This illustrates an effect of experience on acquisition and suggests a component 

of this behavior is learned. We showed that following SIP training and when the 

intermittent food schedule is replaced with free access to food, AMPH-treated animals 

drank more compared to controls. Over the course of days, repeated AMPH treatments in 

the home cage cause increased drinking (Rowland et al., 1981) following acute 
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administration. The effect is most pronounced, initially, in the presence of food but over 

time food availability is no longer necessary to sustain the increased intake of water. It 

appears that eventually the animals learn to drink in excess of need. We demonstrated 

this in the SIP paradigm and postulate that over time polydipsia in humans may also 

become a learned pattern of behavior facilitated by a hyperdopaminergic state (for review 

see Murray et al., 2008). Further experiments are necessary to test if this behavior is 

sustained. 

The findings of this study markedly contradict studies that have administered 

AMPH shortly before each SIP testing session. Acute AMPH treatments given in this 

way either during or after SIP acquisition in neurologically healthy animals have by and 

large prevented or attenuated SIP behavior (Yoburn and Glusman, 1982; Didriksen and 

Christensen, 1993, for review see Mittleman et al., 1994;) with higher doses generally 

causing a more pronounced disruption (Mittleman et al., 1994). Acute treatments of 

AMPH increase DA activity via various DA releasing mechanisms that allows DA to 

accumulate in the synapse of active DA neurons (Sulzer et al., 1995; Kahlig et al., 2005; 

for review see Fleckenstein et al., 2007) initially augmenting but then occluding the 

phasic DA signal. Behaviorally, AMPH dose-dependently increases locomotor activity 

(Mittleman et al., 1994). This increase in DA is further augmented by food restriction, 

reported to produce an even greater locomotor response to AMPH (Cadoni et al., 2003). 

Furthermore, high doses of AMPH causes increased levels of stereotypic behavior 

(sniffing, licking and biting; Hooks et al., 1991). This exaggerated DA efflux into the 
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synapse generated by acute AMPH treatments and its behavioral consequences may 

abolish the opportunity for SIP to develop. 

Unlike these studies, we administered AMPH in a 5-day period prior to 

behavioral testing, followed with a period of drug withdrawal after which animals were 

tested (entirely drug-free). In a similar protocol but with higher and more frequent doses 

(5 mg/kg, twice daily for five days), Mittleman and Valenstein (1985) demonstrated that 

pre-exposing animals to a regime of repeated AMPH treatments, followed by seven days 

of withdrawal before the start of SIP testing augments SIP. Here, we used substantially 

lower doses (1.5 mg/kg once a day for five days) of AMPH and a much longer 

withdrawal period (28 days) to achieve a similar result, demonstrating the long term 

effects of low-dose exposure to repeated AMPH treatment. AMPH pre-treatment also 

increase DA activity but in a capacity different than that in acute administration. Using an 

identical AMPH dosing regime as that employed here (but with only five days of AMPH 

withdrawal), Lodge and Grace (2008) demonstrated repeated AMPH administration 

increases the population of DA neurons that are active. Thus, the phasic DA signal is 

enhanced but in a way that maintains the integrity of the signal at the synapse. These two 

treatment protocols (acute versus the repeated treatment protocol used in our study) likely 

led to the differential behavioral outcomes on SIP development.  

While the neuroanatomial and neurochemical mechanisms mediating SIP and its 

augmentation by subchronic AMPH treatment remain unknown, both studies of acute and 

subchronic AMPH regimes support the hypothesis that predisposition to non-regulatory 
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drinking is related to some property of the DA system (Mittleman and Valenstein, 1985; 

Lopez-Grancha et al., 2008). These abnormalities of DA neurotransmission may be 

secondary to a prefrontal (Deutch, 1992) or glutamate dysfunction (Weinberger, 1987; 

Grace, 1991; Olney and Farber, 1995; Lodge and Grace, 2008). The true origin of SIP 

pathophysiology remains to be elucidated. 

Repeated AMPH treatment is a model of schizophrenia-like symptoms that 

focuses on replicating the pathophysiology of schizophrenia and not its etiology (for 

review see Tenn et al., 2003). Here we demonstrate that repeated AMPH increases 

drinking behavior that may results from a hyperfunctioning of DA systems. This, along 

with the evidence that subchronic MK-801 treatment also increases SIP (Hawken et al., 

2001) further supports the idea that the pathophysiology of schizophrenia also 

participates in the development of polydipsia observed in schizophrenic populations. 

Further studies need to characterize the behavioral changes in rats treated with subchronic 

AMPH and to dissect the contribution of various brain regions, related circuitry and 

neurotransmitter systems that facilitate excessive fluid intake associated with 

schizophrenia. 
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Chapter 3 

Increased schedule-induced polydipsia in the rat following subchronic 

treatment with MK-801 
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3.1 ABSTRACT 

Primary polydipsia, defined as excessive fluid intake not explained by medical 

causes, has been reported to occur in over 20% of chronically ill psychiatric inpatients 

and is especially common in schizophrenic populations. We tested the hypothesis that in 

an animal model of schizophrenia-like symptoms (subchronic injections of MK-801, 0.5 

mg/kg twice daily for 7 days) an increase in the acquisition of schedule-induced 

polydipsia (SIP) will occur. Young adult, male rats acquired SIP when food restricted and 

placed on a non-contingent fixed-time 1-min food schedule. In comparison with saline-

treated control animals, subchronic MK-801 treatment significantly increased SIP. These 

findings suggest an animal model of polydipsia associated with schizophrenia in humans. 

 

3.2 INTRODUCTION 

Primary polydipsia, or excessive drinking beyond homeostatic need and 

seemingly without physiologic cause, has been reported in a surprisingly large subset (up 

to 20%; de Leon et al., 1994) of chronic psychiatric inpatients. The majority (approx. 

80%) of afflicted patients has a diagnosis of schizophrenia but the often observed 

polydipsia is not limited to this population (Illowsky and Kirch, 1988). Polydipsia 

generally develops in three stages, beginning with simple primary polydipsia, followed 

by water intoxication leading to physical complications secondary to persistent excessive 

fluid ingestion (de Leon et al., 1994). Depending on the extent of drinking, damage can 

range from temporary hyperdipsia and mental state changes, to water intoxication causing 
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permanent brain damage, and death (Illowsky and Kirch, 1988).  

While the pathophysiology of psychogenic polydipsia associated with 

schizophrenia remains unknown, aberrant hippocampal function has been suggested to 

mediate polydipsia behavior via impaired neuroendocrine regulation (Umbricht, 1994; 

Goldman et al., 2007a Goldman et al., 2007b; Goldman, 2009). Altered neuroendocrine 

function has been reported in individuals with polydipsia associated with schizophrenia 

(Goldman et al., 1997; Goldman et al., 2007b; Goldman et al., 2007c) and may reflect a 

hippocampal defect as this structure is known to modulate vasopressin, some 

hypothalamic-pituitary-adrenal axis responses to stress, and glucocorticoid feedback 

(Nettles et al., 2000; Herman et al., 2005; Goldman et al., 2007b).  Furthermore, anterior 

hippocampal volumes are reported to be significantly smaller in patients with polydipsia 

and hyponatremia when compared to schizophrenia patients (Luchins et al., 1997; 

Goldman et al., 2007a). The hippocampus is also a brain region frequently implicated in 

schizophrenia (Harrison, 2004) and dysfunction of neurons in this subcortical structure is 

emerging as a signature pathological feature of the illness (Goldman and Mitchell, 2004) 

with specific involvement of the anterior hippocampus (Schobel et al., 2009). Thus, it is 

plausible that the neuroendocrine dysregulation associated with polydipsia is secondary 

to the neurological pathophysiology of schizophrenia.  

Food-restricted animals that are intermittently fed small amounts develop 

polydipsia, termed schedule-induced polydipsia or SIP (Falk, 1967). SIP has been shown 

to be regulated, in part, by the hippocampus. Hippocampal lesions influence adjunctive 
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drinking intake (Devenport, 1978) suggesting that a normal animal’s development of SIP 

is a function of hippocampal tuning.  

A number of animal models of schizophrenia-like symptoms have been developed 

(for review see Flint and Shifman, 2008; Dawe et al., 2009). For example, rats treated 

twice daily for 7 days (i.e., subchronically) with the glutamate N-methyl-D-aspartate 

(NMDA) receptor antagonist MK-801 show a number of changes like those seen in 

schizophrenic patients. These include increased locomotor responses to amphetamine 

(AMPH; Beninger et al., 2009), decreased prefrontal cortical dopamine release (Jentsch 

et al., 1998) and decreased GABA interneurons in the hippocampus (Braun et al., 2007). 

