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Cognitive dysfunction is now recognized to be central to the functional 

disability of several neuropsychiatric disorders. However, treatment options for 

the management of cognitive symptoms are limited and the development of novel 

therapeutics has been made difficult by the lack of appropriate animal models. It 

has been suggested that variable prenatal stress (PNS) in rodents might be an 

etiologically appropriate model for some components of schizophrenia. Thus, the 

overall goal of this dissertation project was to conduct a comprehensive 

behavioral study of the model to assess face validity, and to make a preliminary 

assessment of its construct and predictive validity. Our results indicate that 

exposure to PNS results in elevated corticosterone levels following exposure to 

acute stress, increased aggressive behaviors, as well as increased locomotor 

activity and stereotypic behaviors. Further, PNS rats had altered innate fear 

responses to predator odor as well as impaired fear extinction. Additionally, PNS 

in rats was associated with impairments of sustained attention, inhibitory 

response control, and recognition memory all of which could be attenuated by the 

norepinephrine reuptake inhibitor, atomoxetine. Collectivity, these data ,support 

the premise that PNS in rodents is a valid model system for studying some 

behavioral components of neuropsychiatric disorders as well as their treatment. 
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I. INTRODUCTION 

A. STATEMENT OF THE PROBLEM 

Neuropsychiatric disorders (e.g., schizophrenia, bipolar affective 

disorder, depression) have been found to contribute significantly to the global 

burden of disease (Prince 2007). Historically, studies of these disorders have 

focused on emotional symptoms such as anxiety, delusions, and hallucinations. 

However, cognitive dysfunction is equally important, playing a vital role in the 

long term outcome and quality of life of the patient (Fioresco et al., 2005; Kurtz, 

2005; Barch, 2005; Bidwell et al., 2011; Austin et al., 2001 ). Further, while the 

emotional symptoms of neuropsychiatric disorders are often improved by current 

therapeutic treatments, they have limited effects on cognitive deficits and may 

even exacerbate them (Wallace et al., 2011; Millan et al., 2012): Understanding 

the etiology and neurobiological mechanisms of cognitive impairment in 

psychiatric disorders is crucial to identifying novel therapeutic approaches. Thus, 

development of valid animal models to test novel hypotheses at the basic 

science level is essential for drug discovery in this field. A number of 

pharmacological, genetic, and neurodevelopmental models have been 

introduced; yet given the apparent polygenic nature of neuropsychiatric disorders 

and the limited translational significance of pharmacological models, 

neurodevelopmental models may offer the best chance of success. 

1 
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A number of epidemiological studies have established correlations 

between prenatal stress and neuropsychiatric disorders including attention

deficit/hyperactivity disorder (ADHD), autism, depression, anxiety, and 

schizophrenia (van Os and Selten, 1998; Lewis and Levitt, 2002; Linnet et al., 

2003; Spauwen et al., 2004; Rice et al., 2007; Grizenko et al., 2008; Kinney et 

al., 2008; Davis and Sandman, 2012). It has been suggested that repeated 

variable prenatal stress in rodents (henceforth referred to as PNS) might be an 

etiologically appropriate neurodevelopmental model for some components of 

schizophrenia (Koenig et al., 2005). Previous animal studies suggested that 

variable prenatal stress may lead to behavioral deficits such as disrupted 

sensorimotor gating, social withdrawal and increased sensitivity to amphetamine

induced locomotor activity; all behavioral . characteristics associated with a 

schizophrenia-like phenotype (Koenig et al., 2005; Lee et al., 2007). Additionally, 

PNS subjects were also found to exhibit impairments in the performance of 

several behavioral tasks that have been designed to assess object recognition 

memory, spatial reference memory, and conditioned fear memory (Markham et 

al., 2010). However, a comprehensive study of the effects of variable prenatal 

stress on animal behavior and cognition has yet to be conducted to determine 

the validity of the model. 
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Hypothesis 

The central hypothesis of this proposal is that the rodent variable 

prenatal stress paradigm is a valid drug discovery platform for cognitive 

deficits associated with schizophrenia and other neuropsychiatric 

disorders 

Specific Aim I. - "Face Validity" We hypothesize that exposure to variable 

prenatal stress will result in behavioral deficits often associated with 

schizophrenia and other neuropsychiatric disorders. 

Ia. -To determine if variable prenatal stress results in behaviors associated 

with positive and negative symptoms, behavioral tasks will be performed to 

analyze social interaction, anxiety-like behavior, sensorimotor gating, and 

increased sensitivity to psychostimulants. 

lb. - To determine if variable prenatal stress results in cognitive deficits, 

behavioral tasks will be performed to analyze attention, spatial learning and 

memory, recognition memory, and working memory. 

Specific Aim II. - "Construct Validity" We hypothesize that exposure to variable 

prenatal stress will result in neuroendocrine and neurotransmitter-related 

abnormalities that are often observed in schizophrenia and other neuropsychiatric 

disorders. 
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lla. - To determine if variable prenatal stress results in neuroendocrine 

(stress-response) abnormalities, corticosterone serum levels before and after 

acute stress will be analyzed using an enzyme linked immunoassay (ELISA). 

lib. - To determine if variable prenatal stress .results in alterations in the 

expression of specific neurotransmitter-related proteins that are often 

associated with the cognitive deficits of schizophrenia and other 

neuropsychiatric disorders, a7-nicotinic acetylcholine receptor (a7-nAChR), 

and norepinephrine transporter (NET) levels will be assessed in prefrontal 

cortex and hippocampus homogenates by Western blot. 

Specific Aim Ill. - "Predictive Validity'' We hypothesize that currently prescribed 

antipsychotics and pro-cognitive agents (shown to be effective in clinical tr!als) 

will ameliorate positive-like symptoms and cognitive deficits associated with 

variable prenatal stress. 

lila. -Animals will be treated acutely with antipsychotics (e.g., risperidone) 

prior to behavioral tasks to determine the ability of current treatment options to 

improve positive-like symptoms associated with variable prenatal stress. 

lllb. - Animals. will be treated acutely with pro-cognitive compounds (e.g., 

partial arnAChR agonist and selective norepinephrine reuptake inhibitor) prior 

to cognitive tasks to determine their ability to improve cognition in the variable 

prenatal stress model. 
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Cognitive Deficits in Neuropsychiatric Disorders 
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Cognitive dysfunction is a common debilitating feature of schizophrenia 

and several other neuropsychiatric disorders such as ADHD and bipolar disorder 

(Table1; Barch, 2005; Bidwell et al., 2011; Austin et al., 2001; see review Millan 

et al., 2012). Deficits in learning, memory, and cognition, limit the occupational 

and social opportunities of patients diagnosed with neuropsychiatric disorders, 

and as a result, these deficits are strongly linked to long-term disability (Bidwell et 

al., 2011 ). Various factors (e.g., education, age, disease progression, co

morbidity, interactions between cognition and mood changes) often make it 

challenging to define the exact nature of the cognitive changes, nevertheless, 

cognitive deficits (in general) can be found across a number of distinct psychiatric 

diagnoses (Kas et al., 2011 ). 

While alterations in a specific domain of cognition are often characterized 

as a defining (or signature) feature of a specific neuropsychiatric disorder, [(e.g., 

loss of inhibitory control in obsessive compulsive disorder; deficits in fear 

extinction in post-traumatic stress disorders (Burdick et al., 2008; McNally, 2006)] 

it is not widely appreciated that such symptoms are often observed across 

multiple psychiatric disorders. For example, deficits in inhibitory control are also 

observed in patients diagnosed with bipolar disorder and schizophrenia, while 

impairments in fear extinction have been observed in schizophrenia, phobias and 

social anxiety disorders (Kurtz and Gerraty, 2009; Galderisi et al., 2009; Fossati 



Table I. Cognitive domains impaired in several neuropsychiatric disorders (adapted from Millan eta/., 2012}. 

0 = absent; + = unpronounced; ++ = common; +++ = severe; ? = variable. 

Attention Post-
Autism defiCit/ Obssessive traumatic 

Major Bipolar spectnJITl' hyperactivity compulsive stress 
, Schizo11hrenia de11ression disorder disorder disorder disorder disorder 

~ ---~tt~~~io~- --- J +H ++ +++ +++ +++ +++ +++ 

Working memory I +++ ++ ++ + ++ ++ ++ 

Executive function I +++ ++ ++ +++ +++ ++ ++ 

Episodic memory +++ ++ ++ ++ ? + ++ 

Semantic memory ++ + + + + ? + 

Visual memory I ++ + + + ++ + + 

Verbal memory. I +++ ++ ++ ++ ++ ? +++ 

Fear extinction. ++ ? + ++ + ++ +++ 

Processing Speed +++ +++ ++ +++ ++ ++ + 

Procedural memoryl + + 0 ? + ++ 0 

Social cognition +++ ++ ++ +++ + + ? 

Language +++ + ++ +++ ? ? 0 

en 
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et al., 1999; Castaneda et al., 2008; Kalkstein et al., 2010; Koenen et al., 2011; 

Martinez and Quirk, 2009; Holt et al., 2009). 

In addition, patients diagnosed with a neuropsychiatric disorder often have 

deficits in several domains of cognition. For example, OCD patients often 

present with impairments of attention and procedural learning, along with the 

deficits in inhibitory control (Sayin et al., 2010). Symptoms of attention 

deficiUhyperactivity disorder (ADHD) include deficits in attention as well as 

working memory and speed of processing (Vaidya and Stollstorff, 2008; 

Uekermann et al., 201 0; Barkley and Murphy, 201 0). Further, while autistic 

spectrum disorders (ASD) are often associated with disrupted social cognition, 

several other domains are also affected (Robinson et al., 2009). Indeed, several 

neuropsychiatric disorders have a very broad range of cognitive deficits. For 

instance, schizophrenia is characterized by deficits in attention, inhibitory control, 

working memory, episodic memory, social cognition, along with several other 

domains (Galderisi et al., 2009; Dere et al., 2010; Bora et al., 2010). While, 

bipolar disorder is characterized by similar impairments, they tend to be less 

severe (Kurtz and Gerraty, 2009; Dere et al., 2010). In sum, an animal model 

demonstrating some (or several) of the symptoms listed above might be useful 

for the study of multiple psychiatric disorders. 

Prenatal Stress and Neuropsychiatric Disorder 

There is a growing body of literature supporting the hypothesis that 

interactions between genes and the environment plays a crucial role in the 

functional development of an organism {Glover et al., 201 0). The placenta is an 
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essential barrier, which insulates the developing fetus from any adversity that 

might arise in the maternal environment (Weinstock, 2005). However, in 

situations where the maternal environment undergoes severe challenge, the 

placental barrier may become compromised, thereby exposing the developing 

fetal brain to maternally derived substances, such as stress hormones (Mueller · 

and Bale 2008; Welberg et al. 2000). During the prenatal period, the rapid growth 

of the central nervous system makes the fetus particularly vulnerable to insults 

and the attendant horomonal changes in its environment (reviewed, Markham 

and Koenig, 2011 ). Deviation from the crucial sequences of events which occur 

during brain development may lead to inappropriately timed neuronal birth, 

migration, and synaptogenesis, which could ultimately cause long lasting 

changes in both structure and function (Brunton and Russell, 2011 ). In fact, 

evidence of these developmental impairments has been identified in postmortem 

studies of human brain · samples obtained from individuals afflicted with 

neuropsychiatric disorders, including schizophrenia, bipolar disorder and 

depression (Lewis and Levitt, 2002; Rapoport et al., 2005; Talge et al: 2007). 

