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Abstract
Rationale Amphetamine enhances dopamine (DA) transmis-
sion and induces psychotic states or exacerbates psychosis in
at-risk individuals. Amphetamine sensitization of the DA sys-
tem has been proposed as a rodentmodel of schizophrenia-like
symptoms. In humans, excessive nonphysiologic drinking or
primary polydipsia is significantly associated with a diagnosis
of schizophrenia. In rodents, nonphysiologic 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).
Objective This study aims to determine the effects of amphet-
amine sensitization on SIP.
Methods We injected rats with amphetamine (1.5 mg/kg)
daily for 5 days. Following 4 weeks of withdrawal, animals
were food restricted and exposed to the SIP protocol (noncon-
tingent fixed-time 1-min food schedule) for daily 2-h sessions
for 24 days.
Results Results showed that previously amphetamine-
injected animals drank more in the SIP protocol and drank
more than controls when the intermittent food presentation
schedule was removed.

Conclusions These findings suggest that hyperdopaminergia
associated with schizophrenia may contribute to the develop-
ment of polydipsia in this population. Whether animals that
develop SIP have DA dysfunction or aberrant activity of other
circuits that modulate DA activity has yet to be clearly
defined.
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Introduction

Schizophrenia, a disease affecting approximately 1 % of the
global population (Jablensky 1997), is characterized by subtle
neurological abnormalities that result in disordered percep-
tion, cognition, and emotion. Schizophrenia is debilitating,
often requiring short term and sometimes permanent hospital-
ization or institutional living. Of psychiatric inpatients and
outpatients with a diagnosis of schizophrenia, up to 20 %
(de Leon et al. 1994; Iftene et al. 2013) have been observed
to also have primary polydipsia, i.e., either chronic or inter-
mittent excessive drinking without homeostatic or physiologic
cause. Comorbid polydipsia can have clinically significant
physical complications (Illowsky and Kirch 1988) and con-
tinually 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 phar-
macological target of all antipsychotic drug treatments
(Seeman et al. 1975; Meltzer and Stahl 1976; Seeman 1987;
Nord and Farde 2011). Secondly, DA direct and indirect
agonists (e.g., amphetamine [AMPH]) can produce symptoms
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that mimic an acute psychotic state in nonschizophrenic peo-
ple and exacerbate positive symptoms in individuals with
schizophrenia (Angrist and Gershon 1970; Angrist et al.
1974; Lieberman et al. 1987; Friedman and Sienkiewicz
1991). Recent evidence for a relationship between observed
hyperactivity of subcortical DA pathways and schizophrenia
comes from human imaging studies (Laruelle et al. 1996,
1999; Laruelle 2000; Abi-Dargham et al. 2009; Kegeles
et al. 2010). It has been postulated that it is this
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 dur-
ing psychotic episodes that then abate when the psychosis
remits (for reviews, see Illowsky and Kirch 1988; Mittleman
et al. 1994). More direct evidence comes from Matsumoto
et al. (2005) who demonstrated that polymorphisms in the D2
receptor gene confer susceptibility to polydipsia in schizo-
phrenia. Increases in levels of antipsychotic medication or
adding the atypical antipsychotic clozapine (a “broad-spec-
trum” antagonist; Naheed and Green 2001) may reduce symp-
tom severity as well as the incidence of polydipsia (Zink et al.
2004; for review, see Bersani et al. 2007). 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 neuro-
transmission: 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). Animals
pretreated subchronically with N -methyl-D-aspartate gluta-
mate receptor antagonist MK-801 have also been reported to
show spontaneous polydipsia (Hawken et al. 2013a).
Excessive drinking behavior in rats has also been examined
in a schedule-induced polydipsia (SIP) protocol, where food-
restricted animals will drink large quantities of water when
presented with intermittent food delivery (Falk 1961).
Integrity of the DA systems is implicated in the development
of this “adjunctive” behavior (Robbins and Koob 1980;
Wallace et al. 1983; Weissenborn et al. 1996); both D1- and
D2-like receptor agonists and antagonists disrupt the acquisi-
tion of SIP (Todd et al. 1992; for review, see Mittleman et al.
1994). Furthermore, 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 imbal-
ance of DA receptor activation may facilitate SIP behavior.

Repeated AMPH treatment, termed “AMPH sensitization”,
followed by a period of AMPHwithdrawal produces a chronic
and self-sustaining 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 (Akbarian et al.
1995; Peleg-Raibstein et al. 2008; for reviews, see Tenn et al.
2003; Yin et al. 2012). Here, we tested the hypothesis that an
AMPH sensitization model of schizophrenia-like symptoms
augments SIP in rats. We found (like Mittleman and
Vallenstein 1985) following AMPH sensitization SIP behav-
ior increased. Additionally, we demonstrated that SIP behav-
ior may, in part, be a learned phenomenon.