Because a hypo-functionality of NMDA receptors has been hypothesized to be involved 

in the genesis of schizophrenia (Harrison and Weinberger, 2005) and the evidence stated 

above suggests a link between schizophrenia and the pathology of polydipsia the 

hypothesis, tested here, was that animals treated subchronicly with MK-801 will show 

greater polydipsia than saline-treated controls.  

 

3.3 METHODS 

3.3.1 Subjects 

Male Sprague Dawley rats weighing 200-225 g (Charles River, QC) were housed 

separately in clear Plexiglas cages (45 x 23 x 20 cm deep). The floors were lined with 

bedding (Beta Chip, NEPCO, Warrensburg, NY) and the cages were located in a climate-

controlled colony room (21 ± 1 ºC; humidity 40-70%) on a reversed 12-hr light/dark  
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schedule (lights off at 0700 hr). Animals initially had free access to both food (LabDiet 

rodent feed #5001, PMI Nutrition International, Brentwood, MO) and water but were 

later food-restricted (see below).  Rats were treated in accordance with the guidelines of 

the Canadian Council on Animal Care and the Queen’s University Animal Care 

Committee approved the behavioral protocol.      

3.3.2 Drug treatment  

Five days following arrival to the facility, rats were randomly assigned to 2 

groups: MK-801 (Sigma, Oakville ON)-injected (dissolved in saline, 0.5 mg/kg, i.p.) or 

saline injected. Injections were given twice daily (at 0900h and 2100h) for 7 days. A 4-

day washout period followed the injection cycle. During this time, rats were food (but not 

water) restricted, i.e., they were allowed free access to food for 1-hr per day. Food 

restriction continued for the duration of the study. 

3.3.3 Apparatus 

Four commercially built (Med Associates Inc., St. Albans, Vermont) operant 

chambers (30.5 X 24.1 X 21 cm) were housed inside sound-attenuating cabinets that 

contained an electric fan for ventilation that ran throughout the experiment. The boxes 

were made of polycarbonate with aluminum panels and steel grid flooring.  A house light 

remained on in the box for the duration of the session. Each reward consisted of one 45 

mg dustless precision food pellet (Bio-serv, Frenchtown, NJ), released into the recessed 

dispenser tray (5 X 8 X 4 cm).  On the same wall as the pellet dispenser, a metal drinking 

spout containing a ball bearing was available for the entire session. A photo beam sensor  
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was positioned across the mouth of the water spout inside the drinking compartment, to 

measure head entries. The operant chambers were controlled by a computer running 

MED-PC IV (Med Associates Inc., St. Albans, VT). 

3.3.4 Behavioral testing  

All animals completed 21 days of testing. Prior to each testing session, 22-hr 

home cage drinking (by weighing home cage water bottles) and animal weights were 

recorded. Experimental animals (MK-801: n = 12; saline: n = 12) were then tested: for 

each session, the test box automatically dispensed a pellet every min for a total of 120 

pellets over 120 min. Control animals (MK-801: n = 8; saline: n = 8) did not receive a 

scheduled delivery of pellets but instead had free access to 120 pellets in a dish by the 

feeder in each session. Animals were tested in packs of 4 (one in each test chamber), in 

daily morning and afternoon sessions.   Each group was counterbalanced across testing 

boxes and time of testing.  The amount of water consumed in each test session was 

recorded by measuring the before and after weights of the water bottles. Following 

testing, the animals were returned to their home cages and allowed free access to food for 

1-hr.  

3.3.5 Statistical analysis 

All analyses were performed using SPSS version 17.0 (Chicago, IL). Control data 

was used to determine if the SIP paradigm was successfully established. Animals were 

deemed to have established SIP when they consumed at least 15 ml of water per 2-hr SIP 

session for 3 consecutive days. Amount of water drunk during the testing sessions was 
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also compared to 22-hr home cage water consumption (percent of home cage drinking). 

Drinking more in the 2-hr session than that consumed daily is a reported definition of 

polydipsia (Flory, 1971). Acquisition and expression of SIP was analysed between the 

Paradigm (experimental X control) and the Treatment (MK-801 X Saline) conditions 

across Days using repeated measures analysis of variance (ANOVA). Two-way 

ANOVAs (day X treatment) and independent t-tests were used to examine significant 

interactions. When repeated measures analysis was performed, trend analysis (contrasts) 

was performed and reported in every case. Neither sphericity of variance nor a significant 

main effect of the within-subject variable are assumptions of running trend analysis 

(Glass and Hopkins, 1996). 

 

3.4 RESULTS 

Groups receiving intermittent food presentation (experimental paradigm) drank 

substantially more during daily 2-hr sessions than the control groups that received the 

same amount of food but in a dish (3-way ANOVA revealed a significant main effect of 

Day: F[1,36] = 46.1, p < .001 and significant interactions: Day x Paradigm: F[1,36] = 

43.7, p < .001 and Day x Paradigm x Treatment: F[1,36] = 5.88, p = 0.02; and a 

significant effect of Paradigm: F[1,36] = 26.4, p < .001, Fig. 4). Two-way ANOVAs 

examining the within-paradigm effects of treatment on daily session drinking revealed 

significantly more drinking in the MK-801 group compared to the saline controls within 

the experimental paradigm (main effect of Day: F[1,22] = 70.2, p < .001, Treatment:  
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Figure 4 

MK-801 significantly increased drinking in the scheduled induced polydipsia (SIP) 
paradigm across days. Daily mean (±SEM) water drinking during the 2-hr testing session 
for Saline and MK-801 groups in experimental and control paradigms are shown. MK-
801-treated animals in the experimental paradigm were not different from saline controls 
on Day 1 of testing (t[22] = 0.98, p = .34) but by Day 21 drank more water than controls 
(t[22] = 3.3, p = .004). *Anaysis of variance (ANOVA) revealed a significant effect of 
MK-801 (p < 0.05) 
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F[1,22] = 79.4, p = 0.039 and a Day x Treatment interaction, F[1,22] = 7.32, p = 0.013). 

MK-801-treated animals failed to drink more than the saline group in the control 

paradigm (Fig. 4). In contrast, MK-801-treated animals in the experimental paradigm 

consistently increased drinking over days. Weight gain across the two groups (MK-801 

and saline controls) was not significantly different and there were no differences between 

groups on Day 1 on water consumption (Fig. 4). Thus, increased drinking was due to the 

addition of MK-801 treatment in the group that received intermittent food presentation.  

In the experimental paradigm, all rats that received MK-801 developed SIP, 

compared to 41.7% of the saline-treated rats (3 consecutive days consuming at least 15 

ml). At the end of the 21 days of testing, 9 of the 12 MK-801-treated rats drank more in 

the daily 2-hr drinking sessions than they drank in 22-hr in their home cages. This was 

true for only 2 of the 12 rats in the saline group. Control animals not subjected to the 1-

min schedule of pellet delivery did not develop SIP. That is, control animals failed to 

drink more than 15 ml on 3 consecutive days and also failed on any day to drink more 

than their daily 22-hr water consumption.  

Home cage drinking was assessed for all rats (Fig. 5) and was not different 

between Paradigms or Drug conditions (all main effects and interactions of the 3-way 

ANOVA were non-significant). When the amount of water consumed in each daily 

testing session was expressed as a percentage of home cage drinking both experimental 

groups showed an across-day pattern of drinking a larger proportion of their daily intake  
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Figure 5 

Home cage water consumption was not altered by either MK-801 treatment or 
intermittant food presentation. Mean (±SEM) of daily home cage water consumed during 
the 21-day testing period for Saline and MK-801 groups in experimental and control 
paradigms are shown.  
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during testing sessions (3-way ANOVA showed a significant main effect of Day: F[1,36] 

= 43.6, p < .001, Day X Paradigm: F[1,36] = 49.3, p < .001 and Day x Paradigm x  

Treatment: F[1,36] = 5.1, p = .03; significant effects were seen for Paradigm: F[1,36] = 

68.5, p < .001; and the Treatment effect approached significance: F[1,36] = 3.9, p = 

.055). The treatment effect was larger for the MK-801-treated rats in the experimental 

paradigm (ANOVA revealed a significant interaction for Day x Treatment: F[1,22] = 6.4, 

p = .019; and a significant main effect of Treatment: F[1,22] = 5.4, p = 0.03). 