This has led to the suggestion that adverse life situations, including acute 

and chronic stressors, experienced by the pregnant mother can result in long 

term deleterious effects on the mental health of the ·child (Maccari et al.,2003; 

Wadhwa et al., 2001; Weinstock, 2005). Indeed, there have been a number of 

epidemiological studies linking maternal stress during pregnancy to childhood 

neurodevelopmental disorders including attention-deficiUhyperactivity disorder 

(ADHD) and autism (Clements, 1992; Linnet et al., 2003; Grizenko et al., 2008; 
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Kinney et al., 2008). Additionally, several epidemiologic studies demonstrate 

correlations between prenatal stress and neuropsychiatric illnesses that are 

manifested later in life including depression, anxiety, and schizophrenia (Brixey 

et al., 1993; van Os and Sellen, 1998; Hultman et al., 1999; Imamura et al., 

1999; Lewis and Levitt, 2002; O'Connor et al., 2003; Spauwen et al., 2004; Rice 

et al., 2007; Davis and Sandman, 2012). A broad range of stressors have been 

implicated including family discord, unwanted pregnancy, job loss, death of a 

loved one, famine, war, and natural disasters. 

The exact mechanisms by which maternal stress may affect brain 

development, thereby increasing the risk of developing neuropsychiatric 

disorders later in life, is unknown. However, recent studies in humans indicate 

that alterations in the activity of the neuroendocrine system may mediate the 

effects of stress on fetal development (reviewed by Weinstock, 2005). Normal 

regulation of hormonal activity during pregnancy can be compromised by chronic 

maternal stress leading to elevations in circulation corticotrophin-releasing 

hormone (CRH) and thus elevations in glucocorticoids (Kapoor et al., 2006). 

Normally, maternal cortisol increases two-fold over the course of normal 

gestation; yet fetal exposure to the increasing concentrations of maternal cortisol 

is regulated by a placental enzyme, 11 f3-hydroxysteroid dehydrogenase type 2 

(11 f3-HSD2) (Sandman et al., 2006). However, in the event of abnormal 

elevations, maternal cortisol can pass through the placenta and through the 

immature blood-brain barrier targeting (GR) glucocorticoids and (MR) 

mineralcorticoid receptors present throughout the central nervous system of the 
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developing fetus (Davis and Sandman, 2012). Furthermore, there have now been 

several studies indicating that glucocorticoids play a crucial role in brain 

development and the programming of the hypothalamic-pituitary-adrenal (HPA) 

axis (Trejo et al., 1998; Trejo et al.,.2000; Emack and Matthews, 2011 ). This 

knowledge along with several reports of HPA axis dysfunction in neuropsychiatric 

disorders (e.g., schizophrenia, anxiety disorders), provides further evidence of 

the role of prenatal stress in the development of these disorders (Guest et al., 

2011; Ma et al., 2011; Wingenfeld and Wolf, 2011 ). 

Stress, HPA axis and Cognition 

Exposure to adverse events that are real or perceived as threatening, 

initiates activation of appropriate central nervous and peripheral systems to 

prepare the individual for the appropriate responses (Lupien et al., 2009; see 

review Smith and Vale, 2006). These coordinated stress responses are 

composed of alterations in behavior, autonomic function and the secretion of 

multiple hormones (Joels and Baram, 2009). Some of the physiological changes 

associated with the stress response include increased awareness, increased 

cerebral perfusion rates, modulation of immune function, increased 

cardiovascular tone, decreased appetite, and enhanced analgesia (Smith and 

Vale, 2006). 

The activation of the HPA axis, which includes the paraventricular nucleus 

(PVN) of the hypothalamus, the anterior lobe of the pituitary gland and the 

adrenal gland, plays a crucial role in stress responses (Fig. 1; reviewed by 

Carrasco and Van de Kar, 2003; Lightman, 2008; Papadimitriou and Priftis, 



Stress 

Hypothalamus 

! Corticotropin-Releasing Hormone (CRH) 

ci Anterio' Pituita"! Gland 

! Adrenocorticotropic Hormone (ACTH) 

Adrenal Gland 

Glucocorticoids ! 
Metabolic Effects 
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Figure -1. Representation of the hypothalamic-pituitary adrenal {HPA) axis {adapted 

from Smith and Vale, 2006). Neurons in the PVN release corticotropin releasing 

hormone (CRH) whiCh acts at the pituitary gland resulting in the release of 

adrenocorticotropic hormone (ACTH}. Circulating ACTH activates the adrenal cortex 

which stimulates glucotorticoids secretion. Glucocorticoids are hormones that regulate 

physiological changes as well as exert an inhibitory effect on the release of CRH and 

ACTH via glucocorticoid (GRs) and mineralocorticoid (MRs) receptors. 
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2009). Neurons in the PVN release CRH, the principle regulator of the HPA axis, 

and arginine vasopressin (AVP) into the portal circulation in response to 

perceived stress. CRH coordinates the endocrine, autonomic and behavioral 

responses to stress as well as acts as a neuromodulator in several brain regions 

(e.g., amygdala, hippocampus) to integrate brain multi-system responses to 

stress. Binding of CRH to its receptor .on the pituitary gland induces the release 

of adrenocorticotropic hormone (ACTH} into systemic circulation. Circulating 

ACTH activates the adrenal cortex and adrenal medulla, which stimulates 

glucocorticoids (e.g., cortisol, corticosterone) and catecholamines (e.g., 

adrenaline, noradrenaline) secretion. Glucocorticoids are a major subclass of 

steroid hormones that regulate physiological changes (i.e., metabolic, behavioral} 

through ubiquitously distributed intracellular receptors (Munck et al., 1984). 

Due to the wide array of physiologic and potentially pathogenic effects of · 

stress responses, feedback loops are triggered at various levels of the system in 

order to regulate the HPA axis (Carrasco and Van de Kar, 2b03). Glucocorticoids 

exert an inhibitory effect on the release of CRH and ACTH via GRs and MRs 

which act as ligand-dependent transcription factors. GRs are found .in several ,,,.,,.· 

brain regions, including frontal cortex_ and PVN, while MRs are found in some 

limbic brain areas such as the hippocampus (Papadimitriou and Priftis, 2009). 

Glucocorticoids extensively occupy GRs during periods of elevated glucocorticoid 
' 

secretion, while MRs bind glucocorticoids during periods of basal secretion, 

suggestive that MRs regulate basal HPA tone while GRs mediate glucocorticoid 

negative feedback following stress (Smith and Vale, 2006). Gamma-aminobutyric 
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acid (GABA) also plays an important role in HPA regulation via GABAergic 

neurons of the hypothalamus that project to the PVN to inhibit glucocorticoid 

secretion following exposure to stress (Carrasco and Van de Kar, 2003). 

The HPA axis is also regulated by several limbic structures of the 

forebrain, including the hippocampus, prefrontal cortex (PFC), and amygdala. 

Neurons of the medial prefrontal cortex are activated and release 

catecholamines following exposure to acute and chronic stressors (Jedema et 

al., 1999). Additionally, the PFC has high densities of GRs resulting in an 

inhibitory effect on the HPA axis (Ahima and Harlan, 1990). The hippocampus 

also plays an important role in terminating HPA axis responses to stress by 

decreasing neuronal activity in the PVN, thus inhibiting glucocorticoid secretion 

(Sapolsky et al., 1984). Conversely, the amygdala, which is involved in fear 

processing, activates the HPA axis in order to initiate stress responses that are 

necessary to deal with the challenge (Lightman, 2008). The medial nuclei of the 

amygdala is thought to respond to "emotional" stress, while the central nuclei is 

thought to respond to "physiological" stressors (Carrasco and Van de Kar, 2003). 

The brain responds to stress with reversible structural, as well as 

functional plasticity, including neuronal replacement, dendritic remodeling, and 

synapse turnover (McEwen et al., 2012). In general, stress responses are limited 

in duration (i.e., acute, within minutes or a few hours) and when the HPA axis is 

well-regulated, modest and phasic recruitment of the HPA axis generally favors 

cognitive performance (Roozendaal, 2003; Howland and Wang, 2008). However, 

when an individual is exposed to chronic stress, prolonged activation of the HPA 
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axis could have detrimental effects on cognition (Schwabe et al., 2010). Effects 

of chronic HPA activation on cognition are associated with structural remodeling 

(e.g. dendritic spine retraction, neuronal atrophy) in the PFC, reduced long-term 

potentiation (L TP) and neurogenesis in the hippocampus, and an interference 

with PFC-hippocampus coupling (Howland and Wang 2008; Cerqueira et al., 

2007). The precise mechanism by which this occurs is unclear but it has been 

suggested that glucocorticoids, GRs, MRs and glutamatergic signaling interact to 

influence cognition (Joels and Baram, 2009; Lupien et al., 2009; Schwabe et al., 

2010). It is possible that MRs, which act during periods of basal secretion, exert a 

positive influence on cognition, however when GR receptor stimulation is 

persistent and disproportionate, cognition is compromised (Carrasco and Van de 

Kar, 2003; Herbert et al., 2006). One example of this occurs in the hippocampus 

where glucocorticoids influence the release of glutamate and the activation of 

NMDA receptors mediating long-term depression (LTD) (Joels and Baram, 

2009). 

Challenges of Developing a Valid Animal Model 

As previously stated, therapeutic options for the treatment of cognitive 

deficits in neuropsychiatric disorders are limited, thus it is crucial to·develop valid 

animal models to better elucidate the mechanisms involved in cognition 

dysfunction, as well as to identify novel drug targets. In drug discovery, animal 

models of human, illnesses are expected to meet the requirements of "face," 

"construct" and "predictive" validity discussed in further detail in a later section 

(II.A. First Published Manuscript) (see reviews Geyer and Markou, 1995). 



15 

Establishing validity for models of neuropsychiatric disorders can be quite 

challenging. For instance, some features of neuropsychiatric disorders are 

uniquely human and cannot be modeled in animals (e.g. verbal memory). 

Further, the underlying neurobiological substrates of the cognitive deficits have 

not been clearly established and positive controls for the purpose of establishing 

predictive validity are currently not available. 

In clinical attempts to understand neuropsychiatric disorders we have 

traditionally focused upon symptomatology, rather than pathophysiology (Kas et 

al., 2011 ). Thus in drug discovery, animal models aimed at symptom amelioration 

may be more appropriate than models directly targeting the underlying 

pathophysiology as they may not recapitulate symptoms. Additionally, as 

symptoms of neuropsychiatric disorders are very complex and heterogeneous, 

efforts to model these illnesses in their entirety are probably unrealistic (Geyer 

and Moghaddam, 2002). A more rational approach may be to deconstruct these 

disorders into various phenomenological components that could be targeted 

independently with separate molecules or specifically designed multi-target drugs. 

(Grunder et al., 2009). Further, assuming that similar mechanisms are involved, it 

may· be. possible for a drug effective for a specific domain of cognition (e.g., 

attention, inhibitory control) could be active across several disorders in which this 

domain is impaired. 

The overall goal of this dissertation project was, therefore, to conduct a 

comprehensive behavioral evaluation of the variable prenatal stress model to 

assess its face validity, and to make a preliminary assessment of its construct 
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and predictive validity. Each of these factors was evaluated in the specific 

context of determining the future utility of the variable prenatal stress model as a 

platform for drug discovery and development for neuropsychiatric disorders. 
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ABSTRACT 

Schizophrenia is a devastating mental illness that is associated with a 

lifetime of disability. For patients to successfully function in society, the 

amelioration of disease symptoms is imperative. The recently published results of 

two large antipsychotic clinical trials (e.g., CATIE, CUtLASS) clearly exemplified 

the limitations of currently available treatment options for schizophrenia, and 

further highlighted the critical need for novel drug discovery and development in 

this field. One of the biggest challenges in schizophrenia-related drug discovery 

is to find an appropriate animal model of the illness so that novel hypotheses can 

be tested at the basic science level. A number of pharmacological, genetic, and 

neurodevelopmental models have been introduced; however, none of these 

models has been rigorously evaluated for translational relevance or to satisfy 

requirements of ''face," "construct" and "predictive" validity. Given the apparent 

polygenic nature of schizophrenia and the limited translational 

17 
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significance of pharmacological models, neurodevelopmental models may offer 

the best chance of success. The purpose of this review is to provide a general 

overview of the various neurodevelopmental models of schizophrenia that have 

been introduced to date, and to summarize their behavioral and neurochemical 

phenotypes that may be useful from a drug discovery and development 

standpoint. While it may be that, in the final analysis, no single animal model will 

satisfy all the requirements necessary for drug discovery purposes, several of the 

models may be useful for modeling various phenomenological and 

pathophysiological components of schizophrenia that could be targeted 

independently with separate molecules or multi-target drugs. 