Methods

Subjects

Twenty-four male Sprague–Dawley rats weighing 200–225 g
(Charles River, QC, Canada) were housed separately in clear
Plexiglas cages (45×23×20 cm deep). The floors were lined
with bedding (Beta Chip, NEPCO, Warrenburg, NY, USA)
and the cages were located in a climate-controlled colony
room (21±1 °C; humidity, 40–70 %) on a reversed 12-h
light/dark schedule (lights off at 0700 hours). Animals initially
had free access to both food (LabDiet rodent feed #5001,PMI
Nutrition International, Brentwood, MO, USA) and water but
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.

Drug treatment

One week following arrival in the facility, animals were ran-
domly assigned to either receive once daily intraperitoneal
injections of D-amphetamine sulfate (Sigma, Oakville, ON,
Canada) dissolved in saline at a dose of 1.5 mg/kg or saline
(1 ml/kg) 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 h per day. Food restriction was continued
for the duration of the study.

Apparatus

Four commercially built (Med Associate Inc., St. Albans, VT,
USA) experimental chambers (30.5×24.1×21 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,
USA), released into the recessed dispenser tray (5×8×4 cm).
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On the opposite wall of the pellet dispenser and sitting be-
tween two inactive levers was a metal drinking spout contain-
ing 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 presses. The experimental chambers
were controlled by a computer running MED-PC IV (Med
Associates Inc.).

Behavioral testing

All animals completed 24 days of testing. Prior to each
testing session, 22-h home-cage drinking (by weighing
home-cage water bottles) and animal weights were record-
ed. For the first two 2-h testing sessions, all animals re-
ceived 120 pellets freely available in a dish at the start of
the session (free feed [FF]). On day 3, experimental ani-
mals (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. On day 24, all
groups again received FF. Animals were tested in squads
of four in daily morning and afternoon sessions. The
amount of water consumed in each test session was record-
ed 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 2 h.

Statistical analysis

All analyses were performed using SPSS version 17.0
(Chicago, IL, USA). Control data were used to determine
if the SIP protocol was successfully established. Animals
were deemed to have developed SIP when they consumed
at least 15 ml of water per 2-h session for three consecutive
days (Hawken et al. 2011). Amount of water drunk during
the testing sessions was also compared to 22-h home-cage
water consumption (percent of home-cage drinking).
Drinking more in the 2-h session than that consumed daily
is a reported definition of polydipsia (Flory 1971).
Acquisition (testing days, 3–23) and expression (testing
days, 2 and 24) were analyzed between the protocol
(experimental × control) and the treatment (AMPH × sa-
line) conditions across days using repeated measures anal-
ysis of variance (ANOVA). Tests of simple effects were
used to examine significant interactions. For repeated mea-
sures 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).

Results

SIP acquisition

The AMPH experimental groups that received intermittent
food presentation drank substantially more during daily 2-h
sessions than the other groups; there was some evidence of a
greater increase in drinking in the saline experimental group in
later sessions (Fig. 1; three-way ANOVA revealed a signifi-
cant main effect of day (F [1, 20]=10.9, p =0.004), day ×
protocol interaction (F [1, 20]=4.74, p =0.042), treatment
(F [1, 20]=11.7, p =0.003), protocol (F [1, 20]=14.7,
p =0.001), and a significant treatment x protocol interaction
(F [1, 20]=9.08, p =0.007)). Two-way ANOVA examining
the within-protocol effects of treatment on daily session drink-
ing revealed significantly more drinking in the AMPH group
compared to the saline controls within the experimental pro-
tocol (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 protocol
gradually increased drinking over the days.

Animals in the experimental protocol increased weight
over the days (F [1, 10]=83.0, p <0.001), but weight gain
across the two groups (AMPH and saline) was not significant-
ly different (data not shown). Thus, increased drinking was
not due to differences in body weight.

In the experimental protocol, two rats in the AMPH group
developed SIP (three consecutive days consuming at least
15 ml) and two more nearly developed SIP (two consecutive
days consuming at least 15 ml), compared to none of the
saline-treated rats. At the end of the 21 days of testing, two
of the six AMPH-treated rats drank more in the daily 2-h
drinking sessions than they drank in 22-h 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 three consecutive days and also failed on
any day to drinkmore than their daily 22-h 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 be-
tween protocols 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 protocol
showed an across-day pattern of drinking a larger proportion
of their daily intake during testing sessions (three-way
ANOVA showed a significant day × protocol interaction
(F [1, 20]=6.09, p =0.023) and significant effects for protocol
(F [1, 20]=12.9, p =0.002), treatment (F [1, 20]=8.67,
p =0.008), and a protocol × 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
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protocol (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 protocol
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 protocol showed
the longest duration of drinking throughout most of the

interpellet interval. Control animals spent a consistently low
amount of time at the spout (Fig. 3). This is further evidence
that the SIP protocol was successfully established in the
experimental groups.