Comparisons using t-tests showed that drinking on Day 1 between the saline and MK-801 

groups of the experimental paradigm was not different. However on Day 21 the MK-801 

group drank significantly more of their daily percentage of home cage amount (t[22] = 

3.5, p = .002) 

Both MK-801 and saline groups showed the postprandial pattern of drinking 

characteristic of polydipsia, as evidenced by the total duration of time spent at the 

drinking spout (Fig. 6). Spout time for the experimental group increased immediately 

after pellet delivery, increased to a maximum in the second or third 5-s bin and then 

declined to control levels toward the middle of the 60-s interval. MK-801-treated animals 

in the experimental paradigm showed a longer duration of drinking throughout the inter-

pellet interval. Control animals spent a consistently low amount of time at the spout 

throughout the 60-s interval (Fig. 6). This is further evidence that the SIP paradigm was 

successfully established.  
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Figure 6 
 
The experimental (intermittent food presentation) paradigm increased time spent at the 
sipping tube. Mean (±SEM) duration (s) at the drinking spout during the inter-pellet 
interval (1-minute; measured in five second bins) over 21-days for Saline and MK-801 
experimental and contorl groups is shown.  
 



 

91 

 

 

 

 

3.5 DISCUSSION 

This study examines polydipsia in the context of an animal model of 

schizophrenia-like symptoms. Animals exposed to a 7-day subchronic treatment regime 

of the NMDA receptor antagonist MK-801 drank significantly more in a schedule-

induced polydipsia paradigm than those that received saline alone. These findings suggest 

an animal model of polydipsia associated with schizophrenia observed in human 

populations.  

We successfully established SIP in our animals. This was shown through both 

comparisons to home cage water consumption as well as control groups that were not 

exposed to the intermittent food delivery schedule (Segal et al., 1965; Falk, 1967, 1969; 

Flory, 1971). During 2-hr daily test sessions, many animals in the MK-801 treated group 

that received intermittent food consumed an amount of water equal to or greater than 

their daily home cage intake, that is similar to the excessive, beyond-physiological-need 

pattern of drinking reported as a feature of polydipsia seen in schizophrenia (de Leon et 

al., 1994). SIP is considered an adjunctive behavior (Falk, 1966) that is non-regulatory in 

relation to an organism’s adaption to an environment (Wallace and Singer, 1976). 

Psychogenic polydipsia in humans is a behavior shown to be ‘excessive,’ ‘persistent’ and 

‘non-regulatory’, similar to SIP. Interestingly, many (reported to be about 80%) but not 
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all, animals exposed to the SIP paradigm do go on to develop SIP (Lopez-Grancha et al., 

2008). Individual differences in SIP vulnerability are akin to polydipsia susceptibility 

seen in humans, where not all individuals with schizophrenia develop the disorder 

(reported in roughly 30%). Thus, this animal model of non-regulatory drinking may be a 

valid model for studying the non-regulatory drinking behavior observed in humans. 

SIP has been examined following acute drug treatments usually during or after 

SIP acquisition in neurologically healthy animals (Didriksen and Christensen, 1994; 

Lopez -Grancha et al., 2008).  The findings of studies with acute drug treatments may 

have resulted from different mechanisms or sites of action from those affected by 

subchronic treatments, as were used here, and will not be considered further; these 

studies are reviewed elsewhere (Mittleman et al., 1994; Flores and Pellón, 1995; Escher 

et al., 2006; López-Grancha et al., 2008); Didriksen and Christensen (1994) examined the 

effects of acute phencyclidine (PCP), also a glutamate NMDA receptor-antagonist, 

administered daily during acquisition and maintenance of SIP and found a decrease in 

SIP behavior. Although the authors termed their treatment “chronic” it differed from the 

current protocol as the PCP was given on testing days. We administered MK-801 for a 7-

day period prior to beginning testing and then tested the animals during a drug-free 

period. The different treatment protocols may have led to the contrasting outcomes.  

The neuroanatomical and neurochemical mechanisms mediating SIP and its 

exacerbation by subchronic MK-801 administration remain unknown, although, some 

evidence points to a role for the hippocampus.  Disrupted hippocampal function has been 
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associated with SIP (Davenport, 1978) and damage to GABAergic neurons in the 

hippocampus has been found in post-mortem tissue from schizophrenia patients (Knable 

et al., 2004).  One line of evidence that has supported subchronic treatment with an 

NMDA receptor blocker as an animal model of schizophrenic symptoms is the finding 

that these animals show abnormalities of GABA neurons in the hippocampus reminiscent 

of those seen in schizophrenia (Braun et al., 2007, Beninger et al., 2010).  

Hippocampal GABA has been linked to dopamine.  It has been suggested that 

dysfunction of hippocampal GABA neurons leads to dysregulation of prefrontal cortical 

neurons (Lewis, 1997; Xu et al., 2003; Lewis et al., 2004) that, in turn, leads to 

dysregulation of dopaminergic neurons (Weinberger 1995; Weinberger and Lipska, 

1995), resulting in the dopaminergic hyperfunction now well characterized in 

schizophrenia (Kahn and Davis, 1995; Harrison and Weinberger, 2005; Kirov et al., 

2005).  Subchronic NMDA receptor blockade also leads to hyperfunctioning of 

dopaminergic neurons as evidenced, for example, by increased locomotor responses to 

AMPH in these rats (Beninger et al., 2009; Ashby et al., 2010; Beninger et al., 2010) 

further validating this model of schizophrenic symptoms.  

DA has been linked to SIP.  Thus, lesions of dopaminergic neurons or blockade of 

DAreceptors disrupts the development and maintenance of SIP (Didriksen and 

Christensen, 1993; Mittleman et al., 1994; Weissenbor et al., 1996).  Treatment with the 

dopamine D2/3 receptor agonist quinpirole leads to excessive drinking (Badianai et al. 

2002; Amato et al. 2008).  Matsumoto et al. (2005) reported that polymorphisms in the 
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D2 receptor gene may predispose people with schizophrenia to develop polydipsia.  

Taken together with the present finding of significantly increased SIP in rats 

treated subchronically with MK-801, results suggest that a cascade of neuroanatomical 

event beginning with changes in GABA function in the hippocampus and leading to 

hyperfunctioning of DAsystems may participate in polydipsia observed in some 

schizophrenic patients.  Further studies are needed to further characterize the behavioral 

change in rats treated with subchronic MK-801 and to dissect the contribution of various 

brain regions and neurotransmitter systems in excessive fluid intake associated with 

schizophrenia. 
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Chapter 4 

Increased drinking following social isolation rearing: Implications for 

polydipsia associated with schizophrenia 

 

4.1 ABSTRACT 

Primary polydipsia, excessive drinking without known medical cause, is 

especially associated with a diagnosis of schizophrenia. We used animal models of 

schizophrenia-like symptoms to examine the effects on schedule-induced polydipsia: 

post-weaning social isolation rearing, subchronic MK-801 treatment (an NMDA-receptor 

antagonist) or the two combined. Male, Sprague-Dawley rats reared in groups or in 

isolation beginning at postnatal day 21 were further divided to receive subchronic MK-

801 (0.5 mg/kg twice daily) or saline for 7 days beginning on postnatal day 62. Following 

a 4-day withdrawal period, all groups were trained on a schedule-induced polydipsia 

paradigm. Under food-restriction, animals reared in isolation and receiving food pellets at 

1-min intervals developed significantly more drinking behavior than those reared with 

others. The addition of subchronic MK-801 treatment did not significantly augment the 

amount of water consumed. These findings suggest a predisposition to polydipsia is a 

schizophrenia-like behavioral effect of post-weaning social isolation. 
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4.2 INTRODUCTION 

Primary polydipsia, the clinical term for ‘excessive water drinking’, is commonly 

associated with chronic psychiatric illness, reportedly occurring in a large subset of 

hospitalized patients with schizophrenia (de Leon et al., 1994). Characterized by a 

delayed onset, polydipsia often emerges several years following the first psychotic 

episode and is correlated with measures of increased cognitive dysfunction (Torres et al., 

2009) and greater severity of psychotic illness (Poirier et al., 2010). Thus, identifying and 

managing psychogenic polydipsia in the clinical setting is important to both patient 

morbidity and mortality (Hawken et al., 2009). However, outside of restricting the 

patient’s daily fluid intake, few pharmacological treatments have shown reliable control 

of excessive water drinking in this population.  

The development of novel therapeutics is often aided by understanding the 

neuropathology of a behavior or disease, yet little is known about the neuronal 

mechanisms associated with polydipsia in schizophrenia. Converging evidence implicates 

the hippocampus. Polydipsic-normonatremic and polydipsic-hyponatremic patients with 

schizophrenia show altered neuroendocrine regulation (vasopressin, adrenocorticotropin 

and oxytocin; Umbricht, 1994; Goldman et al., 2007a, 2007b). Because the hippocampus 

plays a modulatory role in vasopressin regulation, some hypothalamic-pituitary-adrenal 

responses to stress, and glucocorticoid feedback (Nettles et al., 2000; Herman et al., 

2005; Goldman et al., 2007b), these findings may suggest a hippocampal deficit in this 

population. Reports of reduced anterior hippocampal volume (Goldman et al., 2011) in 
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patients with hyponatremia associated with polydipsia support this idea. Furthermore, 

dysfunction of hippocampal neurons is a signature pathological feature of schizophrenia 

(Goldman and Mitchell 2004; Harrison, 2004) suggesting a role for the pathology of 

schizophrenia in the development of polydipsia.  Whether or not hippocampal 

neuropathology is causative of polydipsia associated with schizophrenia has yet to be 

determined. 