INTRODUCTION 

Schizophrenia is a severe chronic brain disorder that afflicts approximately 

1% of the world's population. The heterogeneous disorder produces a lifetime of 

disability, and afflicts all areas of the patient's life, ranking as one of the leading 

causes of disability in the United States and other developed countries (APA 

DMS-IV-TR, 2000). Symptoms of schizophrenia are commonly divided into three · 

domains: positive (e.g., delusions, hallucinations, agitation); negative (e.g., 

depression, anhedonia); and, cognitive dysfunction (e.g., poor attention, deficits 

in executive function, disorders of working and spatial memory). Whereas 

positive and negative symptoms of schizophrenia tend to be episodic, cognitive 

deficits often precede the manifestation of psychosis and usually persist 

throughout the course of the illness (Lewis and Lieberman, 2000). Furthermore, 

cognitive dysfunction is now recognized to be central to the functional disability of 
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the disorder, having the most substantial impact upon the long-term outcome of 

the illness, yet the focus on developing therapeutic treatments for management 

of cognitive symptoms has been limited (Fioresco et al., 2005; Kurtz, 2005). 

CURRENT TREATMENT AND LIMITATIONS 

Treatment options for patients with schizophrenia include typical (first

generation) and atypical (second generation) antipsychotics. A range of adverse 

reactions (e.g., extrapyramidal side effects, sedation, anhedonia) of the first

generation antipsychotics led to the development of second-generation 

antipsychotics with lower 02 receptor affinity and a higher affinity for the 5-HT2A 

receptor. Results of industry-funded trials suggested that second generation 

compounds offered significant advantages over the first-generation drugs, 

including better efficacy for positive and negative symptoms, enhanced cognitive 

effects, and improved tolerability (Lewis and Lieberman, 2008). However, it is 

now recognized that these newer atypical agents also have a range of side 

effects (e.g., weight gain, endocrine disturbances, anticholinergic effects, 

hypotension, seizures) that can lead to morbidity, impaired quality of life and poor 

compliance (Lad~r. 1999; Haddad and Sharma, 2007). 

- ···~With rising cost of mental healthcare and lack of evidence of patients with 

improved outcomes, the NIMH in the U.S. and the NHS Health Technology 

Assessment R&D Office in the U.K. funded clinical trials to determine clinical 

superiority of second-generation antipsychotics (Lewis and Lieberman, 2008). In 

terms of effectiveness, results from the U.S. Clinical Antipsychotic Trials of 

Intervention Effectiveness (CATIE) showed no difference between second-
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generation antipsychotics (with the exception of olanzapine) and the first

generation antipsychotic perphenazine, the primary outcome being 

discontinuation of the drug and switching to another antipsychotic (Swartz et al., 

2008). Longitudinal assessment of neurocognition and psychosocial functioning 

indicated no evidence of superiority in the treatment for negative and cognitive 

symptoms (Keefe et al., 2007). Similarly, the U.K. Cost Utility of the Latest 

Antipsychotic Drugs in Schizophrenia Study (CUtLASS) showed no advantages 

of second-generation antipsychotics in terms of symptoms or quality of life, the 

primary outcome being the total score on the Quality of Life Scale (QLS) and 

Positive and Negative Syndrome Scale (PANSS) score being a secondary 

outcome measure (Lewis and Lieberman, 2008; Jones et al., 2006). These 

results suggest that no new drugs have achieved superior efficacy for psychosis, 

nor have they successfully addressed the cognitive and negative symptoms of 

the disorder (Carpenter and Koenig, 2008). 

SCHIZOPHRENIA-RELATED ANIMAL MODELS IN DRUG DISCOVERY AND 

DEVELOPMENT 

Despite fifty years of drug development research, discovery platforms of 

schizophrenia have (to date) repeatedly produced compounds·with similar 

mechanisms of action (i.e., primarily dopamine receptor antagonism and, to a 

secondary extent, serotonin receptor antagonism). This is most likely due to our 

relatively poor understanding of the etiology and pathophysiology of 

schizophrenia, as well as the lack of appropriate animal models for screening 

new compounds. As more knowledge of the pathophysiology of schizophrenia 
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accrues, it is essential that appropriate animal models of the illness be developed 

that have better translational value. Typically, animal models of human illness are 

expected to meet the requirements of ''face," "construct" and "predictive" validity 

(see reviews Geyer and Markou, 1995; Decker, 2006; Meyer and Moghaddam, 

2002). 

Face Validity 

The degree of phenomenological similarity between the animal model and 

the human condition it is meant to simulate is known as "face validity." In the 

context of schizophrenia, challenges to face validity immediately arise due to the 

nature of the symptoms of the illness. For examples, some features of 

schizophrenia are uniquely human (e.g., language disorders) and others 

(hallucinations, delusions) are impossible to determine in animals. However, 

several symptoms known to have an important impact on illness outcome in 

schizophrenia can be modeled successfully in animals. These include deficits of 

information processing (e.g., prepulse inhibition) and several domains of 

cognition (e.g., attention, working memory). Other symptoms that can be 

modeled successfully in animals include . hyperactivity, sensitivity to 

psychostimulants, and deficits in latent inhibition. 

Construct Validity 

The level of homology in pathological mechanisms (i.e., between the 

animal model and the human illness) that underlies disease symptoms is known 

as "construct validity." Demonstrating construct validity for animal models of 

schizophrenia is difficult since neither the underlying neurobiological substrates 
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of the behavioral symptoms nor the cognitive deficits have been clearly 

established. However, several animal models exhibit some pathophysiological 

features that have been detected in schizophrenia (e.g., neurotransmitter deficits, 

enlarged ventricles, decreased hippocampal volume, decreased synaptic 

connections). 

Predictive Validity 

The most critical (but most difficult to achieve) feature of an animal model 

for drug discovery purposes is predictive validity. Predictive validity in drug 

discovery is primarily defined by the degree to which the model can be used to 

predict efficacy of a new therapeutic agent in humans (reviewed, Decker, 2006). 

Typically, in drug discovery research, assessing the effects of positive-control 

compounds provides this type of validation. In schizophrenia, positive controls for 

some of the symptoms of schizophrenia (e.g., efficacy in prepulse inhibition 

[PPI]) impairment models, amphetamine locomotor assays, etc.) have been 

identified; however, this has not been the case for negative and cognitive 

symptoms since drugs that reliably improve these symptoms in human patients 

are not currently available. 

As noted above, schizophrenia is a very complex and heterogeneous 

disease, and, therefore, efforts to model the illness in its entirety are probably 

unrealistic. There are, however, a number of distinct behavioral, structural and 

molecular components of schizophrenia that can be modeled in animals 

(summarized in Table II; see also reviews Geyer and Moghaddam, 2002; Meyer 

et al., 2005; Buckley 2005; van Haren et al., 2008; Young, 2009). Thus, focusing 
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on specific symptoms of the disorder or modeling changes in neurobiological 

substrates that are known to be involved in schizophrenia may represent the 

most rational approach to establishing face and construct validity in animals 

models (Geyer and Moghaddam, 2002; van der Staay et al., 2009). 

Elevations in locomotor activity and increased sensitivity to dopaminergic 

psychostimulants are commonly described characteristics of a useful 

schizophrenia-related animal model. Amphetamine-induced hyperlocomotion has 

·been especially useful in preclinical research for screening new drugs with 

potential antipsychotic activity (Geyer and Ellenbroek, 2003). The model is 

thought to mimic the hyperdopaminergic tone and the related stereotypical 

behaviors often observed in schizophrenic patients (Kapur and Mamo, 2003). 

Some have challenged the face and construct validity of this approach, however, 

and argue that a focus on these characteristics was primarily inspired by 

antipsychotic (i.e., antidopaminergic) pharmacology and not schizophrenia 

symptoms per se (Lipska and Weinberger, 2000). More recently, an elevation in 

locomotor activity due to glutamate (NMDA) antagonists (e.g., phencyclidine) is 

recognized as a desirable feature of a schizophrenia-related model and based on 

N-methyi-D-aspartate (NMDA) alterations that have been observed in 

postmortem schizophrenia brains. Abnormal sensory gating, deficits in 

habituation, impaired social behavior, deficits in latent inhibition and cognitive 

dysfunction are behavioral features that correspond well with schizophrenic 

symptomatology. Sensory gating deficits (i.e., the inability to properly filter 

sensory stimuli) are most commonly assessed via measurements of prepulse 
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inhibition (reduction of startle reaction to a sensory stimulus when preceded by 

weaker stimulus) and the N40 potential (analogous to human P50 event 

relatedpotential). Habituation (often assessed in open field locomotor activity 

assays in rodents) refers to the reduction of response associated with repeated 

exposure to unimportant stimuli, necessary for the development of selective 

attention. Latent inhibition (often assessed in operant tasks, drinking behavior

and shock response related tasks, etc.), in contrast, refers to the retardation in 

learning about the significance of stimuli due to non consequential repeated pre" 

exposures. Deficits in social interaction and social recognition reflect 

abnormalities in social cognition and are indicative of the negative 

sympotomatology of schizophrenia. Attention, speed of processing, visual 

learning and memory, working memory, and reasoning and problem solving are 

cognitive domains of schizophrenia that can be modeled via a variety of methods 

in animals (e.g.,5-choice serial reaction, attentional set-shifting, novel object 

recognition, water maze tasks). 

A number of important structural and molecular abnormalities in the brains 

of schizophrenic patients have N-methyl-0-aspartate (NMDA) been identified 

through postmortem studies and, more recently, brain imaging technology. Such 

features in an animal model help establish construct validity, and include 

abnormalities in the neuronal organization of the prefrontal cortex (e.g., reduced 

volume, reduced neuropil, altered laminar distribution of neurons, elevated 

neuronal density), abnormalities in cortical neurotransmitter function (e.g., 

alterations in GABA neurons, decreased axons immunoreactive to an essential 
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enzyme for the conversion of dopamine-tyrosine hydroxylase, changes in gene 

expression of subunits of the glutamate NMDA receptors), as well as enlarged 

ventricles, decreased gray matter, and enlarged caudate nucleus (Buckley, 2005; 

van Haren et al., 2008). However, it is important to note that the features listed 

here are not all inclusive; and, though the behavioral, structural, and molecular 

abnormalities mentioned are indicative of schizophrenia, they can be observed in 

patients who do not suffer from schizophrenia. 

