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Key concepts

¢ Protein malnutrition during development results in behavioral, structural and neurochemical
changes in adulthood that mimic many of the characteristics of psychiatric diseases,
including schizophrenia.

e Animal models have been used extensively to study the effects of protein malnutrition during
development.

e Animal models have been, and will continue to be, a valuable tool for elucidating the
environmental, genetic and epigenetic consequences of protein malnutrition and its role in

the development of schizophrenia and other psychiatric disorders.



Exposure to a variety of environmental challenges in utero has been shown to elevate risk for
schizophrenia and other psychiatric disorders (for reviews see Weiss, 2001; Meyer & Feldon,
2009). In particular, retrospective studies in human populations support a link between prenatal
exposure to nutritional deficiency and an increased risk for development of schizophrenia
(Brown & Susser, 2008; St Clair et al., 2005; Susser et al., 1996; Susser & Lin, 1992; Xu et al.,
2009). A large natural experiment on prenatal nutrition in humans occurred at the end of World
War II. A Nazi-imposed blockade that affected the six largest cities in the Netherlands resulted in
a famine called the “Dutch hunger winter.” During the height of the famine, daily food rations
for all residents were limited to 1,000 calories and, eventually, 500 calories. Retrospective
studies identified neuropsychiatric and other disorders in the offspring of women exposed to the
Dutch famine during gestation. Adults conceived during the famine have an increased risk for
schizophrenia (Brown & Susser, 2008; Hoek, Brown, & Susser, 1998) and major affective
disorder (Brown et al., 1995; Brown et al., 2000). Similar studies of offspring that were in utero
during the Chinese famine of 1959-1961 confirmed an increased prevalence of schizophrenia (St
Clair et al., 2005; Xu et al., 2009).

It is impossible to use human subjects to identify the causative nutrient(s) or to establish a
mechanism for the role of prenatal nutrition on schizophrenia or other psychiatric disorders due
to the obvious practical and ethical challenges. Animal models provide an alternative means to
study the role of gestational environment, and particularly malnutrition, on brain development

and adult behavior.



Neurodevelopmental Hypothesis of Schizophrenia

Schizophrenia is a neurodevelopmental disorder with a complex etiology resulting from both
genetic and environmental factors. Evidence suggests that environmental insults acting on
individuals with an existing genetic predisposition can cause developmental alterations that are
present long before the onset of psychotic symptoms. Research has identified at least two
windows of developmental vulnerability: the pre- or perinatal period and early adolescence.
Animal models offer the advantage of manipulating the environment at multiple time points
during development and measuring outcomes across the lifespan. Because schizophrenia
symptoms normally appear in late adolescence or early adulthood, brain and behavioral
abnormalities that are observed only in adult and not young animals may provide particularly
attractive models for further study.

A number of early environment insults that are linked to increased risk for schizophrenia in
humans have also been modeled in animals. Among the most replicated include maternal
infection, maternal stress, obstetric complications and maternal dietary malnutrition (both
Vitamin D and protein deprivation). Other chapters in this volume focus on maternal immune
activation, stress and Vitamin D deficiency. The present chapter provides a detailed review of
protein malnutrition in animal models and discusses the behavioral, neurochemical and
neurophysiologic effects in relation to schizophrenia.

Animal models of nutritional deficiency result in a number of phenotypic outcomes,
including metabolic, cardiovascular and mental disorders, among others (for a review see
Armitage et al., 2004). Dietary manipulations in animals can be limited to a particular time
during development, in adulthood or across the lifespan. A review of all of these models would

be beyond the scope of a single chapter. Instead, we limit our discussion to protein malnutrition



that occurs prenatally and peri- or postnatally. Maternal protein deprivation is defined as a
dietary manipulation in females that begins prior to breeding and can end at any time during
pregnancy or extend through gestation and weaning into adulthood. Peri- or postnatal protein
deprivation is defined as dietary manipulations that begin mid-gestation or immediately at birth
and can last throughout weaning and/or into adulthood. Development in rodents lags behind
human development and many relevant developmental processes that occur in utero in humans
occur in the postnatal period in rodents (Clancy, Darlington, & Finlay, 2001; Morgane et al.,
1993). Therefore, studies intended to include the entire early brain developmental period in
humans should include protein deprivation in the early postnatal period, as well as during
embryogenesis in the rodent.

In animal models, protein deprivation is normally achieved by modifying the amount of
casein in the diet while maintaining the caloric value by the addition of extra carbohydrates. The
fraction of protein in a deficient diet ranges from 5% to 9%, while protein in normal diets ranges

from 16% to 25%.

Protein Malnutrition and Effects on the Developing Nervous System

Most neurotransmitter systems have been implicated in schizophrenia based on functional
characteristics and/or the efficacy of receptor modulators (i.e. pharmacological manipulation
with agonists and antagonists) to ameliorate, exacerbate or mimic symptoms of the disease.
Evidence for a functional role of the dopaminergic, glutamatergic, serotonergic and GABAergic
systems have been reviewed in detail elsewhere (Geyer & Vollenweider, 2008; Jones et al.,

2008; Paz et al., 2008; Stone, Morrison, & Pilowsky, 2007; Toda & Abi-Dargham, 2007) and



efforts toward understanding the effects of protein deprivation during development on each
system have been assessed in animal models.

Structural changes. Structural changes in the brain have been observed in schizophrenia,
including increased ventricular volume and decreased whole brain volume (for reviews see
Hulshoff Pol & Kahn, 2008; Fatemi & Folsom, 2009). Although reduced brain and body weight
have been reported in animals that were exposed to low protein in utero (Barnes et al., 1968;
Marichich, Molina, & Orsingher, 1979; Smart et al., 1973), gross structural abnormalities have
not been observed. Rather, the deficits resulting from prenatal protein malnutrition tend to be
subtle and relate to deficits within specific neurotransmitter systems, although some generalized
abnormalities have been reported. For example, exposure to prenatal protein deficiency for the
first 2 weeks of gestation in rats results in significant abnormalities in brain development in
newborn pups, including delayed astrocytogenesis, abnormal neuronal differentiation (as shown
by reduced microtubule associated protein-5 (MAP-5) and increased MAP-1 expression),
abnormal synaptogenesis and decreased apoptosis (Gressens et al., 1997). Importantly, however,
all of these deficits are normalized by adulthood (P63). A subtle, region-specific change that has
been consistently noted in response to prenatal protein malnutrition is a reduction in cell number
in the hippocampus. Because the anatomy and circuitry of the hippocampus is well-defined, the
effect of prenatal protein malnutrition on this structure has been the focus of numerous groups. A
reduced number of cells in CA1 (but no other hippocampal regions) and a reduced subiculum
volume have been reported (Lister et al., 2005), while other groups have found changes in cell
number more broadly across the dentate gyrus, CA1 and CA3 (extensively detailed by Diaz-
Cintra and colleagues (Diaz-Cintra et al., 1991; Diaz-Cintra et al.,1994; Cintra et al., 1997a,

1997b)). Beyond these few notable deficits, numerous subtle changes in neurotransmitter



expression and function have been identified. Yet these findings are complex and can vary in
sign across different brain regions or assessment time points.

Dopamine (DA). All currently prescribed antipsychotic drugs have an affinity for dopamine
D2 receptors. The longstanding DA dysfunction hypothesis of schizophrenia has been supported
by the observation of increases in striatal DA D2 receptor binding and differences in DA
dynamics in the brains of schizophrenic patients (Howes et al., 2009; Joyce, Lexow, Bird, &
Winokur, 1988; Seeman et al., 1987). An increase in D2 receptor binding in the striatum and a
decrease in DA transporter binding has also been reported in rats exposed to prenatal protein
deprivation (Palmer et al., 2008). Studies examining DA release and tissue concentration in the
hippocampus of protein-deprived animals have been less consistent. Chen et al. (1995) reported
an increased release of DA and its metabolites in hippocampal slices from prenatally protein
malnourished animals, and a decrease in DA was detected in the hippocampus in prenatally
malnourished animals by Kehoe et al. (2001). A decrease in basal DA was also detected (by
microdialysis) in the prefrontal cortex of prenatally malnourished animals, tested as adults, as
well as an absence of restraint stress-induced release of DA (Mokler et al., 2007). However, in a
separate study, the expected increase in hypothalamic DA in response to isolation stress was
intact in the prenatally-malnourished animals tested as adults (Kehoe et al., 2001).

Serotonin (5-HT). Serotonin dysfunction, in particular the S-HT2A receptor, is implicated
in some symptoms of schizophrenia based on the ability of 5-HT2A agonists, such as lysergic
acid diethylamide (LSD) or psilocybin, to induce psychotic symptoms, working memory deficits
and sensorimotor gating abnormalities (Vollenweider et al., 1998; Umbricht et al., 2003).
Atypical antipsychotics also have a higher affinity for 5-HT2A receptors than D2 receptors

(Garzya et al., 2007).



Serotonergic changes in protein-deprived animals are generally consistent across studies.
Increased 5-HT and/or its metabolite, 5-hydroxyindoleacetic acid (5-HIAA), is detected in the
hippocampus (via microdialysis or in tissue) (Kehoe et al., 2001; Mokler, Galle, & Morgane,
2003; Mokler et al., 2007), throughout the brain (Resnick & Morgane, 1984), in hippocampal
slices (Chen et al., 1995) and in hypothalamus (Kehoe et al., 2001). Further, in response to stress,
an increased release is detected in hippocampus, as opposed to a decrease in control animals
(Mokler et al., 2007). Animals from prenatally-malnourished dams also show an altered response
to dl-fenfluramine, which blocks the 5-HT transporter and stimulates 5-HT release. These
offspring show a decreased behavioral response (inhibition of food intake) and reduced Fos
immunoreactivity in the paraventricular nucleus of the hypothalamus in response to dl-
fenfluramine (Souza et al., 2008). Another study also detected 5-HT abnormalities within the
hippocampus, including a decrease in 5-HT fiber density in dentate gyrus (DG) and CA3,
decreased 5-HT uptake in CA3 and CA1 and decreased expression of 5-HT1A receptor in CA3
(Blatt et al., 1994). Contrary to the other reports, however, these authors did not find an increase
in 5-HT within the hippocampus.