Current animal models that mimic some of the symptoms associated with 

schizophrenia (e.g., affect blunting, social withdrawal, impairment of memory and 

executive function) and have potential to reveal an etiological link between polydipsia 

and schizophrenia (for review see Dawe et al., 2009).  Rats treated twice daily for 7 days 

(i.e., subchronically) with glutamate N-methyl-D-aspartate (NMDA) receptor antagonists 

(e.g., MK-801) show a number of schizophrenia-like symptoms including increased 

locomotor responses to amphetamine (AMPH; Beninger et al., 2009), decreased 

prefrontal cortical dopamine (DA) release (Jentsch and Roth, 1999) and decreased GABA 

interneurons in the hippocampus (Braun et al., 2007).  Paired with a paradigm that 

induces excessive water consumption (food-restricted rats intermittently fed small 

amounts, dubbed schedule-induced polydipsia or SIP [Falk, 1966]), subchronic MK-801 

treated animals showed increased excessive drinking behavior (Hawken et al., 2011).  

Unlike subchronic MK-801, post-weaning social isolation rearing (IR) is a non-

pharmacological animal model of schizophrenia-like symptoms. Socially isolating rats 

from weaning (postnatal day [P] 21) through to sexual maturation leads to impaired 
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sensorimotor gating, social withdrawal and impaired cognitive flexibility (Powell and 

Miyakawa, 2006). The effects of social isolation show a critical period, where isolation 

between P25 and P45 days followed by group housing reveals irreversible effects on 

some behaviors (Einon and Morgan, 1977; Einon and Morgan, 1978; Wilkinson et al., 

1994). Furthermore, social isolation during development has an effect on neurochemistry 

(Fone and Porkess, 2008), mimicking alterations seen in schizophrenia such as evidence 

for decreased GABA neurotransmission in the hippocampus and prefrontal cortex 

(Hickey et al., 2012), suggesting that IR may like-wise augment the development of 

polydipsic behavior.  

Here we hypothesized that post-weaning IR will increase drinking in a SIP 

paradigm. Additionally we investigated the effects of a combined ‘double-hit’ animal 

model (IR plus subchronic MK-801 treatment) hypothesizing that it will yield a more 

robust effect on subsequent development of SIP behavior than either insult alone. 

4.3 METHODS 

4.3.1 Subject Housing 

Male Sprague-Dawley rats were obtained at weaning (P21; Charles River, QC). 

Upon arrival, rats were randomly assigned to housing either in groups of four (group 

reared, GR) or alone (IR; Table 1), in clear Plexiglas cages (45 x 23 x 20 cm deep for IR 

rats and 47 x 37 x 20 cm deep for GR rats). The floors were lined with bedding (Beta 

Chip, NEPCO, Warrensburg, NY) and the cages were located in a climate-controlled 

colony room (21 ± 1 ºC; humidity 40-70%) on a reversed 12-hr light/dark schedule 
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Table 1. Experimental design: number of rats assigned to each group for each 
experiment. 

Housing + Treatment Experimental Paradigm 
SIP  

Control Paradigm 
Free Feed 

Experiment 1: 

 

          IR + no injection 

         GR + no injection 

 

Experiment 2: 

 

          IR + MK-801 

          IR + Saline 

          GR + MK-801 

          GR + Saline 

 

 

7 

8 

 

 

 

8 

8 

12 

12 

 

 

n/a 

n/a 

 

 

 

8 

8 

8 

8 

Abbreviations: GR, group reared; IR, isolation reared; n/a, no animals in these groups; 
SIP, schedule-induced polydipsia. 
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(lights off at 0700 hr). Animals had free access to food (labDiet rodent feed #5001, PMI 

Nutrition International, Brentwood, MO) and water. Rats were treated in accordance with 

the Canadian Council on Animal Care regulations and the behavioral protocol received 

approval from the Queen’s University Animal Care Committee 

4.3.2 Drug Treatment 

At 62 days, rats were further assigned to MK-801 injected (Sigma, Oakville ON; 

dissolved in saline, 0.5 mg/kg, i.p.), saline injected (1.0 ml/kg) or no injection groups 

(Table 1). Injected rats received twice-daily injections (at 0900 hr and 2100 hr) for seven 

days. A four-day washout followed and food restriction (1-hr ad lib per day) began and  

continued for the study duration.  

4.3.3 Apparatus 

Four commercially built (Med Associates Inc., St. Albans, VT) operant chambers 

(30.5 X 24.1 X 21 cm) were used. Specifications are identical to and summarized in 

Hawken et al. (2011).  

4.3.4 Behavioral Testing 

Animals completed two hours of daily testing for 21 days, in either schedule-

induced polydipsia (SIP; experimental) or free feed (control) paradigms (Table 1). 

Weights were recorded before testing.  

In the experimental paradigm, a pellet was automatically dispensed every min 

(120 pellets/120 min) during 2-hr sessions. In the control paradigm, 120 pellets were 

instead freely available in a dish. Over each session, groups had free access to the 
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drinking spout. Animals were tested in groups of 4 (one per chamber) counterbalanced 

across testing boxes and time of testing in daily morning and afternoon sessions.  The 

volume of water consumed per session was calculated by measuring before and after 

weights of water bottles. Following testing, animals were returned to their home cages 

and fed for 1-hr.  

4.3.5 Experimental Design 

Table 1 summarizes the experimental design. In Experiment 1, IR and GR 

animals did not receive injections before completing the experimental paradigm. In 

Experiment 2, IR and GR animals received either MK-801 subchronic treatment or saline 

and completed either experimental or control paradigms. An extra 4 rats were included in 

the GR-MK and GR-SAL to reduce possible Type II error. 

4.3.6 Statistical Analysis 

Analyses were performed using SPSS version 17.0 (Chicago, IL). Animals were 

deemed to have achieved SIP when they consumed at least 15 ml of water per 2-hr 

session for 3 consecutive days (Hawken et al., 2011).  

Experiment 1: Two-way repeated measures analysis of variance (ANOVA; 

housing x day) evaluated main effects and interactions. 

Experiment 2: Four-way repeated measures ANOVA (housing x treatment x day 

x paradigm) examined main effects and interactions. Three-way repeated measures 

ANOVAs examined significant interactions (housing x treatment x day).  A 2-way 
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repeated-measures ANOVA examined possible effects of handling for injections by 

comparing rats in the experimental treatment groups that were saline treated (GR and IR)  

to groups in experiment 1 that were GR and IR but not injected.  Chi-square tests 

examined proportions of rats achieving the SIP criterion in experimental groups.  

ANOVA was used to compare mean body weights of groups before behavioral 

testing and to further explore significant interactions in the above experiments. When 

repeated measures were analyzed, the Huynh-Felt statistic was used to evaluate within-

subject effects, although unadjusted degrees of freedom are reported. 

4.4 RESULTS 

4.4.1 Experiment 1 

Animals reared in isolation drank substantially more during daily 2-hr sessions 

across days than animals raised within a group (Fig. 7A); two-way ANOVA revealed a 

significant main effect of day (F[20,260] = 8.74, p < .001) and housing (F[1,13] = 6.32, p 

= .026) and a significant interaction of day x housing (F[20,260] = 2.76, p = 0.047). 

Furthermore, more IR animals (4/7; 57%) developed SIP compared to GR (1/8; 12.5%). 

Body weight was not different between groups at the start of SIP training (IR = 320 g ± 

15; GR = 347 g ± 16; F[1,13] = 1.40, p = 0.26). Figure 7B illustrates the postprandial 

drinking pattern in the IR animals that is characteristic of SIP.  Quantified as the total 

duration of time spent at the drinking spout, the significantly greater drinking of the IR 

animals (Fig. 7A) took place in the 15-20-s following consumption of the pellet further 

illustrating that more SIP was achieved in the IR group.  
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Figure 7  
Isolation rearing (IR) housing significantly increased drinking in the schedule induced 
polydipsia paradigm across days. Mean (±SEM) daily water drinking during the 2-hr 
testing session for IR and group reared (GR) groups in the experimental paradigm are 
shown. IR animals were not different from GR animals on Day 1 of testing (F[1,14] = 
2.8, p = 0.12) but on Day 21 drank more water than the GR group (F[1,14] = 6.2, p = 
0.04). (B) Intermittent food presentation increased time spent at the drinking spout. Mean 
(±SEM) duration (ms) spent at the drinking spout during the inter-pellet interval (1 min; 
measured in 5-s bins) for IR and GR groups. Both groups increased spout time to a 
maximum within 10-s following pellet delivery and decreased time toward the end of the 
interval. This pattern was more pronounced in the IR group suggesting increased drinking 
behavior. *Two-way analysis of variance (ANOVA), significant interaction of day x 
housing (F[20,260] = 2.76, p= 0.047). 
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4.4.2 Experiment 2 

Animals exposed to intermittent pellet presentation (experimental paradigm) 

drank increasingly more over days than those in the control paradigm (Fig. 8A); a four-

way ANOVA showed a significant main effect of day (F[20,1260] = 15.2, p < 0.001) and 

paradigm (F[1,63] = 15.3, p < 0.001), significant interactions of day x paradigm 

(F[20,1260] = 10.0, p < 0.001) and housing x paradigm (F[1,63] = 5.46, p = 0.023).  