NEURODEVELOPMENTAL HYPOTHESIS 

The neurodevelopmental hypothesis of schizophrenia posits that the 

behavioral outcome of the disorder is due to an abnormality in 

neurodevelopmental processes from early (prenatal or perinatal) insult that begin 

· long before the onset of clinical symptoms (Weinberger, 1987; Murray et al., 

1992; Bloom, 1993). This hypothesis has been modified more recently to include 

the role of genetic predisposition and environmental influences (Singh et al., 

2004). Numerous studies have reported developmental delays, social 

impairments, and general cognitive deficits in preschizophrenic children 

(Rapoport et al., 2005). Studies of brain pathology have revealed abnormalities in 

neuroi'ial migration, enlargement in cerebroventricular systems, and changes in 

gray and white matter (Young et al., 2009; Pantelis et al., 2005). Several gene 

candidates (discussed further in the "Genetic Models" section) implicated in 

schizophrenia are involved in neurodevelopment (e.g., neuronal migration, cell 

proliferation, axonal outgrowth, and synaptogenesis) and include neuregulin 1 

(NRG1 ), glutamic acid decarboxylase 1 (GAD1 ), disrupted-in-schizophrenia-1 
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(DISC1 ), and dysbindin (DTNBP1) (O'Tuathaigh et al., 2007; Stefansson et al., 

2004; Akbarian and Huang, 2006; Chubb et al., 2008; Fatemi and Folsom, 

2009). The emergence of this considerable amount of evidence has 

strengthened the link between maldevelopment and schizophrenia. 

There has also. been a significant amount of research on the role of 

ecogenetics (i.e., interactions between genetic vulnerability and environmental 

risk factors) in schizophrenia (van Os and Marcelis, 1998). The incidence of 

schizophrenia is 2-6% in second degree relatives (e.g., grandparent, aunt, 

uncle), 6-17% in first degree relatives (e.g., parents, siblings) and nearly 50% in 

monozygotic twins (Gottesman, 1991). Although the etiology of schizophrenia is 

clearly related to genetic factors, the degree of concordance among monozygotic 

twins and the large percentage of schizophrenic individuals with no affected 

relative suggest that genetic liability alone is not sufficient for the development of 

the disorder, and that environmental influences also play a critical role. Maternal 

malnutrition, maternal infection, and labor-delivery complications significantly 

increase the risk of the offspring developing schizophrenia later in life (Lewis and 

Levitt, 2002). Studies have also shown that individuals with schizophrenia are 

more likely to have experienced prenatal adverse events, obstetric complications, 

or exposure to harmful stressors in comparison to healthy individuals (Rapoport 

et al., 2005). In light of the considerable amount of evidence supporting the 

neurodevelopment hypothesis, animal models focusing on the role of 

ecogenetics and maldevelopment in schizophrenia may be crucial in 

understanding the pathophysiology of the disorder, as well as in drug discovery. 
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NEURODEVELOPMENTAL ANIMAL MODELS OF SCHIZOPHRENIA 

Disadvantages of using conventional pharmacologic and lesion models of 

schizophrenia in drug discovery research include a lack of etiological validity, a 

lack of subtle changes across several neural systems that more accurately reflect 

the pathophysiology of the disorder, and limitations related to the novel 

therapeutic agent directly attenuating the effects of the animal manipulation itself 

(i.e., the drug- or lesion-related effect) instead of what may be disrupted in 

schizophrenia. Neurodevelopmental animal models, in contrast; have etiological 

validity, can mimic the delayed onset of symptoms, and produce abnormalities in 

multiple neural systems associated with schizophrenia; thus, better 

approximating the pathophysiology of the disorder (Fioresco et al., 2005). 

Several neurodevelopmental animal models have been developed that reflect 

environmental stressors thought to increase the risk of developing schizophrenia 

later in life. For the purpose of this review, neurodevelopmental animal models 

were grouped based on experimental design into prenatal stress models, 

prenatal/neonatal immune challenge models, perinatal/neonatal stress models, 

pharmacological/lesion models, and genetic models. 

Prenatal Stress Models 

Several studies have shown that maternal stress due to famine, war, and 

natural disasters during pregnancy increases the risk of a child developing 

schizophrenia later in life (Lewis and Levitt, 2002; Brixey et al., 1993; van Os and 

Selten, 1998). Schizophrenia-related rodent models developed to study the 
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effects of prenatal stress include restraint stress, variable stress, maternal protein 

malnutrition, and vitamin D deficiency (see Table Ill). 

Restraint Stress 

Offspring of pregnant females exposed to restraint stress during the last 

week of pregnancy show several behavioral changes and alterations ·in 

neurochemistry. For example, several studies have indicated that restraint stress 

increases sensitivity to amphetamine-induced locomotor activity in offspring. This 

is often interpreted as a sign of a functional imbalance in dopaminergic 

transmission, which is thought to underlie several symptoms of schizophrenia 

(Deminiere et al., 1993). One study found that restraint stress resulted in 

alterations of dopamine receptor densities in the meso-limbic dopaminergic 

system, possibly the cause of the increased amphetamine sensitivity in the 

animals (Henry et al., 1995). Prenatal restraint stress also induced impairments 

in the Morris water maze (a hippocampal-related spatial learning task) and 

reduced neurogenesis in the dentate gyrus (Lemaire et al., 2000). Restraint 

stress also increased HPA axis response, altered dopamine and norepinephrine 

levels, and was associated with deficits in the forced swim test and in home cage 

emergence, results thought to correspond to depressive- and anxiety-like 

behaviors, respectively (Takahashi et al., 1992; Henry et al., 1994; Diaz et al., 

1995; van den Hove et al., 2005). 

Variable Stress 

Variable prenatal stress models were developed in response to evidence 

that repeated application of the same type of stress allows an animal to adapt 
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over time, resulting in reduced activation of the HPA axis. In contrast, 

unpredictable stress exposure induces a more robust HPA axis response 

(Koenig et al., 2005). Similar to restraint stress, variable stress produced 

increased sensitivity to amphetamine-induced locomotor activity and deficits in 

prepulse inhibition (PPI), considered a measure of sensorimotor gating which is 

often deficient in schizophrenia patients (Koenig et al., 2005). Animals exposed 

to variable prenatal stress also showed a reduction in social interaction and 

dysregulation of genes involved in NMDA, GABAergic, and synaptic function in 

the frontal pole and hippocampus (Kinnunen et al., 2003; Lee et al., 2007; 

Bogoch et al., 2007). 

Maternal Protein Malnutrition 

Protein malnutrition throughout pregnancy was also found to produce PPI 

deficits in rodents; however, unlike variable prenatal stress, the deficits were age 

and sex dependent occurring only in females (Palmer et al., 2004). Maternal 

protein malnutrition induced sex dependent increases in NMDA and DA receptor 

binding in the striatum and hippocampus, increased stereotypic response to 

apomorphine, and increased locomotor response to amphetamine in female rats 

(Palmer et al., 2008). Prenatal malnutrition altered extracellular DA and 5-HT 

levels in response to stress as well (Mokler et al., 2007). 

Vitamin D Deficiency 

Vitamin D is known to be involved in normal brain development, and 

deficiency of this vitamin has been proposed as a risk factor for the development 

of schizophrenia. 
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Studies show dysregulation of proteins involved in mitochondrial function, 

synaptic plasticity and neurotransmission in rodents exposed to prenatal vitamin 

D deficiency (Aimeras et al., 2007; Eyles et al., 2007; McGrath et al., 2008). 

Vitamin D deficiency produced enlarged lateral ventricles and reduced cortical 

thickness in rodents as well, resembling structural changes observed in 

. schizophrenic patients (Feron et al., 2005). PPI deficits were only seen with 

additional chronic postnatal vitamin D deficiency (Burne et al., 2004). In addition, 

increased ·MK-801 sensitive locomotor activity was observed in prenatal vitamin 

D deficient animals (Kesby et al., 2006). The model also showed impairments of 

latent inhibition (often observed in patients with schizophrenia), which reflects the 

ability to ignore stimuli that historically predicted no significant consequence 

(Becker et al., 2005). 

Prenatal/Neonatal Immune Challenge Models 

The original report of Mednick et al. (1988), indicating that persons in 

Helsinki exposed to the 1957 A2 influenza epidemic during their second trimester 

of fetal development were at an elevated risk of schizophrenia, has stimulated a 

considerable amount of interest in the role of maternal infection (Brixey et al., 

1993, Mednick et al., 1988). Rodent models developed to study the effects of 

prenatal and neonatal infection (i.e., in the context of schizophrenia-related 

symptoms or pathophysiology) include maternal exposure to the human influenza 

virus, neonatal exposure to the Barna disease virus, maternal immune activation 

by bacterial endotoxin lipopolysaccharide (LPS), and maternal and neonatal 
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immune activation by synthetic double-strand RNA polyriboinosinic

polyribocytidilic acid (Poly I:C) (see Table IV). 

Human Influenza Virus 

Maternal human influenza infection produced offspring with behavioral 

deficits in social interaction and exploratory behavior in an open field, as well as 

deficits in PPI that were reversible by clozapine and chlopromazine (Shi et al., 

2003). Dysregulation of genes involved in cell structure and function suggests 

that prenatal influenza infection may cause permanent changes in brain 

morphology and function; indeed, significant brain atrophy has been observed in 

rodents using this model approach (Fatemi et al., 2005, Fatemi et al., 2008). 

Studies also show a decrease in reelin-positive cell counts in the cortex and 

hippocampus, thought to play a key role in neuronal migration of the developing 

brain (Fatemi et al., 1999). 

Barna Disease Virus 

Neonatal Barna disease virus infection caused severe alteration in the 

cerebellum, including reduced size, substantial loss of Purkinji cells, and 

increased extracellular levels of norepinephrine and serotonin (Eisenman et al., 

1999; Pletnikov et al., 2000). Neonatal exposure to the Barna disease virus 

produced alterations in the hippocampus of offspring as well, with impaired 

synaptogenesis and defects in synaptic organization (Hans et al., 2004). 

Behavioral changes in social interaction, locomotor activity, habituation and PPI 

were observed; however, these changes were found to be· dependent on the 

strain of the rat, possibly demonstrating that the same environmental insult can 
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produce differential neuroanatomical and behavioral abnormalities dependent on 

genetic vulnerability {Pietnikov et al., 2002, Lancaster et al., 2007). 

Lipopolysaccharide 

Prenatal immune activation by bacterial endotoxin lipopolysaccharide 

(LPS) produces several of the behavioral deficits previously described that are 

thought to be relevant to schizophrenia. Studies have shown increased 

amphetamine-induced locomotor activity, deficits in social interaction, increased 

anxiety and haloperidol-sensitive, age-dependent disruptions in PPI (Borrell et 

al., 2002; Fortier et al., 2004; Hava et al., 2006; Fortier et al., 2007). Prenatal 

LPS also produced age-specific changes in accumbal dopamine levels (Romero 

et al., 2007; Romero et al., 2008). Observations of dendritic changes in the 

medial prefrontal cortex and hippocampus suggest that LPS prenatal immune 

activation affects development of pyramidal neurons that may potentially lead to 

abnormal neuronal connectivity and function (Bahamoori et al., 2009). 

Po/yi:C 

Immune activation (maternal and neonatal} with the synthetic double

strand RNA polyriboinosinic-polyri-bocytidilic acid (Poly I:C) has been suggested 

to be more appropriate in mimicking viral infection than LPS because itis thought 

that double-strand RNA is important in interferon induction (Ozawa et al., 2006). 

Studies of prenatal and postnatal Poly I:C immune activation produced similar 

behavioral results as LPS immune activation in rodents, including increased 

amphetamine-induced locomotor activity, deficits in social interaction, increased 

anxiety and disrupted PPI (Meyer et al., 2008a; lbi et al., 2009). Other behavioral 
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changes observed in maternal exposure to Poly J:C included postpubertal 

emergence of latent inhibition and impaired spatial working memory, while 

neonatal Pcily I:C immune activation impaired object recognition (lbi et al., 2009; 

Meyer et al., 2006; Meyer et al., 2008b). Deficits in latent inhibition and novel 

object recognition were improved by clozapine, but not affected by haloperidol 

(Ozawa et al., 2006). Maternal immune activation during pregnancy by Poly J:C 

also produced dopamine-related pharmacological abnormalities and increased 

GABAA receptor subunit a2 in the ventral dentate gyrus and basolateral 

amygdala (Meyer et al., 2008a; Nyffeler et al., 2006). 