Glutamate. N-methyl-d-aspartate (NMDA) receptor blockers like phencyclidine (PCP),
ketamine and dizocipline (MK-801) produce psychotomimetic effects in healthy individuals and
precipitate psychotic episodes in schizophrenics (Large, 2007). In addition, NMDA receptor and
mGluR2/3 agonists are effective in treating schizophrenia (Javitt, 2006; Patil et al., 2007).
Therefore, glutamatergic dysfunction, and particularly NMDA receptor hypofunction, is
hypothesized to play a role in schizophrenia.

Abnormalities in the glutamate system have been detected in protein-deprived animals. For

example, increased MK-801 binding is observed in the adult cortex, striatum and hippocampus



of prenatally protein deprived rats, indicating decreased glutamatergic activity (Palmer et al.,
2004, 2008). Increased kainate receptor binding is also detected in CA3 of prenatally protein-
deprived animals. The authors speculate that this may be a compensation for reduced
glutamatergic input from mossy fibers (Fiacco et al., 2003). Further, a decreased sensitivity to
quinolinic acid (an NMDA agonist) was detected in prenatally-malnourished, adult animals
(Schweigert et al., 2005).

Gamma-aminobutyric acid (GABA). GABAergic interneurons are a core component of the
circuitry that controls network oscillations, information processing and sensorimotor gating — all
processes that are disturbed in schizophrenia (Benes & Berretta, 2001). Therefore, alterations of
the GABAergic system have been examined in protein-deprived animals as a functional model
for symptoms of schizophrenia.

Defects in the GABA system have been detected in adult rodents that were protein-deprived
in utero. An increase in the expression of GAD-67, a rate-limiting enzyme in GABA synthesis, is
detected in the dentate gyrus of prenatally-malnourished animals (Diaz-Cintra et al., 2007).
Alterations in the expression of GABA-A receptors are also detected in prenatally protein-
restricted rats, including decreased GABA-A y2L mRNA in septum (Steiger et al., 2002),
decreased GABA-A (alpha 1, beta 2) in hippocampus and an increase in alpha 3 expression in
hippocampus (Steiger et al., 2003). Higher GABA uptake by cortical and hippocampal slices is

also observed in malnourished rats (Schweigert et al., 2005).

Effects of prenatal protein malnutrition on rodent behavior.
Assessing the effects of prenatal protein deprivation in animals requires the use of

appropriate behavioral, neurochemical and physiological assays that can accurately reflect



human schizophrenia symptomatology. An animal model encompassing the entire spectrum of
schizophrenia symptoms is impossible. Instead, the focus of animal research has been to model
specific symptoms of the disease and/or to examine endophenotypes. Human behavioral
symptoms of schizophrenia can be grouped into two general categories: positive (e.g.
hallucinations, delusions), and negative (e.g. social withdrawal, working memory deficits).
Currently available medications for schizophrenia are more effective at treating positive rather
than negative symptoms (Javitt et al., 2008). Animal models for both positive and negative
symptoms exist and have been widely used in rodents (see Table 14.1). In addition,
endophenotypes, which are traits that are enriched in affected individuals but are not symptoms
of the disease, are also useful for developing animal models (Gottesman & Gould, 2003).
Specific endophenotypes have been developed for schizophrenia. Models of disease symptoms
and endophenotypes should provide face, predictive and construct validity (Geyer & Markou,
1995). Many behavioral models of schizophrenia respond to human pharmacotherapies and are
modulated by the same brain regions and neurotransmitter pathways (Li et al., 2009).

Numerous studies have reported on the behavioral effects of pre-, peri- or postnatal protein
deprivation on adult offspring. Table 14.2 lists most of the studies that have examined the
behavioral phenotype resulting from protein deprivation in utero, with a focus on animal models
of behaviors that model symptoms and/or endophenotypes of schizophrenia.

Prepulse inhibition (PPI). Behavioral and physiological models of schizophrenia have
mainly focused on negative symptoms and endophenotypes. Sensorimotor gating is one of the
most widely-studied endophenotypes. PPI is a well-validated neurophysiological test of
sensorimotor gating that has almost identical human behavioral correlates and responds to

atypical antipsychotics in both human (reviewed in Braff, Geyer, & Swerdlow, 2001; Swerdlow



et al., 2008) and animal studies (reviewed in Geyer et al., 2001 and Swerdlow et al., 2008).
Schizophrenics and asymptomatic first-degree relatives show deficits in PPI. In animal models,
these deficits can be replicated by both developmental and pharmacological manipulations that
affect neurotransmitter pathways and brain regions involved in the disease — most notably by DA
agonists (Swerdlow et al.,1994; Geyer et al., 2001), 5-HT agonists (Dulawa et al., 2000), NMDA
receptor antagonists (Geyer et al., 2001), GABA antagonists (Swerdlow et al., 1990), maternal
infection and immune activation (Patterson, 2009; Patterson this book), maternal stress
(Patterson this book) and neonatal ventral hippocampal lesions (Lipska et al., 1995). PPI is also
disrupted in other disorders, including Alzheimer disease (Ueki et al., 2006), bipolar disorder
(Perry et al., 2001) and obsessive compulsive disorder (Shanahan et al., 2009), indicating that
this behavioral deficit is not specific to schizophrenia.

Despite the widespread use of PPI as an endophenotype for schizophrenia (Swerdlow et al.,
2008), only one study has been published that examines PPI following prenatal protein
malnutrition. Palmer et al. (2004) reported that protein deprivation in utero is associated with
lower PPI in young adult female rat offspring (postnatal day (PND) 56). However, no such
deficit is observed in young adult males in this experiment. Moreover, PPI deficits are not
observed in adolescent (PND 35) male or female rats exposed to maternal protein deprivation.
The significant decrease in PPI in young adult female rats exposed to protein deprivation in utero
is consistent with adult onset of schizophrenia and supports the role of prenatal protein
malnutrition in the development of this particular endophenotype.

Differences in startle reactivity have been reported in patients with schizophrenia (Geyer &
Braff, 1982; Braff, Grillon, & Geyer, 1992) and related disorders (Cadenhead, Geyer, & Braff,

1993), and are hypothesized to reflect a defect in central inhibitory mechanisms. Palmer et al.
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(2004) also observed a decrease in initial startle response in protein-deprived rats. However, a
more recent study reported no difference in startle response among protein-deprived versus
control rats (Francolin-Silva, Brandao, & Almeida, 2007). There are several technical differences
between this and the Palmer et al. study. Whereas Francolin-Silva limited protein malnutrition to
the perinatal period, from birth up to PND 28, Palmer used a prenatal protein deprivation model
that started 5 weeks before mating, lasting until PND 0. Also, the startle response amplitude
measure used by Francolin-Silva et al. was averaged over 30 trials, whereas Palmer et al.
observed a difference in startle response only in the initial presentations of the startle stimulus.
Cognitive function. Cognitive deficits in schizophrenia largely drive functional outcomes
for the disease (Arguello & Gogos, 2009) and are not well-managed by current antipsychotics
(Fenton, Stover, & Insel, 2003). Appreciation of cognitive deficits as a core feature of the disease
has generated an increased effort towards identification of appropriate animal models for
screening novel pharmaceuticals for this disease domain. A National Institutes of Mental Health
(NIMH) initiative, Measurement and Treatment Research to Improve Cognition in Schizophrenia
(MATRICS), has identified seven primary cognitive domains that are affected in human
schizophrenia (Green et al., 2004). A number of these cognitive features are readily measured in
rodents using basic learning and memory tasks that assess working memory, attention, visual
learning and social cognition (Table 14.1). Deficits in many of these cognitive assays are
observed in lesion studies of the prefrontal cortex that replicate brain structure abnormalities
observed in human patients and in animals genetically modified to express disease susceptibility
genes, thus providing encouraging evidence for their usefulness in modeling the human disease

(reviewed in Kellendonk, Simpson, & Kandel, 2009; Arguello et al., 2009). A desire to
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understand potential developmental causes for the cognitive deficits observed in schizophrenics
drives research on learning and memory deficits in protein-deprived animals.

Protein deprivation during development causes lasting changes in brain regions implicated in
learning and memory (Morgane et al., 1993). Perhaps one of the simplest assays of sensory and
cognitive development is the homing test in which suckling animals are tested for their ability to
locate the nest after displacement. Data has consistently shown that protein-malnourished
animals are deficient in the ability to return to the nest (Galler, Tonkiss, & Maldonado-Irizarry,
1994; Gallo, Werboff, & Knox, 1984; Tonkiss, Harrison, & Galler, 1996).