Three-way ANOVA of the SIP paradigm indicated that the addition of subchronic 

MK-801 treatment did not induce a “doubling” of the acquisition of SIP behavior but that 

SI alone contributed to the observed increase in SIP (Fig. 8A) with significant main 

effects of day  (F[20,720] = 16.9,  p < 0.001) and housing (F[1,36] = 5.50, p = 0.025). 

Table 2 reports the proportion of animals that achieved SIP in each group (drinking more 

than 15 ml per 2-hr session on 3 consecutive days): collapsed across treatment, a chi-

square test of independence showed significantly more IR then GR animals developed 

SIP (X2[1, N = 40] = 9.70, p = 0.002). IR failed to drink more than GR animals in the 

control paradigm: 3-way ANOVA examining within-paradigm effects of treatment and 

housing on daily session drinking revealed only a main effect of day (F[20,540] = 6.6, p 

= 0.001). While control animals not subjected to the 1-min intermittent food schedule 

increased drinking over days, all failed to develop SIP.  

Figures 8B and 8C further demonstrates how developing SIP within each session 

was dependent on the SIP paradigm as well as the IR condition: mean duration of time at 
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Figure 8  
 
(A) Isolation rearing (IR) significantly increased drinking in schedule induced polydipsia 
paradigm across days. Daily mean water drinking during the 2-hr testing session for MK-
801 and Saline treated IR and group reared (GR) animals in the experimental and control 
paradigms are shown. (B) IR and (C) GR  treated groups receiving one pellet a minute 
(experimental paradigm) showed the postprandial drinking characteristic of schedule-
induced polydipsia, as evidenced by the total duration of time spent at the drinking spout. 
Note the difference in the scale on the y-axis in (B) and (C) as the GR animals greank 
less. Spout time for experimental groups increased immediately after pellet delivery, 
increased to a maximum at 15-s and then declined toward the end of the 60-s interval. 
Animals in the control paradigm did not show this pattern. IR rats showed a longer 
duration at the spout throughout the inter-pellet interval consistent with increased 
drinking behavior. *Analysis of variance (ANOVA) revealed a significant main effect for 
housing (F[1,36] = 5.50, p = 0.025) 
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Table 2. Proportion of animals that achieved schedule-induced polydipsia (drinking at 
least 15 ml per 2-hr session on 3 consecutive days) collapsed across MK-801 treatment in 
experiment 2. 

 MK-801  SALINE 

Isolation reared 6/8 (75%) 6/8 (75%) * 

Group reared 4/12 (33%) 2/12 (17%) 

*Significantly more isolation-reared animals (collapsed across treatment) achieved 
schedule-induced polydipsia than group-reared animals, Chi-square test, p<0.01 
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the drinking spout during 5-s bins of the 60-s inter-pellet interval for the IR groups (Fig. 

8B) and the GR groups (Fig. 8C) averaged over days revealed the same pattern of 

postprandial drinking as that seen in experiment 1 (Fig. 7B).  

There were no differences in mean (±SEM) body weights among rearing groups 

(IR-MK-801 = 380 ± 14 g; GR-MK-801 = 387 ± 4.5 g; IR-Sal = 383 ± 5.8 g; GR-Sal = 

395 ± 7.5 g) at the start of SIP training (housing: F[1,36] = 1.40, p = 0.24), nor were there 

any effects of injection handling (Fig. 7 and Fig. 8A; 2-way ANOVA, housing [GR x IR] 

x injection [Saline x no injection]; F[1,31] = 1.07, p = 0.31) that would confound the 

effect of IR on SIP behavior.  

 

4.5 DISCUSSISON 

This study examined polydipsia in the context of animal models of schizophrenia-

like symptoms. Animals exposed to an excessive drinking (SIP) paradigm following post-

weaning social isolation, subchronic MK-801 or the two together (‘double-hit’) revealed 

that rearing animals in isolation significantly augmented drinking behavior. Isolating 

adult animals that have been group reared does not produce significant amounts of SIP 

behavior (Hawken et al., 2011). Unlike our previous findings (Hawken et al., 2011), 

blocking NMDA receptors with subchronic MK-801 treatment alone did not significantly 

increase drinking behavior nor add or synergize with the effects of isolation rearing on 

SIP.  These findings suggest that post-weaning social isolation, a putative animal model 

of schizophrenia-like symptoms, may lead to polydipsia.  



 

113 

 

Exaggerated drinking patterns were apparent in experimental groups compared to 

control groups that were not exposed to the intermittent food delivery schedule, as 

observed by others previously (Falk, 1966; Flory, 1971). SIP, in which animals have been 

observed to drink more in a single 2-hr session than the amount they consume daily 

(Flory, 1971), is considered an adjunctive behavior (Falk, 1971) that is non-regulatory in 

nature (Wallace and Singer, 1976). In humans, primary polydipsia has been observed to 

be ‘excessive,’ ‘persistent’, ‘non-regulatory’, and ‘without physiologic cause’ (de Leon et 

al., 1994) and in this way is similar to SIP. This face-validity makes SIP potentially 

useful as a model of various neuropsychiatric disorders related to the impulsive-

compulsive spectrum disorders (van den Heave et al., 2010). Accordingly, SIP has been 

proposed as a model for obsessive-compulsive disorder (OCD; Woods et al., 1993; Platt 

et al., 2008; Moreno and Flores, 2012). Repetitive, obsessive-compulsive behaviors show 

significant co-morbidity in schizophrenia patients (Luchins et al., 1992; Byerly et al., 

2005; Cunill et al., 2009; Lysaker and Whitney, 2009) and there is growing evidence to 

suggest a complex interaction between OCD and schizophrenia-spectrum disorders 

(Cassano et al., 1998; Poyurovsky et al., 1999). Thus, the SIP paradigm studied in the 

context of a schizophrenia framework shows promise as a valid animal model of 

polydipsia observed in schizophrenia.  

The mechanisms by which social isolation exacerbates SIP behavior is unclear. 

SIP is consistently reduced by acute treatments with DA agonists or receptor antagonists 

(Mittleman et al., 1994; Flores and Pellón, 1995; Escher et al., 2006; Lopez-Grancha et 
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al., 2008). Furthermore, D2-like receptor binding was increased in the nucleus 

accumbens (NAc), medial prefrontal cortex, amygdala and ventral tegmental areas in 

animals that were high drinkers in the SIP paradigm and D1-like receptors were 

decreased in the same areas (Pellón et al., 2011). This suggests that an imbalance of DA 

receptor activation may facilitate abnormal drinking. Post-weaning social isolation aldo 

increased DA activity in the NAc in adults (Fabricius et al., 2010; for review see Fone 

and Porkess, 2008). Evidence of increased DA activity following AMPH treatment has 

also been reported in other neurodevelopmental animal models of schizophrenia-like 

symptoms that specifically disrupt hippocampal GABAergic function (e.g., 

methylazoxymethanol acetate [MAM]-treated rats) resulting in hyperactivity of some 

cortical circuits (Lodge and Grace, 2008).  

Individually, social isolation and subchronic NMDA-receptor antagonism may 

alter GABAergic neurons to produce schizophrenia phenotypes. Rodents isolated 

throughout development show reduced dendritic arborization (and thus fewer synapses; 

Alquier et al., 2008) and deficits in adulthood of both parvalbumin- (PV+) and calbindin–

positive immunoreactive GABA interneurons in the hippocampus (Harte et al., 2007; 

Lysaker and Whitney, 2009) thought to regulate glutamatergic pyramidal cell activity. 

Normal GABAergic function is critical for activity-dependent modeling of the glutamate 

system during neural development (Huang et al., 2009; Belforte et al., 2010). Hickey et 

al. (2012) found that IR increased GABA transporter 1 (GAT-1) activity in the frontal 

cortex and hippocampus and GABA(A) receptor expression only in the former. 
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Alternately, MK-801 only increased GABA(A) receptor expression in the hippocampus. 