Perinatal/Neonatal Stress Models 

Various forms of psychopathology have frequently been associated with 

obstetric complications or exposure to a traumatic experience during childhood 

(McNeil et al., 2000; Heim and Nemeroff, 2001 ). Rodent models developed to 

study the effects of perinatal and neonatal stress include 24-hour maternal 

deprivation, isolation rearing, and birth insults (see Table V). 

24-Hour Maternal Deprivation 

A single 24-hour episode of maternal deprivation produced postpubertal 

deficits in PPI that were reversible by haloperidol and risperidone (EIIenbroek et 

al., 1998). However, it was found that the deficits in PPI, as well as sensitivity to 

apomorphine, were strain dependent, similar to what was seen in prenatal 

exposure to the Borna disease virus (EIIenbroek et al., 2000). Maternal 

deprivation was also found to be associated with neuronal degeneration and an 

increased number of astrocytes in the cerebellum, which interestingly was 
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attenuated by inhibitors of endocannabinoid inactivation, suggesting a possible 

role of the endocannabinoid system in neural development (Lopez-Gallardo et 

al., 2008; Suarez et al., 2009). Increased numbers of astrocytes in the 

hippocampus were also observed in animals exposed to maternal deprivation; 

however, these results were sex dependent {Llorente et al., 2008). 

Isolation Rearing 

A large amount of research has been dedicated to the effects of early 

social isolation in rodents. Behavioral deficits observed in animals exposed to 

isolation rearing include strain-dependent PPI, increased aggression, increased 

anxiety, increased locomotor activity, increased food hoarding behavior, and 

impaired object recognition (Geyer et al., 1993; Varty and Geyer, 1998; 

Heidbreder et al., 2000; Weiss et al., 2000; Bianchi et al., 2006; Day-Wilson et 

al., 2006; Ferdman et al., 2007). Treatment with methylphenidate was found to 

improve deficits in anxiety, and treatment with clozapine and fluoxetine was 

found to improve aggressive behavior in these animals (Koike et al., 2009). 

Isolation rearing is also associated with impaired performance in an attentional 

set-shifting task, a deficit seen in patients with chronic schizophrenia and thought 

to reflect impaired reasoning and problem solving (McLean et al., 2008). 

Exposure to social isolation in rodents produces several· neurochemical and 

neuroanatomical alterations as well, including reduced arrays of chandelier 

axons in the prelimbic cortex, reduction in the volume of the medial prefrontal 

cortex, decreased cortical and hippocampus synaptic plasticity, and an increase 

in the number of striatal dopamine receptors in the functional high affinity state 
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(Day-Wilson et al., 2006; Bloomfield et al., 2008; Fone and Porkess, 2008; King 

et al., 2009; Schubert et al., 2009). 

Birth Insults 

To determine the possible effects of obstetric complications, a rodent 

model of anoxia during Caesarean section birth was developed. Exposure to 

anoxia during birth increased age-dependent amphetamine-induced locomotor 

activity (EI-Khodor and Boksa, 1998; Wakuda et al., 2008). Altered dendritic 

morphology in the prefrontal cortex and hippocampus, changes in dopamine 

turnover in the prefrontal cortex and nucleus accumbens, and a decrease in 

hippocampal dentate granule cells were observed in animals exposed to anoxia 

as well (Wakuda et al., 2008; EI-Khodor and Boska, 1997; Hoeger et al., 2000; 

Juarez et al., 2008). 

Pharmacologic/Lesion Models 

Pharmacologic and lesion models have played an important role in 

biomedical research. An advantage of these models is the ability to provide 

information about changes in transmitter systems and neural circuits from a 

specific alteration (Fioresco et al., 2005). Rodent models developed to study the 

effects of specific pharmacological and lesion manipulations on 

neurodevelopinent (and how the effects may relate to schizophrenia) include 

neonatal PCP exposure, neonatal ventral hippocampus lesion, neonatal 

exposure to NOS inhibitors, and exposure to antimitotic agents (see Table VI). 

Neonatal PCP 
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Neonatal administration of phencyclidine (PCP), an NMDA antagonist, has 

been shown to cause schizophrenia like symptoms in humans and to impair 

attentional set-shifting in adult rats (Broberg et al., 2008). The antipsychotic, 

sertindole, and ampakine CX516 (an AMPA receptor modulator) were able to 

attenuate these deficits in attentional set-shifting (Broberg et al., 2009). Neonatal 

PCP administration was also associated with apoptosis of GABAergic 

interneurons in the primary somatosensory, motor, and retrosplenial cortices as 

well as neurodegeneration in the striatum and hippocampus, an effect that could 

be attenuated by treatment with lithium (Wang et al., 2008; Xia et al., 2008). 

Neonatal Ventral Hippocampal Lesion 

Perhaps the most thoroughly characterized neurodevelopmental model of 

schizophrenia to date is the neonatal ventral hippocampal lesion (NVHL) model 

first introduced by Lipska and Weinberger (Lipska and Weinberger, 2002). 

Lesions of the ventral hippocampus in neonatal rats (typically produced by 

ibotenic acid) produce a complex syndrome that is postadolescent in onset and 

characterized by frontal cortical-striatal dysfunction. The syndrome in rats is 

expressed as a variety of symptoms that are observed in schizophrenia, 

including positive (e.g., deficits in PPI and latent inhibition), negative (e.g., 

deficits in social behaviors), and cognitive components (e.g., deficits in spatial 

learning and memory). Other behavioral changes include addiction vulnerability, 

increased amphetamine-induced locomotor activity, and hyper-responsiveness to 

stress (reviewed in Tseng et al., 2008a; see also, Sams-Dodd et al., 1997; Le 

Pen and Moreau, .2002; Rueter et al., 2004; Endo et al., 2007; Le Pen et al., 
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2003). It is interesting to note that the disruption of PPI in this animal model could 

be attenuated by atypical antipsychotics as well as ORG 24598, a selective 

glycine transporter 1 inhibitor (Le Pen et al., 2003). In addition, several important 

(schizophrenia-relevant) anatomical and neurophysiological alterations . have 

been observed in the prefrontal cortex of NVHL rats, including decreased 

dendritic length and spine density of pyramidal neurons, alterations of plasticity, 

and improper maturation of interneurons during adolescence (Le Pen et al., 

2003; Alquicer et al., 2008; Tseng et al., 2008b). Thus, while on first glance the 

construct validity of the NVHL model might appear to. be questionable, after the 

animals reach adolescence several of the requirements of face, construct, as 

well as predictive, validity appear to be met. 

Neonatal NOS Inhibition 

It has been suggested that nitric oxide affects neurodevelopmental 

processes in the central nervous system. Neonatal exposure to a nitric oxidase 

inhibitor resulted in sex-dependent behavioral deficits that included 

hypersensitivity to amphetamines, deficits in PPI, and social interaction (Black et 

al., 1999; Black et al., 2002). Behavioral deficits in latent inhibition that were 

reversed by glycine 1 inhibitors (GiyT1) and a-7 nicotinic receptor agonists were 

also observed in animals exposed to prenatal NOS inhibition, suggesting 

alterations in glutamatergic and cholinergic systems (Black et al., 2009; Barak et 

al., 2009). 

Antimitotic Agent 
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Some studies have suggested that low doses of antimitotic agents given 

prenatally will perturb the developmental progression of neurogenesis (a process 

thought to be altered in schizophrenia). Prenatal exposure to the antimitotic drug, 

cytosine arabinoside (Ara-C), produced postpubertal deficits in PPI and 

disorganization in hippocampal pyramidal cell layers (Elmer ·et al., 2004). 

Prenatal exposure to the mitotic inhibitor, methylazoxymethanol (MAM), 

produced increased amphetamine-induced locomotor activity, deficits in social 

interaction, impairments in set-shifting tasks, and deficits in radial arm maze 

performance (Fiagstad et al., 2004; Featherstone et al., 2007; Gourevitch et al., 

2004). Prenatal MAM exposure also resulted in decreased tissue weight in the 

hippocampus and prefrontal cortex (Featherstone et al., 2007). 

Genetic Models 

Considerable evidence supports an important role of genetics in 

schizophrenia and, accordingly, a vast number of risk genes have been studied 

in mutant mouse models (for review, O'Tuathaigh et al., 2007; Kellendonk et al., 

2009; Desbonnet et al., 2009). While the most promising gene candidates for 

schizophrenia have failed to be replicated in multiple populations, several 

transgenic mouse models have been useful for studying the behavioral 

consequences of specific gene/molecular alterations and the mechanisms 

potentially underlying the pathogenesis of schizophrenia (Kellendonk et al., 

2009). For the purposes of this review, mouse models specifically designed to 

study the schizophrenia-related gene candidates that are also known to play an 

important role in neurodevelopment will be discussed. These include neuregulin 
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1 (NRG1 ), disrupted-in-schizophrenia-1 (DISC1 ), and dysbindin (DTNBP1) (see 

Table VII). 

Neuregu/in 1 (NRG1) 

Neuregulin 1 (NRG1 ), part of a family of growth and differentiation factors, 

was first suggested as a potential candidate gene for schizophrenia in a study of 

the Icelandic population (Stefansson et al., 2002). This association of NRG1 with 

schizophrenia was later confirmed in Scottish (Stefansson et al., 2003) and Irish 

(Corvin et al., 2004) subjects. NRG1 has been found to be essential for 

neurodevelopment, with key roles in synapse formation, neuronal migration, 

synaptic plasticity, and regulation of neurotransmitter systems (Falls, 2003). 

Homozygous null mice embryos die midgestation; however, heterozygous mutant 

mice are viable and can reproduce (Gerlai et al., 2000). NRG1 hypomorph 

epidermal growth factor (EFG)-Iike domain models produce hyperactive mice 

with impaired PPI only after treatment with MK-801 (Gerlai et al., 2000, Duffy et 

al., 2008). Most NRG1 proteins are synthesized with a transmembrane (TM) 

domain, and NRG1 hypomorph TM models also produce hyperactivity that can 

be reduced by the second-generation antipsychotic, clozapine. These animals 

also exhibit impaired PPI (that is not reversed by clozapine), altered habituation, 

increased a·ggression, and decreased functional NMDA receptors (Stefansson et 

al., 2003; Karl et al., 2007; O'Tuathaigh et al., 2008). NRG1 immunoglobulin (!g)

like domain mutant mice, however, do not appear to be hyperactive, although 

they do exhibit impairments of latent inhibition (Rimer et al., 2005). A more recent 

model focusing on the deletion of a specific NRG1 isoform (Type Ill) produced 
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mice with more pronounced PPI deficits and impaired performance on delayed 

alteration memory tasks, as well as enlarged lateral ventricles and decreased 

dendritic spine density (Chen et al., 2008). 