Protein deprivation in utero or during the suckling period causes significant hippocampal
alterations, including long-term potentiation deficits (Austin, Bronzino, & Morgane, 1986). The
hippocampus plays a critical role in the ability to learn and remember spatial information. Tests
of learning and memory indicate that prenatally-malnourished rats are behaviorally inflexible
(Tonkiss et al., 1993) and often show no deficits in acquisition, while being unable or unwilling
to give up learned responses once acquired. For instance, prenatal protein deprivation does not
affect acquisition of the alternation response in a spatial T-maze task (Goodlett et al., 1986;
Tonkiss & Galler, 1990) or an operant model of the T-maze task (Tonkiss & Galler, 1990),
spatial navigation in the Morris water maze (Goodlett et al., 1986; Tonkiss, Shultz, & Galler,
1994) or performance in the radial arm maze (Hall, 1983). However, rats deprived of protein in
utero require more sessions to abolish learned alternation responses (Tonkiss & Galler, 1990). In
conditioned taste aversion (CTA) studies, prenatally-malnourished rats show impaired extinction
of the CTA response with repeated exposure (Tonkiss et al., 1993). Following continuous
reinforcement (CRF) in an operant task, prenatally-malnourished rats exhibit impairments in

acquiring a differential reinforcement of low rates of responding (DRL) task (Tonkiss et al.,

12



1990). These data imply that prenatal protein deprivation does not alter the ability to learn but
rather makes it harder to “unlearn” once an association has been made.

There has been one report of radial arm maze performance in prenatally protein-deprived
mice. Ranade et al. (2008) found that outbred Swiss mice make more reference memory and
working memory errors — an interesting result that encourages further study of mice as animal
models for the cognitive effects of prenatal protein deprivation.

Social interaction. Impaired social interactions are a hallmark of schizophrenia and
improvement of social skills is an important element in treatment and outcomes for individuals
with the disease. Two studies of social interaction behaviors in protein-malnourished rats
reported a deficit in several social behaviors (Almeida, Tonkiss, & Galler, 1996¢; Frankova,
1973). Both of these studies were performed in juvenile rats but differed in the protein
deprivation protocol. Almeida et al. deprived prenatally until birth, while Frankova deprived
from birth until PND 49. Contradictory results have emerged when adult offspring from dams
that experienced total caloric undernutrition, as opposed to only protein malnutrition, were
tested. In these studies, adult rats display increased social interaction and more aggression, rather
than a decrease in social interaction (Tonkiss & Smart, 1983; Whatson, Smart, & Dobbing, 1975,
1976). The extent to which age of testing, developmental period of malnutrition or type of
nutritional deficiency (overall caloric malnutrition or protein deprivation) explains these
contradictory results has yet to be resolved. However, the limited results from protein-deprived
juvenile rats suggest that such an experimental paradigm produces social behaviors that mimic
those seen in human schizophrenia.

Sleep abnormalities. Difficulties initiating or maintaining sleep occur in 30-80% of

individuals with schizophrenia (Cohrs, 2008). Several studies have examined the result of
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prenatal protein deprivation on circadian and sleep behaviors. Measurement of 24-hour
locomotor activity indicates that, while rats deprived of protein in utero are not impaired in
spontaneous locomotor activity and show circadian rhythmicity, they do display an advanced
phase shift in locomotor activity (Castanon-Cervantes & Cintra, 2002; Duran et al., 2005).
Protein-deprived rats show peak activity levels before the onset of the light phase, while control
animals show peak activity after the onset of the light phase. Duran et al. (2005) observed the
phase shift in locomotor activity using standard light/dark (LD) conditions in 88 day old rats,
while Castanon-Cervantes and Cintra (2002) observed the phase shift in dark/dark (DD)
conditions but not under a LD light cycle and in younger (55 days of age) but not older rats (550
days of age). In addition, Duran et al. used only females and the sex of the rats used in the
Castanon-Cervantes study is not apparent from the publication.

The superchiasmatic nucleus (SCN) of the hypothalamus is the master pacemaker for the
generation and maintenance of circadian rhythms and abnormalities in SCN development have
been noted in rat pups from protein-deprived dams. Immunohistochemical examination of
vasoactive intestinal peptide (VIP) and arginine vasopressin neurons within the SCN revealed
altered density and morphology of these two systems within this nucleus (Rojas-Castafieda et al.,
2008).

Undernutrition-driven changes in sleep behavior are a bit more complex, but several studies
indicate that the amplitude of the rhythm for both wakefulness and rapid eye movement sleep
(REMS) is advanced in the dark phase of the light cycle in rats that were deprived of protein in
utero (Cintra et al., 2002; Duran et al., 2006) and that these changes are exacerbated by acute
stress (Duran et al., 2006). A thorough review of stress and stress-related disorders and the

relationship to psychiatric disorders was recently presented (Chrousos, 2009). In summary,
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prenatal protein malnutrition in animal models appears to alter both circadian rhythms and the
sleep/wake cycle. This alteration occurs primarily at the time of light change and may provide
insight into the mechanisms of sleep disturbances in schizophrenia.

Behavioral Responses to Pharmacological Challenges

Dopamine. Examination of DA-mediated behaviors in animals that were protein-deprived
during development reveals lasting changes in the DA system. Most studies examining DA
agonists have reported increased locomotor activity in response to amphetamine (Brioni et al.,
1986; Palmer et al., 2008) and cocaine (Shultz, Galler, & Tonkiss, 1999; Valdomero et al.,
2005), as well as increased stereotypy in response to apomorphine (Leahy et al., 1978; Palmer et
al., 2008). Some of these differences are found in young adult female but not young adult male
or adolescent rats of either sex (Palmer et al., 2008). An increase in DA release in the nucleus
accumbens core following cocaine administration in cocaine-sensitized, protein-deprived rats has
also been observed (Valdomero et al., 2005). These observations are consistent with the
increased sensitivity to psychostimulants observed in schizophrenia (Geyer & Markou, 1995; van
den Buuse et al., 2005) and indicate that prenatal protein deprivation might be a good model for
DA dysfunction in human schizophrenia.

Serotonin. In behavioral studies, the 5-HT2 receptor antagonist ritanserin decreases anxiety
in the open field in postnatally protein-deprived rats but had no effect on control animals
(Almeida, de Oliveira, & Graeff, 1990). Postnatally deprived rats also show decreased sensitivity
to the 5-HT2A receptor antagonists, 5S-methoxy-dimethyltryptamine (5-MeO-DMT) and
dimethyltryptamine (DMT) in rotarod and treadmill assays, and for DMT-induced behaviors

(Hall, Leahy, & Robertson, 1983; Keller et al., 1994).
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GABA. Benzodiazepines are positive allosteric modulators of the GABA, receptor that are
commonly used as anxiolytics but also have amnesic and sedative properties. Animals that have
been exposed to low protein at any time during development show a reduced sensitivity to the
effects of benzodiazepines. This result has been observed repeatedly in numerous animal models
of anxiety, including elevated plus maze (Almeida, de Oliveira, & Graeff, 1991; Borghese et al.,
1998; Cordoba et al., 1992; Francolin-Silva et al., 2007; Laino, Cordoba, & Orsingher, 1993;
Santucci et al., 1994), light/dark (Brioni & Orsingher, 1988; Santucci et al., 1994) and fear-
potentiated startle tests (Francolin-Silva & Almeida, 2004). Prenatally protein-deprived rats also
show a decreased sensitivity to the amnesic effects of chlordiazepoxide in the Morris water maze
(Tonkiss et al., 2000) but show an increased behavioral sensitivity to the stimulus properties of
chlordiazepoxide (Shultz, Galler, & Tonkiss, 2002), indicating that protein deprivation
differentially affects other aspects of benzodiazepine action.

Drug abuse. Drug abuse has been linked to the development of schizophrenia and, as
described above, protein-deprived animals show an elevated locomotor response to
psychostimulants such as cocaine, amphetamine and apomorphine. However, there are also
reports that these animals are more sensitive to the rewarding effects of cocaine (Valdomero et
al., 2006) and show increased responding for other rewarding substances, such as morphine
(Valdomero et al., 2007), food (Tonkiss et al., 1990), sweetened milk (Brioni & Orsingher, 1988)
and saccharin (Tonkiss, Shukitt-Hale et al., 1990), indicating that protein deprivation during
development alters drug reward circuitry and may be a useful environmental manipulation for
studying the role of drug reward and abuse in the development of schizophrenia.

Anxiety-related behaviors. Many studies have examined the role of prenatal protein

malnutrition on anxiety-related behaviors. While these behaviors are not considered to be models
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of schizophrenia, there is significant comorbidity between anxiety and schizophrenia that may
indicate a shared liability (Buckley et al., 2009). In any case, the data on anxiety phenotypes in
protein-malnourished animals provide further insight into the behavioral effects of this
environmental manipulation. In general, animals exposed to protein malnutrition during early
development exhibit reduced anxiety in the elevated plus maze (Almeida et al., 1991; Almeida,
Tonkiss, & Galler, 1996b; Francolin-Silva & Almeida, 2004), the light-dark assay (Brioni &
Orsingher, 1988; Santucci et al., 1994), the elevated T-maze (Almeida, Tonkiss, & Galler,
1996a; Hernandes & Almeida, 2003) and the fear-potentiated startle test (Francolin-Silva et al.,
2007). An exception is the report of Borghese et al. (1998), which found a decrease in the
percent time spent in the open arms of the elevated plus maze. However, in this experiment the
animals received a daily injection of vehicle for 15 days prior to testing. It is possible that either
the vehicle or the chronic stress of receiving daily injections had an effect on behavior in the
elevated plus maze. Stress is known to interact with prenatal malnutrition to modify behavior.
For instance, acute immobilization stress reverses the anxiolytic behavior observed in the
elevated plus maze (Francolin-Silva & Almeida, 2004), and exposure to chronic stress reverses
some of the anxiolytic and antidepressant-like effects of prenatal protein deprivation (Trzctnska,
Tonkiss, & Galler, 1999).