These findings suggest suppression of GABA-mediated inhibitory synaptic transmission 

(Hickey et al., 2012). A loss of GABA interneurons specific to the hippocampus has been 

reported following MK-801 treatment (Braun et al., 2007). Like social isolation, 

pharmacologically reducing NMDA function before sexual maturation prevents normal 

development of GABA inhibitory circuits resulting in reduced parvalbumin levels and 

excessive cortical excitability (Belforte et al., 2010). The exact cause and time course of 

PV+ interneuron dysregulation and loss due to post-weaning isolation and MK-801 

treatment is unknown. 

The above findings might suggest that a ‘double-hit’ model could have more 

robust effects on behavior than either insult alone. Supporting this hypothesis, Lapiz et al. 

(2003), Simpson et al. (2010) and Hickey et al. (2012) found enhanced locomotor 

hyperactivity to a novel environment in IR animals following subchronic phencyclidine 

or and MK-801 treatment. However, our ‘double hit’ model did not yield more 

pronounced aberrant drinking behavior. Similarly, when challenged acutely with AMPH, 

Simpson et al. (2010), Ashby et al. (2010) and Hickey et al. (2012) failed to observe a 

‘double hit’ effect on locomotor activity. Taken together, these results provide little 

support for the ‘double-hit’ as a more robust model of schizophrenia-like symptoms.  

NMDA receptor-antagonist pretreatment in this study produced a small but non-

significant increase in SIP (Fig. 2A). Blunted SIP may have been due to the possible 

neuroprotective effects of group housing in the present study. Animals in the Hawken et 
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al. (2011) study were individually housed upon arrival (P46-52) and throughout the 

study; in the present study animals arrived at P21 and remained group housed.  

The development of SIP is highly variable across animals (Hooks et al., 1994; 

Lopez-Grancha et al., 2008) which may in part result from neurochemical differences 

between individuals (Pellón et al., 2011). Jones et al. (1989) reported decreased SIP in 

female rats following a social isolation protocol. Social isolation has been reported to 

induce sex-specific behavioral responses, increasing activity in female rats compared to 

males (Hong et al., 2012).  Jones et al. (1989) reported that female rats showed 

significant hyperactivity during the SIP paradigm. Increased locomotor activity in the 

operant chamber could account for the observed decrease in SIP acquisition. As primary 

polydipsia is significantly associated with being male (de Leon et al., 1994; Mercier-

Guidez and Loas, 2000), employing male rats to model the illness may be preferable.  

This study investigated the impact of two animal models of schizophrenia-like 

symptoms (isolation rearing and subchronic MK-801 pretreatment) on drinking behavior 

in a SIP paradigm. The findings that post-weaning social isolation rearing significantly 

increased SIP suggests that a putative schizophrenic-like neuropathology resulting from 

isolation rearing sets the stage for the development of disordered water drinking. The 

deficits and neuroanatomical correlates that contribute to the development of SIP, 

however, need further investigation. 
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Chapter 5 

Spontaneous polydipsia in animals treated subchronically with MK-801 

 

5.1 INTROCUTION 

While conducting studies using an animal model of schizophrenia-like symptoms 

(subchronic glutamate N-Methyl-D-aspartate [NMDA] receptor blockade) to evaluate its 

behavioral and cognitive effects, we observed that 3 of 24 experimental rats became 

polydipsic in their home cages resulting in one fatality. This discovery strengthened the 

validity of our model and may provide a means for identifying the underlying 

mechanisms and possible treatments for polydipsia in schizophrenia, the cause of which 

remains unknown.  

 Psychogenic polydipsia, or excessive water drinking beyond physiologic need and 

without known cause, is reported to occur in over 20% of chronic in-patients with 

schizophrenia (de Leon et al., 1994). Polydipsia generally develops in three phases, 

beginning with simple polydipsia and polyuria, followed by hyponatremia, and finally 

water intoxication (Illowsky and Kirch, 1988). Water intoxication has been reported to 

occur intermittently in up to 31% of those with polydipsia but this may be a conservative 

estimate (de Leon et al., 1996; Mercier-Guidez and Loas, 2000) as symptoms of water 

intoxication can be difficult to differentiate, often manifesting as a worsening of 

psychosis, vomiting, seizures, and even death (Vieweg et al., 1985). Accordingly, 



 

123 

 

polydipsia is associated with significantly increased mortality in this population (Hawken 

et al., 2009).  

 While no definitive diagnostic test for polydipisa exists, a combination of low 

serum sodium, large increases in normalized diurnal weight gain (NDWG) and 

observations of excessive drinking suggest the diagnosis. A NDWG – difference in 

weight from morning to evening – greater than 4% is associated with decreased serum 

sodium and elevated risk for developing hyponatremia (Koczapski and Millson, 1989). 

Here, we report three instances of spontaneous polydipsia in rats following subchronic 

treatment with the NMDA-receptor antagonist MK-801. Sudden death shown by 

necropsy to be secondary to polydipsia revealed that polydipsia was occurring in the 

home cage. Subsequently, animals were observed for the development of further cases.  

 

5.2 CASE REPORT  

These cases occurred in male Sprague Dawley rats obtained to evaluate 

behavioural and cognitive performance in models of schizophrenia-like symptoms. The 

first cohort (n = 32) was obtained at weaning on post-natal day (P)21 when rats were 

randomly assigned to isolation- (IR; n = 16) or group-rearing (GR; n = 16, four rats per 

cage). Free access to water and food was provided. For housing details, see Simpson et 

al. (2010). 

 Drug treatment began on P56. MK-801 (Sigma, Oakville ON) was dissolved in 

saline (0.5 mg/kg) and administered twice daily (i.p.) for 7 days to IR (n = 8) and GR (n 
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= 8) rats. Remaining IR (n = 8) and GR (n = 8) rats received saline (1.0 ml/kg). A 7-day 

washout followed.  

 Spontaneous locomotor activity was assessed in the GR-MK rats on P71 as 

described elsewhere (Simpson et al., 2010). Food restriction was initiated on P73 prior to 

operant chamber training for spatial discrimination and reversal testing. Animals received 

1-hr free access to food daily at 1300-hr. Animal weights were recorded daily at 0930-hr.  

 On P87, a GR-MK-801 rat showed an uncharacteristic weight increase of 15 g, a 

4.2% increase from the previous day; increases of 1-2 g/d were typical over the course of 

the prior week. The rat was discovered dead the next morning. Necropsy by the 

university veterinarian (ANW) revealed stomach distention with lab diet and water and 

brain hemorrhaging, the declared cause of death, consistent with hyponatremia (water 

intoxication), secondary to polydipsia. Thereafter, a second rat (IR-MK-801 group) 

showed a 30 g (6.5%) weight increase. This animal was deemed polydipsic and 

euthanized. Weight record examination revealed a prior instance of a 5.3% weight 

increase for this animal.  

 Following these events, two additional cohorts were obtained (male Sprague-

Dawley, 175-200 g). Animals were singly housed upon arrival. Drug treatment (MK-801 

[n = 8], amphetamine [AMPH; n = 8], and saline [n = 16]) began seven days later. MK-

801 was administered as above. AMPH (Sigma, Oakville ON) was dissolved in saline 

(1.5 mg/kg) and administered once daily for 5 days (i.p.). Saline rats received either the 

MK-801 or AMP injection regime. A 7-day washout preceeded Y-maze testing, during 
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which time food restriction began. Animals received 1-hr daily free food access at 1400h. 

Animal and home cage bottle weights were recorded daily at 1200h for 18 days.  

 Shortly after food restriction began, an MK-801-treated animal exhibited signs of 

intermittent excessive drinking with aberrant weight gains ranging between 20-34g 

(>10% weight gain) and evidence of polyuria (excessive wet bedding). Daily water intake 

and percent-change in bodyweight (r = 0.94, p < 0.001) were strongly correlated. No 

animal in either the AMPH- or saline-treated groups regularly exceeded a 4% daily gain 

in weight.  

 

5.3 SUMMARY 

 In all, 3/24 of MK-801-treated rats exhibited overt signs of polydipsia, an 

incidence similar to rates reported in association with schizophrenia. Evidence shows that 

subchronic MK-801 treatment increases scheduled-induced polydipsia (Hawken et al., 

2011). These findings collectively suggest that subchronic MK-801 coupled with food 

restriction may be a valid animal model of schizophrenia-associated polydipsia. 
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Chapter 6 

General Discussion 

In the results reported here, all animal models of schizophrenia-like symptoms 

showed facilitated acquisition of schedule-induced polydipsia (SIP), a paradigm of non-

regulatory drinking in the rat. Furthermore, subchronic pretreatment with MK-801 caused 

a low amount of spontaneous excessive drinking in the home cage in food-restricted 

animals, similar to the incidence of polydipisia observed in schizophrenia. This body of 

work provides further evidence that polydipsia may be a symptom of schizophrenia 

driven by the neuropathophysiology of the illness in combination with an environment 

that provides intermittent food reinforcement.  