Disrupted-in-Schizophrenia-1 (DISC1) 

Disrupted-in-schizophrenia-1 (DISC1) was suggested as a possible candidate 

gene when it was found to be disrupted by a balanced (1;11)(q42.1; q14.3) 

translocation that cosegregates with schizophrenia and related 

psychopathologies (Millar et al., 2000; Millar et al., 2001). DISC1 has been 

suggested to play important roles in neurite outgrowth, cell migration and cell 

signaling (Mackie et al., 2007). Studies of a DISC1 mutant model of a deletion 

variant in mDisc1 specific to the 12986/SvEV strain transferred onto a C578U6J 

strain revealed impairments in working memory, decreased mPFC volume, 

altered synaptic transmission in the hippocampus, and reduced dendritic growth 

in the dendate gyrus (Koike et al., 2006; Kvajo et al., 2008). An inducible DISC1 

C-terminal fragment (DISC1-cc) transgenic model exhibited abnormal spatial 

working memory and deficits in social interaction, as well as decreased 

hippocampal dendritic complexity (Li et al., 2007). A model expressing the 

dominant negative C-terminal truncated DISC1 (DN-DISC1) exhibited enlarged 

lateral ventricles, hyperactivity, disrupted PPI, and depressive-like symptoms 

(Hikida et al., 2007). Inducible expression of mutant hDISC1 also produced mice 

with enlarged lateral ventricles, deficits in spatial working memory, impaired 

social interaction, and hyperactivity (Pietnikov et al., 2008). DISC1tr (truncated) 

transgenic mice are characterized by enlarged lateral ventricles, decreased 
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cortical neurogenesis (and decreases in cerebral cortex), as well as partial 

agenesis of the corpus callosum. In addition, parvalbumin GABAergic neurons 

are reduced in the hippocampus and medial prefrontal cortex, and displaced in 

the dorsolateral frontal cortex. In behavioral studies, DISC1tr mice exhibit 

increased immobility and reduced vocalization in depression-related tests, as 

well as impairment in conditioning of latent inhibition (Shen et al., 2008). 

It should be noted, however, that there are some ambiguities in the results 

of the animal and cell-based studies that need to be addressed before final 

conclusions can be drawn regarding the role of DISC1 in neurodevelopmental 

processes that are relevant to schizophrenia. For example, the cellular models 

based on the knockdown of DISC1 or expression of dominant negative DISC1 

indicate clear disruptions in the developmental processes that are critical for 

normal cortical architecture. However, the aforementioned mutant mice (i.e., with 

the 2956/SvEV-derived DISC1 gene transferred onto a C57BU6J genetic 

background) showed relatively subtle behavioral abnormalities and no major 

deficits in cortical architecture. Such a finding leads to confusion, especially 

regarding a so-called "critical role" of DISC1 in neurodevelopment given that 

these mutant mice have a 25-bp deletion in a coding exon of the DISC1 gene 

that would be expected to 'completely abolish the full-length DISC1 protein. 

Efforts are currently underway to resolve these questions (see lshizuka et al., 

2007). 

Dysbindin (DTNBP1) 
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Several studies have described dysbindin (DTNBP1) as a candidate gene 

in schizophrenia (Straub et al., 2002; Tang et al., 2003; Schwab et al., 2003; 

Kirov et al., 2004). Dysbindin binds to dystrobrevins, components of the 

dystrophin-associated glycol-protein complex (DGC), and is thought to play a 

fundamental role in the regulation of synaptic structure and signaling (Benson et 

al., 2001; Benson et al., 2004). In 1991, Swank and colleagues first described a 

mouse mutant (sandy) which arose from the DBA/2J strain and was later found 

to have a deletion of the DTNBP1 gene (Swank et al., 1991; Li et al., 2003). 

Behavioral studies on sandy (sdy) mutant mice showed decreased activity, 

increased anxiety and impaired social interaction, as well as deficits in working 

memory and recognition memory (Hattori et al., 2008; Takao et al., 2008). These 

mice also displayed an increased freezing response to a conditioned stimulus in 

a fear-conditioning paradigm suggestive of deficits in emotional and motivated 

learning and memory (Bhardwaj et al., 2009). Decreased dopamine levels, 

reduced steady state levels of snapin (a synaptic priming regulator), and 

deficiencies in r:~eurosecretion were also observed in the sdy mutant mice 

(Murotani et al., 2007; Chen et al., 2008; Feng et al., 2008). In contrast, a recent 

study on sdy mutant mice (DTNBP1 KO) from the C57BU6J strain found no 

evidence of increased anxiety or increased activity, although the mice were 

impaired in spatial learning and memory (Cox et al., 2009). 

CONCLUSIONS 

Novel therapeutic strategies for schizophrenia are critically important in 

light of the inadequate treatment options currently available. Accordingly, the 
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development of valid and reliable animal models of the illness is essential so that 

novel treatment-related hypotheses can be tested at the basic science level. 

While a number of schizophrenia-related animal models have been introduced 

(see . references Schizophrenia Research Forum: Research Database and 

Carpenter and Koenig, 2008 for a comprehensive list), few have been rigorously · 

examined for their translational value in the context of novel drug discovery. 

However, several neurodevelopmental models have met some of the 

requirements of face validity as evidenced by deficits/alterations in social 

interaction, PPI, amphetamine sensitivity, latent inhibition, and spatial learning 

(i.e., features commonly observed in patients with schizophrenia (Buckley, 

2005)). Some of these behavioral deficits (e.g., PPI, latent inhibition) were 

reversible by first and second generation antipsychotics, thus providing evidence 

of predictive validity. Furthermore, neuroanatomical alterations (e.g., cortical 

atrophy, enlarged ventricles, neuronal disorganization) observed in some of the 

neurodevelopmental models correlate with what is often observed in patients with 

schizophrenia, thus satisfying some requirements of construct validity (Pantelis et 

al., 2005). Another striking feature of the neurodevelopmental moqels is the 

ability to produce age-dependent behavioral and neurochemical deficits as well 

as strain specific alterations (i.e., factors that support an important role of 

ecogenetics in schizophrenia). The age-dependent emergence of schizophrenia

related symptoms in some of the animal models could be very useful for testing 

hypotheses related to the contemporary (and controversial) topic of therapeutic 

intervention during the prodromal stages of schizophrenia. There is also an 
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emerging interest in the development of animal models that mimic gene

environment interactions in schizophrenia (i.e., combine mutant mouse 

transgenics with measurable environmental insults). Such an approach (see 

Ayhan et al., 2009 for review) may lead to more optimal models for identifying 

important gene-environment interactions in schizophrenia, as well as for testing 

novel drug-development strategies. 

It is important to note that another potential reason for the disappointing 

progress in the development of novel therapeutic agents for schizophrenia to 

date may have been the focus on designing a single compound for treating an 

illness with multiple dimensions. It has been suggested that a more rational 

approach would be to deconstruct schizophrenia into its various 

phenomenological components that could be targeted independently with 

separate molecules or specifically designed multi-target drugs (Grunder et al., 

2009). While it may be that no single animal model would satisfy all the 

requirements necessary for drug discovery purposes using this approach, 

several of the neurodevelopmental models discussed in this review could 

theoretically be used concurrently for such an approach. 
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Table II. Desriable characteristics of o schizophrenia-related animal model. 

Behavioral Features 
! r Elevatec:i"Locomotor-arid Stereotypic Activity----- ---- --------- -l 

I - Increased sensetivity to dopaminergic psychbstimulants 

[_ __ ---~n_~~a~El.9 ~~~s_!!i~ity_ to -~f11q~ a~!ag~ni~_t__ __ ___ _ _ __ _ ____ _ 
Abnormal Gating 

- Decreased Prepulse Inhibition (PPI) 

- Deficits in P20 (analogous to human P50 component of ERP) 

L~~~?ii~iri_ 8~-~~~~n ---~~---~~-~~-~--~-:--~ ~--.:~~~ ~~ ~~~~~~-:] 
Deficits in Latent Inhibition 

Social Behavior 

- Social withdrawal 

--=-~~~~~SJ':J.~!a!_r:ecog!:l_i!i~~- _________ _ 
Cognitive Dsyfunction 

- Deficits ·in attention 

- Deficits in speed of processing 

- Deficits in visual learning and memory 

- Deficits in working memory 

- Deficits in reason and problem solving 

· Structural and Molecular Features 

(Ai:inornialitles ~~n-iile Neuronal-org-~~iZatiollor Prefti:H1tal-6ortex- ·--

1!, - Reduction in cortical Volume · 

I 
-Reduced neuropil 

- Elevated neuronal density 

L__~~~~!ed lami~~r_9jstr!_~uti~~ o_!_r:!_euron~ _ __ 
Abnormalities in Cortical Neurotransmitter Function 

- Alterations .in GABA neurons 

- Decreased tyrosine hydroxylase immunoreactive axons 

- Changes in gene expression of subunits of NMDA receptor 

r ot~e~n~~::::~i~ir~:~:~~t:::7~~n:ricle~ -- -- - . -. ---- - ----. -

!
1 

- Decreased gray matter in frontal and temporal cortices 

- Enlarged caudate nucleus _____ _, 
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Table Ill. Behavioral, structural, and neurochemical phenotypes of prenatal stress models. 

r - - -------- -- · -- ---- -- · · strui:tiiii(and - --- - - - · · - - · . · -- - ·-- - - -- · ·- · -

I Prenatal Stress Models N h 1 1 Ph . ty Behavioral Phenotype References euroc em ca eno pe 
Resfraintstress _________ ·- ---·-·:-· -----:------~: _-- ~--- --,-- -~------.--.. --_------· - oemini13r£;1992-:··-

~ Changes 1n dopam1ne sens1t1v1ty 1n · Anx1ety- and depress1ve~hke T k h h' 1992. H' 
'I nucleus accumbens; increased HPA I behaviors; learning deficits in. Morris a1 ~9:~ ~ . 1•99~~ry j axis response; inhibition of ! water maze; locomotor activity and I L ' ' 2~~i v · d 
l neurogenesis in hippocampus 1 sensitivity to amphetamine ema•~ove 

200
;n en 

------------ --IJ- ---------- --- --- --------- -------- --- .. -------------- --11- -----------
: Variable Stress ~ Dysregulation of genes involved in 

Increased response to amphetamine; 
impaired social interaction; disrupted 
PPI (sensory gating) and N40 

Kinnunen 2003; Koenig • 
2005; Lee 2007; Bogoch ' 

2007 

NMDA, GABAergic, and synaptic 
function in the frontal pole and 
hippocampus 

-----------------------·------···---~- ______ ..._ ___ _ -rViafemiiiProieiri-----~- ---.---------- I 
Malnutrition . Altered DA and 5-HT response to ! Increased stereotypic response to ' 

stress; .increased NMDA and DA 11 apomorphine; increased locomotor ~ Palmer 2004; Palmer 

: vitamin D-Oeficiency 

receptor binding in striatum and li response to amphetamine; disrupted ~ 2008; Mokler 2007 
hippocampus of female rats I! PPI; (behaviors only in females) 

----------------·----------------- -- ---------~---
Dysregulation of proteins involved in 
mitochondrial function and synaptic 
plasticity; enlarged lateral ventricles; 
reduced cortical thickness 

Impaired habituation; altered PPI with 
additional chronic postnatal vitamin D 
deficiency; impairment of latent 
inhibition 

Burne 2004; Becker 
2005; Faron 2005; Kesby 

2006; Eyles 2007; 
Almeras 2007; McGrath : 

I 

. 2008 I 

-1> 

"' 



Table IV. Behavioral, structural, and neurochemical phenotypes of prenatal and neonatal immune challenge models. 