In contrast to the assays described above, assessment of protein-deprived animals in a
different test of anxiety, the open field, have shown increased (Trzctnska et al., 1999; Watkins,
Wilkins et al., 2008), decreased (Watkins, Ursell et al., 2008) or no change in anxiety behaviors
(Brioni et al., 1986). Differences between the methods used in these studies do exist and could
explain the contradictory results. It is also important to note that the studies by Watkins used

mice, whereas all other studies of the effects of protein malnutrition on anxiety-related behaviors
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have used rats. Obviously, differences between mice and rats are possible and additional studies

are needed to understand the behavioral effects of low protein during development in mice.
Overall, most studies of anxiety-related behavior indicate decreased anxiety in animals that

have been subjected to protein deprivation in utero, but further research is required to gain a

better understanding of the mechanisms that control these behavioral responses.

The Role of Epigenetics

Epigenetic mechanisms have also been proposed as possible mediators of the effects of
prenatal protein deprivation on downstream phenotypes. Epigenetics is defined as inherited
phenotypic variations that are not the result of variations in the DNA sequence. This includes
DNA methylation, histone modifications and genomic imprinting, which can occur both pre- and
postnatally and can establish either transient or long-lasting changes in gene expression.

The role of diet in DNA methylation is fairly obvious. DNA methylation is catalyzed by
DNA methyltransferases that transfer methyl groups from S-adenosylmethionine (SAM) to
cytosine in CpG islands. The SAM required for methylation comes, in part, from dietary methyl
group intake, and the major source of methyl groups in food is methionine. If methionine is
limited in the diet, the amount of SAM available is also limited and hypomethylation is found
(Vachtenheim, Horakova, & Novotna, 1994; Wainfan et al., 1989). However, there also are de
novo pathways (one-carbon metabolism) and other dietary sources of methyl groups, including
choline, folic acid and vitamin B12 (Niculescu & Zeisel, 2002). Limiting methionine in the diet
during development is likely to result in some compensatory changes in these other pathways so

that some level of methylation can occur (see also the chapter by Cheung et al.).

18



Perhaps the most dramatic example of the effects of dietary methyl groups is represented by
the observation that dietary supplementation of methyl groups in pregnant black pseudoagouti
(A"/a) dams alters epigenetic regulation of agouti expression by increasing methylation at the
long terminal repeat (LTR), resulting in increased agouti/black mottling in offspring (Cooney,
Dave, & Wolff, 2002; Wolff et al., 1998). Gene-specific hypomethylation of peroxisomal
proliferator-activated receptor alpha (PPARa, (Lillycrop et al., 2008) and the glucocorticoid
receptor (GR) (Lillycrop et al., 2005) has also been observed in the offspring of rodents fed a
low protein diet, and this can be prevented with folic acid supplementation. Interestingly,
methyl-deficiency that causes global DNA hypomethylation can occur simultaneously with gene-
specific hypo- or hypermethylation (Singh, Murphy, & O'Reilly, 2003). A methyl-deficient diet
also modifies histone methylation and increases expression of both immunoglobulin factor 2
(1gf2) and H19 genes, indicating that at some loci, methyl deficiency may result in chromatin
modification. Importantly, hypomethylation of the IGF2 gene is also found in DNA samples
from humans who were exposed to the Dutch Famine during development (Heijmans et al.,
2008).

Recent technical advances are opening up the possibility of measuring changes in
methylation status on a genomewide scale (Schumacher et al., 2006). Allele-specific methylation
using array-based technology allows tracking of both gene- and allele-specific changes in
methylation. Paired with an experimental genetic population of animals, this technique presents a
powerful tool for examining the role of prenatal nutritional environment on allele-specific

methylation status and its effects on behavior.

Conclusions and Future Directions
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The spectrum of data presented here reflects years of research on a variety of animal models,
including work from many diverse disciplines, that suggests that protein deprivation during
gestation and/or immediately after birth produces behavioral, neurochemical and developmental
changes that accurately mirror many of the symptoms of human schizophrenia.

The challenge moving forward is to integrate these environmentally-induced behavioral,
neurochemical and developmental changes with the relevant genetic factors that increase
susceptibility to developing schizophrenia. Numerous genes and gene expression changes have
been studied in schizophrenia (for reviews see Desbonnet, Waddington, & O'Tuathaigh, 2009;
Desbonnet, Waddington, & Tuathaigh, 2009; Jones et al., 2008), and animal models of these can
be subjected to protein deprivation to look for gene-environment interaction.

The identification of specific genetic and environmental causes of schizophrenia and other
psychiatric diseases remains a challenge for the research community. Findings reviewed in this
chapter highlight the importance of maternal nutrition, specifically adequate protein nutrition,
within the prenatal, perinatal and early postnatal developmental critical periods. The availability
of tools for directly assessing the impact of environmental manipulations on gene structure and
expression, along with a greater appreciation for the role of gene by environment interactions in

complex disease, has the potential to move the field forward in the next decade.

Key areas for future research
e The use of protein deprivation as an environmental risk factor should be developed more
systematically in mouse models where the current genetic and genomic tools are most
advanced.
e The use of mouse models would allow for a more thorough assessment of the genetic
effects of prenatal protein malnutrition (i.e. strain differences, gene by environment

interactions).
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e Astools develop, a more systematic genomewide assessment of epigenetic changes

resulting from prenatal protein deprivation should be explored.

Selected Readings

Meyer, U., & Feldon, J. (2009). Epidemiology-driven neurodevelopmental animal models of
schizophrenia. Prog Neurobiol.

Morgane, P. J., Austin-LaFrance, R., Bronzino, J., Tonkiss, J., Diaz-Cintra, S., Cintra, L., et al.
(1993). Prenatal malnutrition and development of the brain. Neurosci Biobehav Rev, 17(1),
91-128.

Rutten, B. P., & Mill, J. (2009). Epigenetic mediation of environmental influences in major
psychotic disorders. Schizophr Bull, 35(6), 1045-1056.

Tonkiss, J., Galler, J., Morgane, P. J., Bronzino, J. D., & Austin-LaFrance, R. J. (1993). Prenatal
protein malnutrition and postnatal brain function. Ann N 'Y Acad Sci, 678, 215-227.

van Os, J., & Rutten, B. P. (2009). Gene-environment-wide interaction studies in psychiatry. Am

J Psychiatry, 166(9), 964-966.

References

Almeida, S. S., de Oliveira, L. M., & Graeff, F. G. (1990). Decreased reactivity to anxiolytics
caused by early protein malnutrition in rats. Pharmacol Biochem Behav, 36(4), 997-1000.

Almeida, S. S., de Oliveira, L. M., & Graeff, F. G. (1991). Early life protein malnutrition
changes exploration of the elevated plus-maze and reactivity to anxiolytics.
Psychopharmacology (Berl), 103(4), 513-518.

Almeida, S. S., Soares, E. G., Bichuette, M. Z., Graeff, F. G., & de Oliveira, L. M. (1992).
Effects of early postnatal malnutrition and chlordiazepoxide on experimental aversive
situations. Physiol Behav, 51(6), 1195-1199.

Almeida, S. S., Garcia, R. A., & de Oliveira, L. M. (1993). Effects of early protein malnutrition
and repeated testing upon locomotor and exploratory behaviors in the elevated plus-maze.

Physiol Behav, 54(4), 749-752.

21



Almeida, S. S., Tonkiss, J., & Galler, J. R. (1996a). Prenatal protein malnutrition affects
avoidance but not escape behavior in the elevated T-maze test. Physiol Behav, 60(1), 191-
195.

Almeida, S. S., Tonkiss, J., & Galler, J. R. (1996b). Prenatal protein malnutrition affects
exploratory behavior of female rats in the elevated plus-maze test. Physiol Behav, 60(2), 675-
680.

Almeida, S. S., Tonkiss, J., & Galler, J. R. (1996c¢). Prenatal protein malnutrition affects the
social interactions of juvenile rats. Physiol Behav, 60(1), 197-201.

Amitai, N., Semenova, S., & Markou, A. (2009). Clozapine attenuates disruptions in response
inhibition and task efficiency induced by repeated phencyclidine administration in the
intracranial self-stimulation procedure. Eur J Pharmacol, 602(1), 78-84.

Arguello, P. A., & Gogos, J. A. (2009). Cognition in Mouse Models of Schizophrenia
Susceptibility Genes. Schizophr Bull.

Armitage, J. A., Khan, I. Y., Taylor, P. D., Nathanielsz, P. W., & Poston, L. (2004).
Developmental programming of the metabolic syndrome by maternal nutritional imbalance:
how strong is the evidence from experimental models in mammals? J Physiol, 561(Pt 2),
355-377.

Audet, M. C., Goulet, S., & Dore, F. Y. (2006). Repeated subchronic exposure to phencyclidine
elicits excessive atypical grooming in rats. Behav Brain Res, 167(1), 103-110.

Austin, K. B., Bronzino, J., & Morgane, P. J. (1986). Prenatal protein malnutrition affects
synaptic potentiation in the dentate gyrus of rats in adulthood. Brain Res, 394(2), 267-273.

Barnes, R. M., Neely, C. S., Kwong, E., Labadari, B. A., & Frankova, S. (1968). Postnatal
nutritional deprivations as determinants of consumption and utilization. Journal of Nutrition,
96, 467-476.

Belforte, J. E., Zsiros, V., Sklar, E. R., Jiang, Z., Yu, G., L1, Y., et al. (2010). Postnatal NMDA
receptor ablation in corticolimbic interneurons confers schizophrenia-like phenotypes. Nat
Neurosci, 13(1), 76-83.

Bellinger, L., Sculley, D. V., & Langley-Evans, S. C. (2006). Exposure to undernutrition in fetal
life determines fat distribution, locomotor activity and food intake in ageing rats. Int J Obes

(Lond), 30(5), 729-738.