6.1 SCHEDULE INDUCED BEHAVIORS IN HUMANS 

Schedules of reward had powerful control over behavioral induction in rats in the 

studies reported here and they similarly can induce behaviors in humans. Experimentally, 

behaviors have been successfully induced by a schedule in both non-psychiatric and 

schizophrenic inpatients (observed as a measured increase in activity between schedule-

controlled and non-schedule-controlled responses): Five of seven non-food-restricted 

inpatients with a diagnosis of schizophrenia exposed to an “operant-like” chamber and 

placed on a fixed interval schedule for money reward with access to water showed 

schedule-induced behaviors including pacing, drinking and other idiosyncratic behaviors. 
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Like those observed in rodents (Falk 1966; Falk 1969), schedule-induced behaviors were 

maximal when the fixed interval time varied between 30 and 120 seconds (Kachanoff et 

al., 1973). In a scheduled food-reward paradigm identical to that used in the studies 

reported here, eight university students received key-press contingent food reward at the 

rate of one a minute signalled by a beeper. In the presence of a food schedule and a water 

dispenser, subjects showed an increase in spontaneous movements similar to adjunctive 

behavior (Wallace et al., 1978) induced by non-consummatory schedule-controlled 

gambling (monetary rewards) or cognitive tasks (Wallace and Singer, 1976a; Clarke et 

al., 1977; Wallace et al., 1978). While a water spout was available, amount of water 

consumed was not measured. Wallace and Singer (1976b) suggested that society provides 

a variety of schedules and it is likely that some human behavior is schedule-induced, 

even if schedules are longer than the fixed interval necessary for schedule-induced 

polydipsia. When food was available once every 24 hours, animals began to respond 

about an hour in advance to receive the food (Eckerman, 1999) suggesting that they are 

sensitive to the passage of intervals that can be measured in hours and days. The data 

from this thesis suggest that a schizophrenia-like pathology may sensitize an individual to 

the activating effects of scheduled rewards. 

6.2 MECHANISMS OF SCHEDULE INDUCED BEHAVIOR 

Wayner (1974) proposed that adjunctive behaviors, including polydipsia, result 

from stimulation of the lateral hypothalamus produced by scheduled stimuli and their 

reinforcing properties that result from an animal’s deprived condition. For instance, 
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intermittent electrical stimulation of the lateral hypothalamus caused schedule-induced 

drinking that was modulated by an animal’s level of water deprivation (White et al., 

1970). Furthermore, severity of food restriction in chickens that were fed once daily was 

correlated with increased drinking and other stereotypical behaviors (Savory and Mann, 

1997). Scheduled intermittent reward has been proposed to lead to a state of general 

activation (Wallace and Singer, 1976b) where responses exhibited by the animals are in 

part dependent on the stimuli available in their environment. This is supported by the 

development of adjunctive behaviors in the absence of a drinking tube where animals will 

engage in air licking (Mendelson and Chillag, 1970), wheel running (Levitsky and 

Collier, 1968 and Falk, 1971), attacking or other behaviors (for reviews see Roper, 1978 

and Singer et al., 1982) depending on the stimuli presented to the animal.  

Adjunctive drinking can be displaced by changes to the animals’ environment: 

increases in all other behaviors occur including gnawing, locomotor and exploratory 

behavior, bar pressing, grooming and attacking the drinking tube when the drinking tube 

is empty or removed following SIP acquisition (Cook and Singer, 1976). The schedule-

induced behavior that appears may be dependent on the individual animal’s experience 

combined with genetic predisposition. If water is introduced after animals have 

experience with intermittent food presentation without concurrent water availability or a 

schedule that is paired with wheel-running, excessive drinking fails to develop (Williams 

et al., 1992). In humans, polymorphisms of the gene for D2 dopamine (DA) receptors are 

associated with the likelihood to develop polydipsia (Matsumoto et al., 2005). However, 
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a certain amount of experience may also be necessary for this behavior to develop; for 

instance, exposure to the routines of institutionalized living with available water sources 

(e.g., water fountains in hallways) may contribute to the development of polydipsia. 

6.3 AUGMENTING SCHEDULE INDUCED POLYDIPSIA 

Although a variety of adjunctive behaviors are known to occur, pharmacological 

and brain-behavior studies, including those presented in this thesis, have focused on SIP. 

Despite this attention, demonstrating the underlying neural substrates of SIP behavior has 

proved challenging for a number of reasons as discussed below.  

With few exceptions, direct manipulations of brain function through drug 

treatments, lesions, or other interventions have led to an impairment of SIP acquisition 

and expression. For example, both DA agonists and antagonists administered acutely 

attenuate SIP (Mittleman et al., 1994; Flores and Pellón, 1995; Escher et al., 2006; 

Lopez-Grancha et al., 2008). One difficulty in interpreting these data is discerning the 

effects of the manipulation on processes that produce performance deficits (for instance, 

impairment of motor function or attentional processes and other non-associative/non-

learning related behaviors) from those that are related to the acquisition of the behavior 

itself (learning). In SIP, timing is one of the non-associative variables necessary for its 

development and timing is regulated in part by DA transmission (Meck, 2006). Thus, 

timing may be easily disrupted by acute treatments that modify the DA signal, possibly 

accounting for the similar curtailing effects of DA agonists and antagonists on SIP.  
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DA agonists may also fail to enhance SIP because they activate other behaviors 

that complete with the behaviors needed for SIP development. For instance, acute low-

dose administration of amphetamine (AMPH) increases locomotion (Segal and Mandell, 

1974) and high doses increase levels of stereotypic behavior (sniffing, licking, and biting; 

Hooks et al., 1991). Perhaps it is these non-associative behavioral effects of AMPH that 

dominate and interfere with SIP behaviors resulting in decreased SIP following treatment 

with a DA agonist. This example highlights the inverted U-shape function for DA 

suggesting that the disruptive effects of DA agonists on SIP may result from too little or 

too much of the treansmitter leading to attenuating effects on DA-mediated behavior 

(Gjedde et al., 2010). AMPH is a potent DA releasing agent in the NAc (Vacca et al., 

2007) and food restriction coupled with acute AMPH significantly enhances DA release 

in the NAc (Cadoni et al., 2003). These manipulations cause a large release of phasic DA, 

possibly washing out short-latency DA fluctuations generated from other environmental 

stimuli thereby abolishing control of SIP behavior by intermittent food.  

Contrary to the observation of disruptive effects of acute treatment with DA 

agonists on SIP, the studies reported here observed an enhancement of SIP. Each model 

of schizophrenia-like symptoms used in the experiments outlined here consisted of either 

a pharmacological and/or a developmental manipulation prior to SIP training, eliminating 

the possible disruptive effects of exogenous drug treatments during SIP testing. As these 

manipulations lead to augmented DA neurotransmission (Hall et al., 1998; Jentch et al., 

1998; Grace and Lodge, 2008, 2012) it is possible that increases in SIP result from 
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increases in DA that may be smaller than those produced by DA agonists given during 

SIP testing. 

Few reports have demonstrated augmented acquisition and expression of SIP 

behavior as reported here. Adrenalectomy hastened the emergence of SIP and exogenous 

corticosterone administration tended to reverse this effect (Devenport, 1978). In intact 

rats, corticosterone inhibits SIP (Tang et al., 1984; Mittleman et al., 1988) and modulates 

electrical activity of the hippocampus (Pfaff et al., 1971). Consistent with this later 

finding, dorsal and ventral hippocampal electrolytic lesions led to rapid development of 

SIP (Devenport, 1978). However, this finding was not replicated with large electrolytic 

hippocampal lesions (Tang et al., 1984). It was suggested that hippocampal inhibition of 

SIP may be a function of ACTH-adrenocortical output that is partially modulated by the 

hippocampus (Knigge, 1961).  

Through the subiculum, the hippocampus modulates the activity of mesolimbic 

DA neurons (Floresco et al., 2001). Accordingly, electrical stimulation of ventral 

subicular neurons produces robust increases in DA efflux in the NAc (Blaha et al., 1997). 