1

-----_ ----------~------- --------·--··· - --·---·-------_- --------
Prenatal/Neonatal . - · St t 1- d 
Immune ·challenge · . rue ura an 

1 M d 1 - Neurochemical Phenotype 

- . -------.~-- .. ~-----,.- _. ___ ._,. _____ ,. ___ _ 

References 
. ' 

Behavioral Phenotype 

C
' man-lnfl~e~z: Virus ---- -- -------'-----~-- --·------------- ------- --~-----------·----

. D-ysre_gul-ation of genes involved in cell 1- mpaire_d PPI; d. eficits in exploratorY Fatemi 1999; Shi 2003; 
structure and function; significant behavior in both open field and novel Fantemi 2005; Fantemi 

. brain atrophy object test; impaired social interaction 2008 
?-· -

-Bema Disease Virus 

LPS 

Polyi:C 

1 
' ~----~-------------· 

Impaired. hippocampal 
synaptogenesis; increased ·cortical 
and cerbelltim levels of NE and'5-HT, _ 
loss of Pi.!rkinje cells in cerebellum 

Impaired social behaviors; increased: . . ·Eisenman 1999; _--~ 
locomotor activity; impaired Pletnikov 2000; Pletnikov; 
habituation and PPI (rat strain 2002; Hans 2004; 1 
dependent) , _ _ : _ Lancaster 2007 i 

11---- _, --~--- ------1 

Age-specific changes in acctimbal DA Ji 
levels and striatal DOPAC; dendritic I 
changes in mPFC and hippocampus 

Disrupted PPI; increased 
amphetamine-induced lcomotor 
activity; deficits iri social interaction 

Borrell2002; Fortier 
2004; Halla 2006; 

Romero 2007; Fortier 
2007; Romero 2008; 

Baharnoori 2009 

DA-related pharmacologicaJ 
abnormalities; increase in GABAA 
receptorsu_buriil~:in ventral dentate 
gyrus a'nd_ basolaferai amygdale_. 

----·----11- H I 
Learning deficits in 'Morris water 
maze; postpubertal :latent inhibition 
a_ni:l PPI deficits; imp~ifed object 

.ll - -
· ~ecognition; impa~ed social behavior 

Ozawa 2006; Meyer ! 
2008; lbi 2009; JVI~yer-. j 
2006; Nyffeler2006 j 

:!:j 



Table v. Behavioral, structural, and neurochemical phenotypes of perinatal and neonatal stress models. 

; F>reniitiiliNeonaial st";.;~~l · ----- -- -stilictil~l~r1i - - ---- ~- ---- --~;~~~;-o~~-~-~;no~p~ --- --- - -· --- - Ret~~n-~~~--- --: 
,, Models ~ Neurochemical Phenotype · _ -----------~- , 
[24 H~ "'''""' ·~-----------------. --·1 _ --- 1 Ellenl:lroek 1998; ~ 

Deprivation Cerebellum neuronal _degeneration; ·II Impaired PPI; increased susceptibility j' Ellenbroek 2000; Lopez-
, Increased astrocytes 1n cerebellum I to apomorphine (rat strain dependent) Gallardo 2008; Suarez 

_ _ ________ ---- ___ !__ an~~!~o~~~~ (~x-depen_dent) __ ------------------·- _ _j ___ 2~09;_llore~!':~O~~---
Isolation Rearing 

Decrea11ed cortical and hippocampal 
synaptic plasticity; increased straital 
dopamine receptors in the functional 
high state 

Increased locomotor activiiy; impaired 
setshifting alid object recognition• _ 
increased social interaction; deficits in 
PPI (rat strain dependent) 

Geyer 1993; Varty 1998; : 
-Heidbreder 2000; Weiss ~ 

- - - . - . I 
2000; Bianchi 2006; Day-; 
-Wilson 2006~ Ferdmari -: 

2007; Koike 2009; : 
Mclean 2008; Bloomfield[ 

Birth Insults Decreased dentate granule cells: - EI-Khodor 1998; Wakuda 

2008;-Fone 2008; King : _
1

2009; Schubert 2009 _i 

------- ---11------------------~------------ --- --------------
'' increased DA release in nuclinls _ _, lnc;:reased amphetamine-induced I 2008; EI•Khodor 1997; 
jj .accumbe_n_s and striatum; decreased ~ locomotor activity (age dependent)· Hoeger 2000; Juarez 

DA release in PFC il 2008 

... 
00 



Table VI. Behavioral, structural, and neurochemical phenotypes of neonatal pharmacological and lesions models. 

r·· ------------ --H-·-----·-----.--------

1 Pharmacologicf L!lsion 
Models · 

Structural and 
-----·~---·--·-···- -- -- -·-------------- --n- -. ---- --------· .~----·1 

·. Neurocllilmical Phenotype 
Behavioral Phenotype 

i Neonatal PC_P ~~popi~sis a GABAergic interneurons 

Neonatal Ventral . 
Hippocampai Lesion 

L· 
'' ' 

in primary somatosensory, motor, and Deficits ill attention set shifting 

retorsplenial.c6rtices II--·----

Decreased 'dedritic density of I, Increase amphetamiilll'-inducecf · 

p.yra. m·.i·d. al rie.·u. ~ons;.al.te. rations .in ... lo. _c6. motor. activity···.; P .. PI, deficits; _ . 
. GABAA receptor expression; improper · decreased social interaction; hyper~ · 

interneuron maturation . . . . . responsive to stress' . . 

. . I 
, References · · 1 
- . ( 
. . . ' ! 

11 Broberg 20()8; Br~bergj 
. 2009; Wang 2008; Xia 

2008 

Lipska 2002; Tseng i 
2008· -Sams-Dodd 1997; 1 

· Le ~en 2002; Rueter .. · ! 
2004; Endo 2007; ·' 

. ·. Alquicer 2008 · i 

[ - NOS loM>ffi<m " ----- ~-Hypersen-~itivity t~-~mphelami~~-;--~~lack 1999· Black 2002; 
Possible changes in NMDA function defic.its in social interaction;. PPI ~. Black 2009~ Barak 2009 

· 1 deficits (all sex dependent) 
------11 

1 Antimitotic Agent: MAM or 
: -Arac · · · ' 
\ 

"----·-·---- ·- ----·--· _ __:. 

Decreased tissueweight ip 
hippocanipus·and Pf=C; · 
disorganization of pyraniidal.cell 
layers in hippocampus 

. PPI de,ficits (post-pubertal); de_ficits .in 
radial arm th8Ze; impaired J!!lcial · 
intera·cticin; increased amphetamine
induced loi::omotor activity 

..,.__ __ ._ _____ .______ 11-------

Elmer 2004; Flagstad . : 
' 2004; Featherstone .. 
2007; Gourevitch 2004 

.j:> 
<D 



Table VII. Behavioral, structural, and neurochemical phenotypes of genetic models. 

~--- ---- --- ---·------:--
' 

Genetic Models I 

i 
r-NRGT ___ ------ ------- -

(phenotypes dependent 
on domain mutations) 

--------------------------- -_________________ ,___ ---- - ---- --- --- -- -- i 
Structural and Behavioral Phenotype References 

Neurochemical Phenotype ___________________ _I 

;1 - ---------------------- ---~-~~:r:~~ed~~:~~otor a~~~~~PPI-- - - ~t~~nsson 2002; Corvin 

', Decreased NMDA receptor function; deficits; impaired social interaction; 2004; Falls 2003; Gerlal 
I, enlarged lat_eral ven~ricles; decreased , deficits in latent inhibition; impaired 200?; ~uffy 20_08; Karl _ 
,! dendritic spine density delayed alteration memory tasl< 2007, 0 Tuathalgh2008, 

~ performance Rimer 2005; Chen __ 2o~ 
I i 

DISC~------~ Decreased mPFC ~~lume; dec~e~sed Impaired working memory; disrupted Koike 2006; Kvajo 2008; i 
hippocampal dendnt1~ complexity, PPI; altered latent inhibition; u 2007; Hikida 2007; I 
enlarged l~teral ventn~les; redu~d hyperactivity; depressive-l!ke . Pletnikov 2008; Shen 1 
parvalbumm GABAerg1c neurons m symptoms; abnormal spat1al working 2008 ' 

. the hippocampus and mPFC · memory 
I 

-otNBP'i- -----------. 

I! 'DecreasedDA.Ieveis; decreased 
I steady-state snapin; deficiencies in 
\ neurosecretion and vesicular ! morphology 

------- ------------------ ------~--------------1 
~ Increased anxiety; decreased activity; ~ Hattori 2008; Takao 
I. impaired social illt_e_ raction; working 1 2008; Bhardwaj2009; 
l memory deficits; recognition memory ~ Murotani 2007; Chen 

l deficits; emotional learning and 2008; Feng 2008;. Cox 

1 memory deficits 2009 

1.11 a 
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Inhibitory Response Control in a 5-Choice Serial Reaction Time Task in Rats 
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ABSTRACT 

51 

Rats repeatedly exposed to variable prenatal stress (PNS) exhibit schizophrenia

like behavioral signs such as social withdrawal, elevations in amphetamine

induced locomotor activity, deficits in sensorimotor gating, as well as impairments 

in memory-related task performance. However, to date there have been no 

studies designed to test the hypothesis that variable PNS would lead to 

disruptions in sustained attention and inhibitory response control (i.e., symptoms 

also commonly observed in schizophrenia and other neuropsychiatric disorders 

such as attention deficit hyperactivity disorder). In the current study, the effects 

of variable PNS in rats were evaluated in fixed and variable stimulus duration 

(VSD) as well as variable intertrial interval (VITI) versions of a 5-choice serial 

reaction time task (5C-SRTT). In a separate series of experiments, the glutamate 

(N-methyi-D-aspartate [NMDA]) antagonist, MK-801 (0.025-0.05 mg/kg), and the 

norepinephrine reuptake inhibitor, atomoxetine (0.30-3.0 mg/kg), were 

administered acutely to assess the sensitivity of PNS subjects to glutamatergic 

and noradrenergic manipulations. The results indicated that exposure to variable 
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PNS significantly impaired accuracy in the VSD version of the 5C-SRTT and 

increased premature and timeout responses in the VITI version. In addition, both 

doses of MK-801 impaired accuracy, increased premature and timeout 

responses in PNS, but not control subjects. In contrast, atomoxetine decreased 

premature and timeout responses in both PNS and control subjects in the VITI 

version of the task and improved accuracy in the PNS subjects. The results 

suggest that exposure to variable PNS in rats results in impairments of sustained 

attention and inhibitory response control and that these deficits can be 

exacerbated by NMDA antagonism and improved by a norepinephrine uptake 

inhibitor. Collectively, these data further support the premise that variable PNS in 

rats is a valid model system for the study of neuropsychiatric disorders and their 

treatment. 

INTRODUCTION 

During the prenatal period, the rapid growth of the central nervous system 

which includes the development and migration of neurons and the establishment 

of proper synaptic connections makes the fetus particularly vulnerable to insults 

(reviewed, Markham and Koenig, 2011 ). Accordingly, environmental stressors, 

including adverse life events experienced by the pregnant mother, may exert a 

significant impact on brain development resulting in harmful effects on the mental 

health of the child throughout life (Weinstock, 2005). Several epidemiological 

studies have established associations between prenatal stress and childhood 

neurodevelopmental disorders including attention-deficiUhyperactivity disorder 

(ADHD) and autism (Linnet et al., 2003; Grizenko et al., 2008; Kinney et al., 
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2008). Additional epidemiologic studies demonstrate correlations between 

prenatal stress and neuropsychiatric illnesses that are manifested later in life 

including depression, anxiety, and schizophrenia (van Os and Selten, 1998; 

Lewis and Levitt, 2002; Spauwen et al., 2004; Rice et al., 2007; Davis and 

Sandman, 2012). This has led to a growing interest in the development of 

prenatal stress models in animals for the purpose of elucidating neurobiological 

mechanisms of neuropsychiatric disorders as well as for evaluating novel 

therapeutic approaches (Wilson and Terry, 201 0; Marco et al., 2011 ). 