22



Benes, F. M., & Berretta, S. (2001). GABAergic interneurons: implications for understanding
schizophrenia and bipolar disorder. Neuropsychopharmacology, 25(1), 1-27.

Berlin, 1., Givry-Steiner, L., Lecrubier, Y., & Puech, A. J. (1998). Measures of anhedonia and
hedonic responses to sucrose in depressive and schizophrenic patients in comparison with
healthy subjects. Eur Psychiatry, 13(6), 303-3009.

Blatt, G. J., Chen, J. C., Rosene, D. L., Volicer, L., & Galler, J. R. (1994). Prenatal protein
malnutrition effects on the serotonergic system in the hippocampal formation: an
immunocytochemical, ligand binding, and neurochemical study. Brain Res Bull, 34(5), 507-
518.

Borghese, C. M., Cordoba, N. E., Laino, C. H., Orsingher, O. A., Rubio, M. C., & Niselman, V.
(1998). Lack of tolerance to the anxiolytic effect of diazepam and pentobarbital following
chronic administration in perinatally undernourished rats. Brain Res Bull, 46(3), 237-244.

Braff, D. L., Geyer, M. A., & Swerdlow, N. R. (2001). Human studies of prepulse inhibition of
startle: normal subjects, patient groups, and pharmacological studies. Psychopharmacology
(Berl), 156(2-3), 234-258.

Braff, D. L., Grillon, C., & Geyer, M. A. (1992). Gating and habituation of the startle reflex in
schizophrenic patients. Arch Gen Psychiatry, 49(3), 206-215.

Brioni, J. D., Keller, E. A., Levin, L. E., Cordoba, N., & Orsingher, O. A. (1986). Reactivity to
amphetamine in perinatally undernourished rats: behavioral and neurochemical correlates.
Pharmacol Biochem Behav, 24(3), 449-454.

Brioni, J. D., & Orsingher, O. A. (1987). Perinatal undernutrition alters hypothermic responses to
different central agonists in recovered adult rats. Neuropharmacology, 26(7A), 771-774.

Brioni, J. D., & Orsingher, O. A. (1988). Operant behavior and reactivity to the anticonflict
effect of diazepam in perinatally undernourished rats. Physiol Behav, 44(2), 193-198.

Brioni, J. D., Cordoba, N., & Orsingher, O. A. (1989). Decreased reactivity to the anticonflict
effect of diazepam in perinatally undernourished rats. Behav Brain Res, 34(1-2), 159-162.

Brown, A. S., & Susser, E. S. (2008). Prenatal nutritional deficiency and risk of adult
schizophrenia. Schizophr Bull, 34(6), 1054-1063.

Brown, A. S., Susser, E. S., Lin, S. P., Neugebauer, R., & Gorman, J. M. (1995). Increased risk
of affective disorders in males after second trimester prenatal exposure to the Dutch hunger

winter of 1944-45. Br J Psychiatry, 166(5), 601-606.

23



Brown, A. S., van Os, J., Driessens, C., Hoek, H. W., & Susser, E. S. (2000). Further evidence of
relation between prenatal famine and major affective disorder. Am J Psychiatry, 157(2), 190-
195.

Buckley, P. F., Miller, B. J., Lehrer, D. S., & Castle, D. J. (2009). Psychiatric comorbidities and
schizophrenia. Schizophr Bull, 35(2), 383-402.

Cadenhead, K. S., Geyer, M. A., & Braff, D. L. (1993). Impaired startle prepulse inhibition and
habituation in patients with schizotypal personality disorder. Am J Psychiatry, 150(12), 1862-
1867.

Castanon-Cervantes, O., & Cintra, L. (2002). Circadian rthythms of occipital-cortex temperature
and motor activity in young and old rats under chronic protein malnutrition. Nutr Neurosci,
5(4), 279-286.

Chen, J. C., Turiak, G., Galler, J., & Volicer, L. (1995). Effect of prenatal malnutrition on release
of monoamines from hippocampal slices. Life Sci, 57(16), 1467-1475.

Chrousos, G. P. (2009). Stress and disorders of the stress system. Nat Rev Endocrinol, 5(7), 374-
381.

Cintra, L., Aguilar, A., Granados, L., Galvan, A., Kemper, T., DeBassio, W., et al. (1997).
Effects of prenatal protein malnutrition on hippocampal CA1 pyramidal cells in rats of four
age groups. Hippocampus, 7(22), 192-203.

Cintra, L., Duran, P., Guevara, M. A., Aguilar, A., & Castanon-Cervantes, O. (2002). Pre- and
post-natal protein malnutrition alters the effect of rapid eye movements sleep-deprivation by
the platform-technique upon the electrocorticogram of the circadian sleep-wake cycle and its
frequency bands in the rat. Nutr Neurosci, 5(2), 91-101.

Cintra, L., Granados, L., Aguilar, A., Kemper, T., DeBassio, W., Galler, J., et al. (1997). Effects
of prenatal protein malnutrition on mossy fibers of the hippocampal formation in rats of four
age groups. Hippocampus, 7(2), 184-191.

Clancy, B., Darlington, R. B., & Finlay, B. L. (2001). Translating developmental time across
mammalian species. Neuroscience, 105(1), 7-17.

Cohrs, S. (2008). Sleep disturbances in patients with schizophrenia : impact and effect of
antipsychotics. CNS Drugs, 22(11), 939-962.

24



Connolly, P. M., Maxwell, C. R., Kanes, S. J., Abel, T., Liang, Y., Tokarczyk, J., et al. (2003).
Inhibition of auditory evoked potentials and prepulse inhibition of startle in DBA/2J and
DBA/2Hsd inbred mouse substrains. Brain Res, 992(1), 85-95.

Cooney, C. A., Dave, A. A., & Wolff, G. L. (2002). Maternal methyl supplements in mice affect
epigenetic variation and DNA methylation of offspring. J Nutr, 132(8 Suppl), 2393S-2400S.

Cordoba, N. E., Cuadra, G. R., Brioni, J. D., & Orsingher, O. A. (1992). Perinatal protein
deprivation enhances the anticonflict effect measured after chronic ethanol administration in
adult rats. J Nutr, 122(7), 1536-1541.

Cordoba, N. E., Molina, J. C., Basso, A. M., & Orsingher, O. A. (1990). Perinatal undernutrition
reduced ethanol intake preference in adult recovered rats. Physiol Behav, 47(6), 1111-1116.

Cryan, J. F., & Mombereau, C. (2004). In search of a depressed mouse: utility of models for
studying depression-related behavior in genetically modified mice. Mol Psychiatry, 9(4),
326-357.

Damgaard, T., Larsen, D. B., Hansen, S. L., Grayson, B., Neill, J. C., & Plath, N. (2010).
Positive modulation of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors reverses sub-chronic PCP-induced deficits in the novel object recognition task in
rats. Behav Brain Res, 207(1), 144-150.

Desbonnet, L., Waddington, J. L., & O'Tuathaigh, C. M. (2009). Mutant models for genes
associated with schizophrenia. Biochem Soc Trans, 37(Pt 1), 308-312.

Desbonnet, L., Waddington, J. L., & Tuathaigh, C. M. (2009). Mice mutant for genes associated
with schizophrenia: common phenotype or distinct endophenotypes? Behav Brain Res,
204(2), 258-273.

Diaz-Cintra, S., Cintra, L., Galvan, A., Aguilar, A., Kemper, T., & Morgane, P. (1991). Effects
of prenatal protein deprivation on postnatal development of granule cells in the fascia
dentata. J Comp Neurol, 310(3), 356-364.

Diaz-Cintra, S., Garcia-Ruiz, M., Corkidi, G., & Cintra, L. (1994). Effects of prenatal
malnutrition and postnatal nutritional rehabilitation on CA3 hippocampal pyramidal cells in
rats of four ages. Brain Res, 662(1-2), 117-126.

Diaz-Cintra, S., Gonzalez-Maciel, A., Morales, M. A., Aguilar, A., Cintra, L., & Prado-Alcalé,

R. A. (2007). Protein malnutrition differentially alters the number of glutamic acid

25



decarboxylase-67 interneurons in dentate gyrus and CA1-3 subfields of the dorsal
hippocampus. Exp Neurol, 208(1), 47-53.

Di Matteo, V., Di Giovanni, G., Pierucci, M., & Esposito, E. (2008). Serotonin control of central
dopaminergic function: focus on in vivo microdialysis studies. Prog Brain Res, 172, 7-44.

Dulawa, S. C., Scearce-Levie, K. A., Hen, R., & Geyer, M. A. (2000). Serotonin releasers
increase prepulse inhibition in serotonin 1B knockout mice. Psychopharmacology (Berl),
149(3), 306-312.

Duran, P., Cintra, L., Galler, J. R., & Tonkiss, J. (2005). Prenatal protein malnutrition induces a
phase shift advance of the spontaneous locomotor rhythm and alters the rest/activity ratio in
adult rats. Nutr Neurosci, 8(3), 167-172.

Duran, P., Galler, J. R., Cintra, L., & Tonkiss, J. (2006). Prenatal malnutrition and sleep states in
adult rats: effects of restraint stress. Physiol Behav, 89(2), 156-163.

Dzirasa, K., Ribeiro, S., Costa, R., Santos, L. M., Lin, S. C., Grosmark, A., et al. (2006).
Dopaminergic control of sleep-wake states. J Neurosci, 26(41), 10577-10589.