SIP expression

Following 21 days of SIP or control training, in a final day of
testing all animals (regardless of protocol) received a dish of
120 pellets (FF) during the their daily 2-h session (Fig. 1). The
AMPH experimental group drank more in spite of no longer

Fig. 1 Five injections of
amphetamine (AMPH) given
weeks earlier significantly
increased drinking in the
schedule-induced polydipsia
protocol across days. Daily
mean (±SEM) water drinking
(in milliliter) during the 2-h
testing session for AMPH and
saline groups in experimental
and control protocols are shown.
Free feeding (FF) sessions
demonstrated AMPH-treated
animals learned to drink more
in the SIP protocol. *ANOVA
revealed a significant effect of
AMPH (p <0.05)

Fig. 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
(in milliliter) during the 21-day
testing period for AMPH and
saline groups in experimental and
control protocols are shown
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receiving intermittent food. A three-way ANOVA comparing
drinking under FF conditions averaged for the two FF days
prior to training and the FF day that followed training revealed
a significant effect of day (F [1, 20]=61.0, p <0.001), nearly
significant day × protocol interaction (F [1, 20]=4.32,
p =0.051), and a significant day × treatment × protocol inter-
action (F [1, 20]=9.02, p =0.007). Further analysis of the
experimental protocol groups by a two-way ANOVA revealed
a significant day × 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. One-
way ANOVA for FF prior to SIP training showed no
differences between AMPH and saline groups; however,
following SIP training AMPH-treated animals drank sig-
nificantly more during FF than saline-treated controls
(F [1, 11]=7.18, p =0.023) demonstrating conditioning.
This was not true in the control protocol where animals
were not exposed to SIP training and did not show
increased drinking following 21 days of FF exposure.

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 regimen of the
DA-releasing agent AMPH drank significantly more weeks
later in a schedule-induced polydipsia protocol than those that
received saline alone. Furthermore, AMPH pretreated animals
also drankmore following the SIP protocol 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 cagewater consumption and control groups not exposed
to the intermittent food delivery schedule (Falk 1961, 1969;
Flory 1971). In humans, not all individuals with schizophrenia
go on to develop polydipsia. The setup reported here produces
SIP rates (roughly 30 %) comparable to the frequency of
polydipsia reported in schizophrenia populations (approxi-
mately 20 %; de Leon et al. 1994).

Excessive drinking in the SIP protocol 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 intermit-
tent food presentation without concurrent water availability or
a schedule that is paired with wheel running (Williams et al.
1992). Over the course of days, repeated acute AMPH treat-
ments in the home cage cause increased drinking (Rowland
et al. 1981) 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 protocol 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). For instance, in susceptible patients
(i.e., acutely psychotic) schedules of institutional living
may trigger unregulated drinking behavior that over time,
becomes habitual, free of the routine that elicited the
behavior in the first place. In SIP, further experiments
are necessary to test if this learned behavior is sustained.

Fig. 3 The experimental
(intermittent food presentation)
protocol 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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The findings of this study markedly contradict studies that
have administered AMPH shortly before each SIP testing
session (either during or after SIP acquisition): in neurologi-
cally healthy animals, such treatments have by and large
prevented or attenuated SIP behavior (Yoburn and Glusman
1982; for review, see Mittleman et al. 1994; Didriksen and
Christensen 1993). 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. This exaggerated DA efflux (enhanced further by
food restriction) into the synapse and its behavioral conse-
quences (increased locomotion and other stereotypic behav-
ior) may abolish the opportunity for SIP to develop (Hooks
et al. 1991; Mittleman et al. 1994; Cadoni et al. 2003).

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 5 days), Mittleman
and Valenstein (1985) demonstrated that pre-exposing ani-
mals to a regimen of repeated AMPH treatments, followed
by 7 days of withdrawal before the start of SIP testing aug-
ments SIP. Here, we used substantially lower doses (1.5 mg/
kg once a day for 5 days) [Lodge and Grace 2008] of AMPH
and a much longer withdrawal period (28 days) to achieve a
similar result, demonstrating the sustained long-term effects of
low-dose exposure to repeated AMPH treatment. AMPH pre-
treatment also increases DA activity but in a capacity different
than that in acute administration by increasing the population
of DA neurons that are active (Lodge and Grace 2008). 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 sub-
chronic AMPH regimens suggest the hypothesis that predis-
position to nonregulatory drinking may be related to some
property of the DA system (Mittleman and Valenstein 1985;
López-Grancha et al. 2008). These abnormalities of DA neu-
rotransmission may be secondary to a prefrontal (Deutch
1992) or glutamate dysfunction (Weinberger 1987; Grace
1991; Olney and Farber 1995; Lodge and Grace 2008).
Furthermore, the effect of amphetamine sensitization on other
monoamines, i.e., serotonin and noradrenaline, as a promoter
of SIP cannot be ruled out as repeated treatment of AMPH has
been reported to increase reactivity of noradrenergic and se-
rotonergic neurons (Tassin 2008) and both serotonin and
noradrenaline in turn have been implicated in SIP behavior

(Lu et al. 1992; Tung et al. 2008). How these systems contrib-
ute to SIP pathophysiology, however, remains to be elucidated.

Conclusion

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 result from a hyperfunctioning of
DA systems. This, along with the evidence that subchronic
MK-801 treatment and social isolation also increase SIP and
other polydipsias in rats (Hawken et al. 2011, a, b) further
supports the idea that the pathophysiology of schizophrenia
also participates in the development of polydipsia observed in
schizophrenic populations. Future 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 exces-
sive fluid intake associated with schizophrenia.
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