Thus, modulating DA neurotransmission either via inputs from structures upstream to the 

hippocampus or inputs from other structures projecting to the VTA could also modify 

SIP. One region of interest is the septum. The hippocampus sends glutamatergic 

projections to the lateral septum and the medial septum sends projections that represent 

the main cholinergic and GABAergic projections to the hippocampus. The lateral septum, 

mainly comprised of GABAergic neurons, is a major point of convergence of ascending 
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and descending fibers, receiving reciprocal projections from the hippocampus, the medial 

prefrontal cortex, and the VTA. Accordingly, the lateral septum is thought to play an 

important regulatory role in coordinating drive states associated with natural rewards 

such as food and water partly via its connection to the lateral hypothalamus and its 

contribution to the regulation of DA function in the NAc (for review see Sheehan et al., 

2004). In support of this hypothesis, tetrodotoxin-induced inactivation of the lateral 

septum enhanced NAc DA release (Louilot et al., 1989).  

Lesion studies have implicated the septum in the regulation of DA but sometimes 

the contribution of the medial and lateral region is unclear. Electrolytic, and combined 

GABAergic and cholinergic lesions to median septum and associated nuclei potentiated 

locomotor activity to an unfamiliar environment and in response to AMPH in rats 

(Kelsey and Grabarek, 1999; Lecourtier et al., 2010). This suggests an increase in DA 

neurotransmission associated with septal damage. Bilateral septal lesions produced by 

temperature-controlled radio frequency also led to increased SIP behavior (Wayner and 

Greenberg, 1972). Results show that septal afferents affect DA neurotransmission and 

SIP behavior.  

Some of the effects on DA are likely achieved via projections through (and from) 

the lateral hypothalamus that go on to terminate in the VTA. There are some 

contradictory results concerning lateral septal regulation of DA and SIP. Injections of 

AMPH into the lateral septum enhance NAc DA release (Louilot et al., 1989). On the 

other hand, damaging the DA innervation of the lateral septum with the selective 
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neurotoxin 6-hydroxyDA augmented SIP (Taghzouti et al., 1985). Reconciliation of these 

results may come with a better understanding of the eleotrophysiological actions of DA 

on lateral septal neurons. Thus it is possible that it is the lateral septum GABAergic 

projections that are disrupted by NMDA-induced excitotoxic lesions of the lateral 

hypothalamus as this manipulation also shows enhanced acquisition of SIP (Winn et al., 

1992). Therefore, like the hippocampus, the septal region is suggested to act upstream to 

the VTA via GABAergic inhibition and through its dysregulation may contribute to the 

hyperactive DA system postulated in schizophrenia symptoms including SIP (Floresco et 

al., 2003). 

While data suggest that increased DA neurotransmission in NAc may regulate SIP 

behavior, the nature of this increase is unclear. During SIP development DA 

neurotransmission is increased and is associated with increased DA turnover (Hooks et 

al., 1994) and increased D2-like/decreased D1-like receptor binding throughout the NAc, 

medial prefrontal cortex, amygdala and VTA (Pellón et al., 2011). This suggests that an 

imbalance of dopaminergic receptor activation may facilitate SIP behavior. However, 

such an imbalance may be the result of the behavior, demonstrating the neurological 

adaptations of a circuitry exposed to routinely high levels of DA (for review see Seger, 

2010).  

Experiments to behaviorally predict those animals that will develop SIP are 

limited. Animals shown to self-administer AMPH also go on to develop SIP (Piazza et 

al., 1993). Furthermore, animals that were considered “highly responsive” to novelty, 
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showing increased locomotion, also showed increased SIP development over rats that 

were overall less responsive (Hooks et al., 1994). Mittleman and Valenstein (1984) 

demonstrated that animals that ate or drank in response to electrical stimulation of the 

lateral hypothalamus, also tended to display SIP. Furthermore, those that displayed SIP 

but were unresponsive to electrical stimulation of the lateral hypothalamus, when 

retested, became responsive, engaging in ingestive behavior. The authors noted this 

change seemed permanent, induced by SIP through a common unidentified mechanism. 

Such changes possibly induced by SIP further complicate the search for a mechanism. 

 

6.4 POLYDIPSIA ASSOCIATED WITH SCHIZOPHRENIA 

Behavioral and neurochemical evidence suggests that all of the manipulations 

employed in the experiments here to model schizophrenia-like symptoms also appear to 

commonly cause subtle but significant adjustments to the DA system. Unlike acutely 

administered AMPH, repeated, subchronic regimes like the one used here are reported to 

permanently modify dopaminergic activity in the VTA-NAc loop, resulting in increased 

activity in DA pathways that may facilitate DA transmission caused by reinforcing 

stimuli (Lodge and Grace, 2012). Subchronic administration of MK-801 like that used 

here is also thought to result in increased DA neurotransmission in the rat VTA-NAc 

(Beninger et al., 2009; for review see Svensson 2000), with some evidence of enhanced 

glutamatergic neurotransmission from the PFC (for review see Sendt et al., 2012). 

Postweaning social isolation used here also led to increased SIP that may have been 
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mediated by similar neurochemical mechanisms. Thus, cortical parvalbumin-positive 

GABA interneurons affected by chronic exposure to NMDA receptor antagonists are 

similarly affected by isolation rearing (Powell et al., 2012); the loss of GABAergic 

transmission is theorized to produce increased DA neuron population activity and phasic 

bursting of DA neurons (Floresco et al., 2003; Lodge and Grace, 2006). Collectively, the 

enhanced polydipsia observed in my experiments may reflect changes to ‘tonic’ DA 

levels in the VTA that then modulate phasic DA bursting activity (Grace, 1991). While 

phasic bursting of DA is important for SIP development, the motivational state of the 

animal that influences phasic bursting is perhaps equally fundamental. Motivational drive 

may be provided by the “tonic” DA transmission (Grace, 1991). Tonic DA is integral to 

activity of DA neurons and is suggested to regulate the number of neurons (population) 

active at any given time. Tonic levels have been shown to “track” shifts in motivation 

(Ostlund et al, 2011). Thus, changes in tonic DA regulated by various neuronal inputs 

(e.g., glutamatergic, GABAergic) arising from parts of the cortex and brainstem that relay 

homeostatic and cognitive information, may be involved in dictating the responsivity of 

DA neurons (Lodge and Grace, 2011). Because SIP is driven by subtle changes to DA 

responsivity, propensity to develop SIP could reflect natural tonic DA levels. This 

conjecture requires validation by further elucidating the role of tonic DA in the control of 

behavior. 

While the finidings of this thesis suggest the involvement of DA in the 

development of exaggerated SIP and polydipsia associated with schizophrenia, 
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unfortunatly, the primary limitation of the studies presented here is that they neither 

identify a clear mechanism of polydipsia associated with schizophrenia nor one of SIP 

itself. Models using specific techniques like neonatal lesioning of the hippocampus, for 

instance, or optogenetics that enable activation of isolated pathways, may more clearly 

demonstrate a role for certain brain regions and circuits in SIP. This thesis also is unable 

to clearly identify potential treatment options for polydipsia associated with 

schizophrenia. Futher studies could use the models of polydipsia associated with 

schizophrenia presented here to evaluate the potetial of new drug or behavioral therapies 

for reduing excessive drinking behavior. Therapies that prevent or reduce both SIP and 

the incidence of spontaneous homecage drinking may prove to be more effective in the 

patient population than those that are only shown to be effective in SIP alone. 

 

6.5 CONCLUSIONS 

In summary, the propensity to engage in polydipsic behavior in human and 

animals appears to reflect the reactivity of the DA system (i.e., tonic DA levels), where 

the integrity of the short-latency phasic bursting signal is maintained. Thus in 

schizophrenia and particularly during psychotic episodes thought to be associated with 

augmented DA transmission, individuals would show more activation of the DA system 

when presented with reinforcing stimuli, like food, that would in turn result in 

generalized behavioral activation and possibly drinking behavior, if the appropriate 

stimuli (access to water) were available. In an institutionalized setting, meals and other 
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events occur daily at predictable times, an environment that is optimal for producing 

schedule-induced behaviors. Incidentally, polydipsia is also a common phenomenon in 

animals kept in captivity; for instance, stabling is the most common risk factor for 

psychogenic polydipsia in horses (Knottenbelt, 2000). In institutionalized animals, this 

behavior is often associated with apparent boredom and enrichment serves to reduce the 

amount of polydipsic and associated behaviors (Knottenbelt, 2000; Reinhardt, 2004). 

However, polydipsia is resilient and once developed resists behavioral modification. As 

suggested here, while drinking may initially be schedule-contingent, later it could 

become independent of intermittent reinforcement. Thus, ideally preventing the 

development of polydipsia during hospitalizations and at times when people are most 

vulnerable (i.e., during psychosis) may be a more effective measure than treating it once 

it has become well established. Further research is needed in clinical populations to 

elucidate the specific roles of DA and schedules of reinforcement in the development of 

polydipsia associated with schizophrenia.  

         The End. 
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