Ellenbroek, B. A., & Cools, A. R. (2002). Apomorphine susceptibility and animal models for
psychopathology: genes and environment. Behav Genet, 32(5), 349-361.Etherton, M. R.,
Blaiss, C. A., Powell, C. M., & Sudhof, T. C. (2009). Mouse neurexin-lalpha deletion causes
correlated electrophysiological and behavioral changes consistent with cognitive
impairments. Proc Natl Acad Sci U S A, 106(42), 17998-18003.

Farrow, T. F., Hunter, M. D., Haque, R., & Spence, S. A. (2006). Modafinil and unconstrained
motor activity in schizophrenia: double-blind crossover placebo-controlled trial. Br J
Psychiatry, 189, 461-462.

Fatemi, S. H., & Folsom, T. D. (2009). The neurodevelopmental hypothesis of schizophrenia,
revisited. Schizophr Bull, 35(3), 528-548.

Fenton, W. S., Stover, E. L., & Insel, T. R. (2003). Breaking the log-jam in treatment
development for cognition in schizophrenia: NIMH perspective. Psychopharmacology (Berl),
169(3-4), 365-366.

Fiacco, T. A., Rosene, D. L., Galler, J. R., & Blatt, G. J. (2003). Increased density of
hippocampal kainate receptors but normal density of NMDA and AMPA receptors in a rat
model of prenatal protein malnutrition. J Comp Neurol, 456(4), 350-360.

26



Francolin-Silva, A. L., & Almeida, S. S. (2004). The interaction of housing condition and acute
immobilization stress on the elevated plus-maze behaviors of protein-malnourished rats. Braz
J Med Biol Res, 37(7), 1035-1042.

Francolin-Silva, A. L., Brandao, M. L., & Almeida, S. S. (2007). Early postnatal protein
malnutrition causes resistance to the anxiolytic effects of diazepam as assessed by the fear-
potentiated startle test. Nutr Neurosci, 10(1-2), 23-29.

Francolin-Silva, A. L., da Silva Hernandes, A., Fukuda, M. T., Valadares, C. T., & Almeida, S.
S. (2006). Anxiolytic-like effects of short-term postnatal protein malnutrition in the elevated
plus-maze test. Behav Brain Res, 173(2), 310-314.

Frankova, S. (1973). Effect of protein-calorie malnutrition on the development of social behavior
in rats. Dev Psychobiol, 6(1), 33-43.

Galler, J. R., Tonkiss, J., & Maldonado-Irizarry, C. S. (1994). Prenatal protein malnutrition and
home orientation in the rat. Physiol Behav, 55(6), 993-996.

Gallo, P. V., Werboff, J., & Knox, K. (1984). Development of home orientation in offspring of
protein-restricted cats. Dev Psychobiol, 17(5), 437-449.

Garzya, V., Forbes, 1. T., Gribble, A. D., Hadley, M. S., Lightfoot, A. P., Payne, A. H., et al.
(2007). Studies towards the identification of a new generation of atypical antipsychotic
agents. Bioorg Med Chem Lett, 17(2), 400-405.

Geyer, M. A., & Braff, D. L. (1982). Habituation of the Blink reflex in normals and
schizophrenic patients. Psychophysiology, 19(1), 1-6.

Geyer, M. A., Krebs-Thomson, K., Braff, D. L., & Swerdlow, N. R. (2001). Pharmacological
studies of prepulse inhibition models of sensorimotor gating deficits in schizophrenia: a
decade in review. Psychopharmacology (Berl), 156(2-3), 117-154.

Geyer, M. A., & Markou, A. (1995). Animal models of psychiatric disorders. In F. Bloom & D.
Kupfer (Eds.), Psychopharmacology: the fourth generation of progress (pp. 787-798). New
York: Raven.

Geyer, M. A., & Vollenweider, F. X. (2008). Serotonin research: contributions to understanding
psychoses. Trends Pharmacol Sci.

Goodlett, C. R., Valentino, M. L., Morgane, P. J., & Resnick, O. (1986). Spatial cue utilization in

chronically malnourished rats: task-specific learning deficits. Dev Psychobiol, 19(1), 1-15.

27



Goodlett, C. R., Valentino, M. L., Resnick, O., & Morgane, P. J. (1985). Altered development of
responsiveness to clonidine in severely malnourished rats. Pharmacol Biochem Behav, 23(4),
567-572.

Gottesmann, I.I. and Gould, T.D. (2003). The endophenotype concept in psychiatry: etymology
and strategic intentions. Am J Psychiatry, 160(4), 636-45.

Green, M. F., Nuechterlein, K. H., Gold, J. M., Barch, D. M., Cohen, J., Essock, S., et al. (2004).
Approaching a consensus cognitive battery for clinical trials in schizophrenia: the NIMH-
MATRICS conference to select cognitive domains and test criteria. Biol Psychiatry, 56(5),
301-307.

Gressens, P., Muaku, S. M., Besse, L., Nsegbe, E., Gallego, J., Delpech, B., et al. (1997).
Maternal protein restriction early in rat pregnancy alters brain development in the progeny.
Brain Res Dev Brain Res, 103(1), 21-35.

Hall, R. D. (1983). Is hippocampal function in the adult rat impaired by early protein or protein-
calorie deficiencies? Dev Psychobiol, 16(5), 395-411.

Hall, R. D., Leahy, J. P., & Robertson, W. M. (1983). Hyposensitivity to serotonergic stimulation
in protein malnourished rats. Physiol Behav, 31(2), 187-195.

Heijmans, B. T., Tobi, E. W., Stein, A. D., Putter, H., Blauw, G. J., Susser, E. S., et al. (2008).
Persistent epigenetic differences associated with prenatal exposure to famine in humans.
Proc Natl Acad Sci U S A, 105(44), 17046-17049.

Hernandes, A. S., & Almeida, S. S. (2003). Postnatal protein malnutrition affects inhibitory
avoidance and risk assessment behaviors in two models of anxiety in rats. Nutr Neurosci,
6(4), 213-219.

Hoek, H. W., Brown, A. S., & Susser, E. (1998). The Dutch famine and schizophrenia spectrum
disorders. Soc Psychiatry Psychiatr Epidemiol, 33(8), 373-379.

Howes, O. D., Egerton, A., Allan, V., McGuire, P., Stokes, P., & Kapur, S. (2009). Mechanisms
underlying psychosis and antipsychotic treatment response in schizophrenia: insights from
PET and SPECT imaging. Curr Pharm Des, 15(22), 2550-2559.

Hulshoff Pol, H. E., & Kahn, R. S. (2008). What happens after the first episode? A review of
progressive brain changes in chronically ill patients with schizophrenia. Schizophr Bull,
34(2), 354-366.

28



Javitt, D. C. (2006). Is the glycine site half saturated or half unsaturated? Effects of
glutamatergic drugs in schizophrenia patients. Curr Opin Psychiatry, 19(2), 151-157.

Javitt, D. C., Spencer, K. M., Thaker, G. K., Winterer, G., & Hajos, M. (2008).
Neurophysiological biomarkers for drug development in schizophrenia. Nat Rev Drug
Discov, 7(1), 68-83.

Jones, D. N. C., Gartlon, J. E., Minassian, A., Perry, W., & Geyer, M. A. (2008). Developing
New Drugs for Schizophrenia: From Animals to the Clinic. In R. McArthur & F. Borsini
(Eds.), Animal and Translational Models for CNS Drug Discovery (Vol. 1, pp. 199-261):
Academic Press.

Joyce, J. N., Lexow, N., Bird, E., & Winokur, A. (1988). Organization of dopamine D1 and D2
receptors in human striatum: receptor autoradiographic studies in Huntington's disease and
schizophrenia. Synapse, 2(5), 546-557.

Kehoe, P., Mallinson, K., Bronzino, J., & McCormick, C. M. (2001). Effects of prenatal protein
malnutrition and neonatal stress on CNS responsiveness. Brain Res Dev Brain Res, 132(1),
23-31.

Kellendonk, C., Simpson, E. H., & Kandel, E. R. (2009). Modeling cognitive endophenotypes of
schizophrenia in mice. Trends Neurosci, 32(6), 347-358.

Keller, E. A., Cancela, L. M., Molina, V. A., & Orsingher, O. A. (1994). Lack of adaptive
changes in 5-HT sites in perinatally undernourished rats after chronic stress: opioid
influence. Pharmacol Biochem Behav, 47(4), 789-793.

Keller, E. A., Molina, V. A., & Orsingher, O. A. (1990). Lack of neuronal adaptive changes
following chronic treatments in perinatally undernourished rats. Pharmacol Biochem Behav,
37(4), 675-678.

Laino, C. H., Cordoba, N. E., & Orsingher, O. A. (1993). Perinatally protein-deprived rats and
reactivity to anxiolytic drugs in the plus-maze test: An animal model for screening antipanic
agents? Pharmacology Biochemistry and Behavior, 46(1), 89-94.

Large, C. H. (2007). Do NMDA receptor antagonist models of schizophrenia predict the clinical
efficacy of antipsychotic drugs? J Psychopharmacol, 21(3), 283-301.

Leahy, J. P., Stern, W. C., Resnick, O., & Morgane, P. J. (1978). A neuropharmacological
analysis of central nervous system catecholamine systems in development protein

malnutrition. Dev Psychobiol, 11(4), 361-370.

29



Le Pen, G., Gaudet, L., Mortas, P., Mory, R., & Moreau, J. L. (2002). Deficits in reward
sensitivity in a neurodevelopmental rat model of schizophrenia. PSychopharmacology (Berl),
161(4), 434-441.

Li, L., Du, Y., Li, N., Wu, X., & Wu, Y. (2009). Top-down modulation of prepulse inhibition of
the startle reflex in humans and rats. Neurosci Biobehav Rev, 33(8), 1157-1167.

Lillycrop, K. A., Phillips, E. S., Jackson, A. A., Hanson, M. A., & Burdge, G. C. (2005). Dietary
protein restriction of pregnant rats induces and folic acid supplementation prevents
epigenetic modification of hepatic gene expression in the offspring. J Nutr, 135(6), 1382-
1386.

Lillycrop, K. A., Phillips, E. S., Torrens, C., Hanson, M. A., Jackson, A. A., & Burdge, G. C.
(2008). Feeding pregnant rats a protein-restricted diet persistently alters the methylation of
specific cytosines in the hepatic PPAR alpha promoter of the offspring. Br J Nutr, 100(2),
278-282.

Lipska, B. K., Swerdlow, N. R., Geyer, M. A., Jaskiw, G. E., Braff, D. L., & Weinberger, D. R.
(1995). Neonatal excitotoxic hippocampal damage in rats causes post-pubertal changes in
prepulse inhibition of startle and its disruption by apomorphine. Psychopharmacology (Berl),
122(1), 35-43.

Lister, J. P., Blatt, G. J., DeBassio, W. A., Kemper, T. L., Tonkiss, J., Galler, J. R., et al. (2005).
Effect of prenatal protein malnutrition on numbers of neurons in the principal cell layers of
the adult rat hippocampal formation. Hippocampus, 15(3), 393-403.

Lodge, D. J., & Grace, A. A. (2008). Hippocampal dysfunction and disruption of dopamine
system regulation in an animal model of schizophrenia. Neurotox Res, 14(2-3), 97-104.

Marichich, E. S., Molina, V. A., & Orsingher, O. A. (1979). Persistent changes in central
catecholaminergic system after recovery of perinatally undernourished rats. J Nutr, 109(6),
1045-1050.

Meyer, U., & Feldon, J. (2009). Epidemiology-driven neurodevelopmental animal models of
schizophrenia. Prog Neurobiol.

Mokler, D. J., Galle, J. R., & Morgane, P. J. (2003). Modulation of 5-HT release in the
hippocampus of 30-day-old rats exposed in utero to protein malnutrition. Brain Res Dev
Brain Res, 142(2), 203-208.

30



Mokler, D. J., Torres, O. 1., Galler, J. R., & Morgane, P. J. (2007). Stress-induced changes in
extracellular dopamine and serotonin in the medial prefrontal cortex and dorsal hippocampus
of prenatally malnourished rats. Brain Res, 1148, 226-233.

Niculescu, M. D., & Zeisel, S. H. (2002). Diet, methyl donors and DNA methylation:
interactions between dietary folate, methionine and choline. J Nutr, 132(8 Suppl), 2333S-
23358S.

Palmer, A. A., Brown, A. S., Keegan, D., Siska, L. D., Susser, E., Rotrosen, J., et al. (2008).
Prenatal protein deprivation alters dopamine-mediated behaviors and dopaminergic and
glutamatergic receptor binding. Brain Res, 1237, 62-74.

Palmer, A. A., Printz, D. J., Butler, P. D., Dulawa, S. C., & Printz, M. P. (2004). Prenatal protein
deprivation in rats induces changes in prepulse inhibition and NMDA receptor binding. Brain
Res, 996(2), 193-201.

Patil, S. T., Zhang, L., Martenyi, F., Lowe, S. L., Jackson, K. A., Andreev, B. V., et al. (2007).
Activation of mGlu2/3 receptors as a new approach to treat schizophrenia: a randomized
Phase 2 clinical trial. Nat Med, 13(9), 1102-1107.

Patterson, P.H. (2009). Immune involvement in schizophrenia and autism: etiology, pathology
and animal models. Behav Brain Res, 204(2), 313-21.

Paz, R. D., Tardito, S., Atzori, M., & Tseng, K. Y. (2008). Glutamatergic dysfunction in
schizophrenia: from basic neuroscience to clinical psychopharmacology. Eur
Neuropsychopharmacol, 18(11), 773-786.

Perry, W., Minassian, A., Feifel, D., & Braff, D. L. (2001). Sensorimotor gating deficits in
bipolar disorder patients with acute psychotic mania. Biol Psychiatry, 50(6), 418-424.

Powell, S. B., Zhou, X., & Geyer, M. A. (2009). Prepulse inhibition and genetic mouse models
of schizophrenia. Behav Brain Res, 204(2), 282-294.

Prut, L., & Belzung, C. (2003). The open field as a paradigm to measure the effects of drugs on
anxiety-like behaviors: a review. Eur J Pharmacol, 463(1-3), 3-33.

Ralph-Williams, R. J., Lehmann-Masten, V., Otero-Corchon, V., Low, M. J., & Geyer, M. A.
(2002). Difterential effects of direct and indirect dopamine agonists on prepulse inhibition: a

study in D1 and D2 receptor knock-out mice. J Neurosci, 22(21), 9604-9611.

31



Ranade, S. C., Rose, A., Rao, M., Gallego, J., Gressens, P., & Mani, S. (2008). Different types of
nutritional deficiencies affect different domains of spatial memory function checked in a
radial arm maze. Neuroscience, 152(4), 859-866.

Resnick, O., & Morgane, P. J. (1984). Ontogeny of the levels of serotonin in various parts of the
brain in severely protein malnourished rats. Brain Res, 303(1), 163-170.

Rodgers, R. J., & Johnson, N. J. (1995). Factor analysis of spatiotemporal and ethological
measures in the murine elevated plus-maze test of anxiety. Pharmacol Biochem Behav,
52(2), 297-303.

Rojas-Casteneda, J., Vigueras-Villasenor, R.M., Rojas, P., Rojas, C. & Cintra, L. (2008).
Immunoreactive vasoactive intestinal polypeptide and vasopressin cells after a protein
malnutrition diet in the suprachiasmatic nucleus of the rat. Lab Anim, 42(3), 360-8.

Sams-Dodd, F. (1999). Phencyclidine in the social interaction test: an animal model of
schizophrenia with face and predictive validity. Rev Neurosci, 10(1), 59-90.

Santucci, L. B., Daud, M. M., Almeida, S. S., & de Oliveira, L. M. (1994). Effects of early
protein malnutrition and environmental stimulation upon the reactivity to diazepam in two
animal models of anxiety. Pharmacol Biochem Behav, 49(2), 393-398.

Schumacher, A., Kapranov, P., Kaminsky, Z., Flanagan, J., Assadzadeh, A., Yau, P., et al.
(2006). Microarray-based DNA methylation profiling: technology and applications. Nucleic
Acids Res, 34(2), 528-542.

Schweigert, I. D., Oliveira, D. L. d., Scheibel, F., Costa, F. d., Wofchuk, S. T., Souza, D. O., et
al. (2005). Gestational and postnatal malnutrition affects sensitivity of young rats to
picrotoxin and quinolinic acid and uptake of GABA by cortical and hippocampal slices.
Brain Res Dev Brain Res, 154(2), 177-185.

Seeman, P., Bzowej, N. H., Guan, H. C., Bergeron, C., Reynolds, G. P., Bird, E. D., et al. (1987).
Human brain D1 and D2 dopamine receptors in schizophrenia, Alzheimer's, Parkinson's, and
Huntington's diseases. Neuropsychopharmacology, 1(1), 5-15.

Shanahan, N.A., Holick Pierz, K.A., Masten, V.L., Waeber, C., Ansorge, M., Gingrich, J.A.,
Geyer, M.A., Hen, R. & Dulawa, S.C. (2009). Chronic reductions in serotonin transporter
function prevent 5-HT 1 B-induced behavioral deficits in mice. Biol Psychiatry, 65(5), 401-8.

Shultz, P. L., Galler, J. R., & Tonkiss, J. (1999). Prenatal protein restriction increases

sensitization to cocaine-induced stereotypy. Behav Pharmacol, 10(4), 379-387.

32



Shultz, P. L., Galler, J. R., & Tonkiss, J. (2002). Prenatal protein malnutrition enhances stimulus
control by CDP, but not a CDP/THIP combination in rats. Pharmacol Biochem Behav, 73(4),
759-767.

Singh, S. M., Murphy, B., & O'Reilly, R. L. (2003). Involvement of gene-diet/drug interaction in
DNA methylation and its contribution to complex diseases: from cancer to schizophrenia.
Clin Genet, 64(6), 451-460.

Smart, J. L., Dobbing, J., Adlard, B. P., Lynch, A., & Sands, J. (1973). Vulnerability of
developing brain: relative effects of growth restriction during the fetal and suckling periods
on behavior and brain composition of adult rats. J Nutr, 103(9), 1327-1338.

Souza, S. L. d., Orozco-Solis, R., Grit, ., Castro, R. M. d., & Bolafnos-Jiménez, F. (2008).
Perinatal protein restriction reduces the inhibitory action of serotonin on food intake. Eur J
Neurosci, 27(6), 1400-1408.

St Clair, D., Xu, M., Wang, P., Yu, Y., Fang, Y., Zhang, F., et al. (2005). Rates of adult
schizophrenia following prenatal exposure to the Chinese famine of 1959-1961. JAMA,
294(5), 557-562.

Steiger, J. L., Alexander, M. J., Galler, J. R., Farb, D. H., & Russek, S. J. (2003). Effects of
prenatal malnutrition on GABAA receptor alphal, alpha3 and beta2 mRNA levels.
Neuroreport, 14(13), 1731-1735.

Steiger, J. L., Galler, J. R., Farb, D. H., & Russek, S. J. (2002). Prenatal protein malnutrition
reduces beta(2), beta(3) and gamma(2L) GABA(A) receptor subunit mRNAs in the adult
septum. Eur J Pharmacol, 446(1-3), 201-202.

Stone, J. M., Morrison, P. D., & Pilowsky, L. S. (2007). Glutamate and dopamine dysregulation
in schizophrenia--a synthesis and selective review. J Psychopharmacol, 21(4), 440-452.

Susser, E., Neugebauer, R., Hoek, H. W., Brown, A. S., Lin, S., Labovitz, D., et al. (1996).
Schizophrenia after prenatal famine. Further evidence. Arch Gen Psychiatry, 53(1), 25-31.

Susser, E. S., & Lin, S. P. (1992). Schizophrenia after prenatal exposure to the Dutch Hunger
Winter of 1944-1945. Arch Gen Psychiatry, 49(12), 983-988.

Swerdlow, N.R., Braff, D.L. & Geyer, M.A. (1990). GABAergic projection from nucleus
accumbens to ventral pallidum mediates dopamine-induced sensorimotor gating deficits of

acoustic startle in rats. Brain Research, 532(1-2), 146-50.

33



Swerdlow, N. R., Braff, D. L., Taaid, N., & Geyer, M. A. (1994). Assessing the validity of an
animal model of deficient sensorimotor gating in schizophrenic patients. Arch Gen
Psychiatry, 51(2), 139-154.

Swerdlow, N. R., Weber, M., Qu, Y., Light, G. A., & Braff, D. L. (2008). Realistic expectations
of prepulse inhibition in translational models for schizophrenia research.
Psychopharmacology (Berl), 199(3), 331-388.

Toda, M., & Abi-Dargham, A. (2007). Dopamine hypothesis of schizophrenia: making sense of
it all. Curr Psychiatry Rep, 9(4), 329-336.

Tonkiss, J., Galler, J., Morgane, P. J., Bronzino, J. D., & Austin-LaFrance, R. J. (1993). Prenatal
protein malnutrition and postnatal brain function. Ann N'Y Acad Sci, 678, 215-227.

Tonkiss, J., & Galler, J. R. (1990). Prenatal protein malnutrition and working memory
performance in adult rats. Behav Brain Res, 40(2), 95-107.

Tonkiss, J., Galler, J. R., Formica, R. N., Shukitt-Hale, B., & Timm, R. R. (1990). Fetal protein
malnutrition impairs acquisition of a DRL task in adult rats. Physiol Behav, 48(1), 73-77.

Tonkiss, J., Harrison, R. H., & Galler, J. R. (1996). Differential effects of prenatal protein
malnutrition and prenatal cocaine on a test of homing behavior in rat pups. Physiol Behav,
60(3), 1013-1018.

Tonkiss, J., Shukitt-Hale, B., Formica, R. N., Rocco, F. J., & Galler, J. R. (1990). Prenatal
protein malnutrition alters response to reward in adult rats. Physiol Behav, 48(5), 675-680.

Tonkiss, J., Shultz, P., & Galler, J. R. (1994). An analysis of spatial navigation in prenatally
protein malnourished rats. Physiol Behav, 55(2), 217-224.

Tonkiss, J., Shultz, P. L., Shumsky, J. S., Fiacco, T. T., Vincitore, M., Rosene, D. L., et al.
(2000). Chlordiazepoxide-induced spatial learning deficits: dose-dependent differences
following prenatal malnutrition. Pharmacol Biochem Behav, 65(1), 105-116.

Tonkiss, J., & Smart, J. L. (1983). Interactive effects of genotype and early life undernutrition on
the development of behavior in rats. Dev Psychobiol, 16(4), 287-301.

Tonkiss, J., & Galler, J. (2007). Prenatal malnutrition alters diazepam-mediated suppression of
ultrasonic vocalizations in an age dependent manner. Behav Brain Res, 182(2), 337-343.

Torres, G., Meeder, B. A., Hallas, B. H., Gross, K. W., & Horowitz, J. M. (2005). Preliminary
evidence for reduced social interactions in Chakragati mutants modeling certain symptoms of

schizophrenia. Brain Res, 1046(1-2), 180-186.

34



Trzctnska, M., Tonkiss, J., & Galler, J. R. (1999). Influence of prenatal protein malnutrition on
behavioral reactivity to stress in adult rats. Stress, 3(1), 71-83.

Turetsky, B. 1., Calkins, M. E., Light, G. A., Olincy, A., Radant, A. D., & Swerdlow, N. R.
(2007). Neurophysiological endophenotypes of schizophrenia: the viability of selected
candidate measures. Schizophr Bull, 33(1), 69-94.

Ueki, A., Goto, K., Sato, N., Iso, H., & Morita, Y. (2006). Prepulse inhibition of acoustic startle
response in mild cognitive impairment and mild dementia of Alzheimer type. Psychiatry Clin
Neurosci, 60(1), 55-62.

Umbricht, D., Vollenweider, F. X., Schmid, L., Grubel, C., Skrabo, A., Huber, T., et al. (2003).
Effects of the 5S-HT2A agonist psilocybin on mismatch negativity generation and AX-
continuous performance task: implications for the neuropharmacology of cognitive deficits in
schizophrenia. Neuropsychopharmacology, 28(1), 170-181.

Umbricht, D., & Krljes, S. (2005). Mismatch negativity in schizophrenia: a meta-analysis.
Schizophr Res, 76(1), 1-23.

Umbricht, D., Vyssotki, D., Latanov, A., Nitsch, R., & Lipp, H. P. (2005). Deviance-related
electrophysiological activity in mice: is there mismatch negativity in mice? Clin
Neurophysiol, 116(2), 353-363.

Vachtenheim, J., Horakova, 1., & Novotna, H. (1994). Hypomethylation of CCGG sites in the 3'
region of H-ras protooncogene is frequent and is associated with H-ras allele loss in non-
small cell lung cancer. Cancer Res, 54(5), 1145-1148.

Valdomero, A., Bussolino, D. F., Orsingher, O. A., & Cuadra, G. R. (2006). Perinatal protein
malnutrition enhances rewarding cocaine properties in adult rats. Neuroscience, 137(1), 221-
229.

Valdomero, A., Isoardi, N. A., Orsingher, O. A., & Cuadra, G. R. (2005). Pharmacological
reactivity to cocaine in adult rats undernourished at perinatal age: behavioral and
neurochemical correlates. Neuropharmacology, 48(4), 538-546.

Valdomero, A., Velazquez, E. E., de Olmos, S., de Olmos, J. S., Orsingher, O. A., & Cuadra, G.
R. (2007). Increased rewarding properties of morphine in perinatally protein-malnourished
rats. Neuroscience, 150(2), 449-458.

van den Buuse, M., Garner, B., Gogos, A., & Kusljic, S. (2005). Importance of animal models in
schizophrenia research. Aust N Z J Psychiatry, 39(7), 550-557.

35



Vollenweider, F. X., Vollenweider-Scherpenhuyzen, M. F., Babler, A., Vogel, H., & Hell, D.
(1998). Psilocybin induces schizophrenia-like psychosis in humans via a serotonin-2 agonist
action. Neuroreport, 9(17), 3897-3902.

Wainfan, E., Dizik, M., Stender, M., & Christman, J. K. (1989). Rapid appearance of
hypomethylated DNA in livers of rats fed cancer-promoting, methyl-deficient diets. Cancer
Res, 49(15), 4094-4097.

Watkins, A. J., Ursell, E., Panton, R., Papenbrock, T., Hollis, L., Cunningham, C., et al. (2008).
Adaptive responses by mouse early embryos to maternal diet protect fetal growth but
predispose to adult onset disease. Biol Reprod, 78(2), 299-306.

Watkins, A. J., Wilkins, A., Cunningham, C., Perry, V. H., Seet, M. J., Osmond, C., et al. (2008).
Low protein diet fed exclusively during mouse oocyte maturation leads to behavioural and
cardiovascular abnormalities in offspring. J Physiol, 586(8), 2231-2244.

Weiner, 1., & Arad, M. (2009). Using the pharmacology of latent inhibition to model domains of
pathology in schizophrenia and their treatment. Behav Brain Res, 204(2), 369-386.

Weiss, 1.C. & Feldon, J. (2001). Environmental animal models for sensorimotor gating
deficiencies in schizophrenia: a review. Psychopharmacology, 305-326.

Whatson, T. S., Smart, J. L., & Dobbing, J. (1975). Dominance relationships among previously
undernourished and well fed male rats. Physiol Behav, 14(04), 425-429.

Whatson, T. S., Smart, J. L., & Dobbing, J. (1976). Undernutrition in early life: lasting effects on
activity and social behavior of male and female rats. Dev Psychobiol, 9(6), 529-538.

Wiley, J. L., & Compton, A. D. (2004). Progressive ratio performance following challenge with
antipsychotics, amphetamine, or NMDA antagonists in adult rats treated perinatally with
phencyclidine. Psychopharmacology (Berl), 177(1-2), 170-177.

Wolff, G. L., Kodell, R. L., Moore, S. R., & Cooney, C. A. (1998). Maternal epigenetics and
methyl supplements affect agouti gene expression in Avy/a mice. FASEB J, 12(11), 949-957.

Xu, M. Q., Sun, W. S, Liu, B. X., Feng, G. Y., Yu, L., Yang, L., et al. (2009). Prenatal
malnutrition and adult schizophrenia: further evidence from the 1959-1961 Chinese famine.
Schizophr Bull, 35(3), 568-576.

Young, J. W., Minassian, A., Paulus, M. P., Geyer, M. A., & Perry, W. (2007). A reverse-
translational approach to bipolar disorder: rodent and human studies in the Behavioral Pattern

Monitor. Neurosci Biobehav Rev, 31(6), 882-896.

36



37