It has been suggested that repeated variable prenatal stress in rodents 

(henceforth referred to as PNS) might be an etiologically appropriate 

neurodevelopmental model for some components of schizophrenia (Koenig et al., 

2005). Following acute restraint stress, rats exposed to variable PNS were found 

to have significantly higher levels of plasma corticosterone than control animals 

suggesting an altered response of the hypothalamic-pituitary-adrenal axis to 

acute stress (Kinnunen et al., 2003; Kapoor et al., 2006). Additionally, exposure 

to variable PNS also resulted in social withdrawal, elevated amphetamine

induced locomotor activity, and deficits in sensorimotor gating; behavioral 

characteristics commonly associated with a schizophrenia-related phenotype 

(Koenig et al., 2005; Lee et al., 2007). PNS subjects were also found to exhibit 

impairments in the performance of several behavioral tasks that have been 

designed to assess object recognition memory, spatial reference memory, and 

conditioned fear memory (Markham et al., 2010). Each of the domains of 

cognition modeled in these tasks (recognition memory, spatial memory, 
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emotional processing) has have been reported to be negatively affected in 

schizophrenia (reviewed, Hagan and Jones, 2005, see also Phillips et al., 2003). 

While several domains of cognition have been evaluated in the variable 

PNS model, sustained attention and inhibitory response control have not been. 

evaluated to date. Impairments in these important behavioral functions are often 

characteristic of schizophrenia as well as several other neuropsychiatric 

disorders mentioned above (e.g., ADHD and Autism, Birkett et al., 2007; 

Grizenko et al., 2008; Park et al., 2012; Han et al., 2012). The 5-choice serial 

reaction time task (5C-SRTT), first described by Carli and colleagues in 1983, is 

considered a rodent analog of the continuous performance task (CPT) in humans 

and is useful for detecting impairments of sustained attention and inhibitory 

response control in several neuropsychiatric disorders (e.g., ADHD, 

schizophrenia) (Carli et al., 1983; Riccio et al., 2001; Lee and Park, 2006). The 

5C-SRTT has increasingly gained popularity in drug discovery and development 

studies to identify novel compounds for the treatment of disorders associated 

with deficits of attention (reviewed, Higgins and Breysse, 2008). Like the CPT, 

the rodent 5C-SRTT is useful for evaluating sustained attention and inhibitory 

response control (e.g., impulsive and compulsive-like behaviors). An additional 

strength of the 5C-SRTT is the ability to increase the demands of the task by 

altering specific components of the procedure such as duration of the stimulus or 

the intertrial interval, factors that can distinguish subtle phenotypic differences in 

study groups (Higgins and Breysse, 2008; Bari et al., 2008). 
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There were, therefore, two major objectives of the current study: (1) to 

determine (using fixed and variable stimulus duration (VSD) as well as variable 

intertrial interval (VITI) versions of 5C-SRTT) if PNS in rats is associated with 

impairments in sustained attention and inhibitory response control and (2) to 

determine the sensitivity of PNS subjects to glutamatergic and noradrenergic 

manipulations using the glutamate (N-methyl-0-aspartate [NMDA]) antagonist, 

MK-801 and the norepinephrine reuptake inhibitor, atomoxetine, respectively. 

MK-801, has been found to disrupt areas of performance of the 5C-SRTT 

thought to be relevant to schizophrenia (e.g., increase premature responses) in 

other animals studies (Paine and Carlezon, 2009; Amitai and Markou, 2010). In 

contrast, atomoxetine is a clinically efficacious ADHD medication that has been 

found to enhance attention and attenuate impulsivity in preclinical studies utilizing 

the 5CSRTT (Caballero and Nahata, 2003; Navarra et al., 2008; Paterson et al., 

2011 ). 

EXPERIMENTAL PROCEDURES 

Animals 

Timed pregnant Sprague-Dawley female rats (Harlan Sprague-Dawley, 

Inc., Indianapolis, IN, USA) arriving on day five of gestation were housed 

individually in a temperature-controlled (25°C) and light-controlled (12-h lighUdark 

cycle) facilities. Pregnant animals had free access to food (Teklad Rodent Diet 

8604 pellets, Harlan, Madison, WI, USA) and water following their arrival. All 

procedures employed during this study were reviewed and approved by the 

Georgia Health Sciences University Institutional Animal Care and Use Committee 
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and are consistent with the AAALAC guidelines. Measures were taken to 

minimize pain or discomfort in accordance with the National Institutes of Health 

Guide for Care and Use of Laboratory Animals. 

Stress paradigm 

The repeated variable PNS paradigm used in this study was adapted from 

Koenig and colleagues (Kinnunen et al., 2003; Koenig et al., 2005). Pregnant rats 

were exposed to the paradigm beginning on day 14 of gestation until delivery of 

pups on gestational day 22 or 23. The stress paradigm consisted of: (1) restraint 

in Broome-style rodent restrainers (PLAS Labs Inc) (1 h); (2) exposure to a cold 

environment (4 ± 1 °C, 6 h); (3) overnight food deprivation; (4) forced swim in 

room temperature water (15 min); (5) reversal of the light-dark cycle; and (6) 

social stress induced by overcrowded housing during the dark phase of the cycle. 

Stressors were applied in a randomized manner to prevent accommodation and 

one to three stress sessions were administered per day. Pregnant control rats 

were exposed to normal animal care and maintenance procedures during this 

period. Following birth, all dams and pups were left undisturbed until weaning on 

postnatal day 22. Offspring were double housed with same sex littermate (6 

females and 6 males per group), food and water were allowed ad libitum. 

Exposure to the prenatal stress procedures did not result in changes to the 

number of live-born pups or the latency to parturition. Further, there were no 

differences in the number of pups per litter or the ratio of male to female pups 

between the control groups or those exposed to the paradigm {data not shown). 

5-Choice serial reaction time task 
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Offspring of stressed and control dams were tested using an automated 5-

Choice serial reaction time task (5C-SRTT) previously described by Terry and 

colleagues (Middlemore- Risher et al., 2010; Terry et al., 2012). Training and 

testing in the 5C-SRTT were conducted using six ventilated, sound-attenuated 

operant chambers (Med Associates, St. Albans, VT, USA). Each operant 

chamber consisted of nine nose pokes/apertures (2.5 em wide, 4 em deep), four 

of which were closed off with metal inserts thus every other nose poke was 

available. The apertures, arranged on a curved panel 2 em above the floor of the 

chamber, were equipped with a photocell beam to detect nose pokes. Each 

aperture was equipped with a lamp (2.8 W) on the rear wall that could be 

illuminated randomly and for varying durations. Food pellets (45 mg chow pellet, 

BioServ, Frenchtown, NJ, USA) were delivered automatically to a magazine, 

located on the opposite wall to the nose pokes, that was also equipped with a 

light that turned on to indicate that a pellet had been dispensed. The food 

magazine was equidistant from all nose-poke apertures. The house light 

remained on for the entire session unless an error or omission occurred. The 

apparatus was controlled using MedPC software (Med Associates, St. Albans, 

VT, USA). 

Beginning at postnatal day 60, animals were separated in single-housed 

conditions in preparation for food restriction and handled daily for one week to 

reduce stress and anxiety in preparation for training. From week 2 until the end of 

the study animals were food restricted to approximately 85% of their age

dependent, free-feeding weights based upon Harlan Laboratories growth rate 
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curves. At week 3, animals began habituation to the 5C-SRTT apparatus in 

preparation for training consisting of a non-spatial habituation program. Study 

subjects were transferred (in their home cages) to the behavioral testing rooms 

each morning approximately 30 min before testing. 

5C-SRTT training. At postnatal day 81, animals· began 5C-SRTT training 

with the stimulus duration (SD) of 10 s, each session being 100 trials or 30 min in 

duration with intertrial intervals (ITI) of 5 s. Animals were trained 5 days per week 

until they reached stable performance levels (defined as 2 consecutive days at 

>80% accuracy, <20% omissions and completion of all 100 trials) at the 10 s

stimulus duration. Once criterion was achieved at a given stimulus duration, the 

animals were moved to the next more challenging stimulus durations (5, 2.5, 1.0, 

0.8, 0.6, 0.5 s) accordingly. Due to the small number of animals, especially in the 

prenatal stress group, that were able to meet the performance criteria described 

above after 45 days of training at the more challenging stimulus durations (0.8, 

0.6, 0.5 s) (see Fig. 2), subjects were trained at the 1 s-stimulus duration until 

both groups performed stably at approximately 75-85% accuracy. At the end of 

training, one animal from each group was removed from the study due to an 

average completion of less than 30 % of trials per session. 

5C-SRTT performance assessment. To determine the effects of PNS on 

sustained attention, animals were tested at (i) a standard 1 s-stimulus duration 

with a 5 s-intertrial interval, (ii) a randomized, varying stimulus duration (VSD) of 

0.25, 0.50 and 1 s with a 5 s-intertrial interval, and (iii) a randomized varying 

intertrial interval (VITI) of 1, 5, and 10 s with a 1 s-stimulus duration. To assess 
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performance the following parameters were measured: % correct((# correct I(# 

correct + # incorrect)) x 100), % of omissions, premature responses (total # of 

responses performed after the trial began but before onset of the light stimulus), 

timeout responses (total # of nose pokes made in any aperture during a timeout 

period; perseverative responses (total # of nose pokes performed after the 

correct response had been made but before collecting the reward), trials 

completed, latency to correct response (time taken from onset of nose-poke light 

stimulus to making the correct nose-poke response), latency to incorrect 

response (time taken from onset of nose-poke light stimulus to making the 

incorrect nose-poke response), and latency to reward (i.e., the magazine latency, 

time taken from making a correct nose-poke response to retrieving the reward 

from the magazine). 

Drug administration. Following baseline (vehicle) assessments in the 

fixed, VSD, and VITI versions of the 5C-SRTT, both PNS and control animals 

were treated acutely with the glutamate (NMDA) antagonist, MK-801 and the 

norepinephrine reuptake inhibitor, atomoxetine to assess sensitivity to 

glutamatergic and noradrenergic manipulations. A drug-free washout period of at 

least three days was imposed between individual drug doses and at least two 

weeks of washout were imposed between exposures to the different drugs (i.e., 

MK-801 and atomoxetine). Subjects were injected subcutaneously (s.c.) with MK-

801 (0.025 and 0.05 mg/kg; Sigma, Cat. No. M-107) or vehicle (0.9% NaCI) 30 

min prior to testing in the 5C-SRTT at the standard 1 s-stimulus duration and 5 s

intertrial interval. The MK-801 doses chosen for this study are slightly lower than 
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those typically found to produce robust deficits in normal (control) rats in previous 

studies of the 5C-SRTT (see Paine and Carlezon, 2009; Smith et al., 2011; Terry 

et al., 2012). This approach was taken so that potential differences in sensitivity 

to NMDA antagonism between the PNS and control subjects could be identified 

as well as to reduce the possibility of confounding motor impairments or. sedation 

produced by MK- 801 (Paine and Carlezon, 2009; Smith et al., 2011; Terry et al., 

2012). MK-801 and vehicle were administered in a pseudorandom manner to 

obviate any effects associated with the order of drug administration. 

Atomoxetine hydrochloride ((3R)-N-methyl-3-(2-methylphenoxy)-3-

phenylpropan-1-amine) obtained from Pfizer (Ann Arbor, Ml) 0.3, 1, 3 mg/kg or 

vehicle (0.01 mol/1 PBS) was subsequently administered by intraperitoneal (i.p.) 

injection 45 min prior to testing in the 5CSRTT with randomized, VITis of 1, 5, 

and 10 s and a 1 s-stimulus duration. Doses were chosen based on efficacy in 

previously published 5C-SRTT studies (Navarra et al., 2008, Robinson et al., 

2008). Atomoxetine and vehicle were administered in a pseudorandom manner 

to obviate any effects associated with the order of drug administration. 

Statistical analyses 

To determine whether differences in the proportion of subjects (PNS 

versus control) reaching the training criterion across the different stimulus 

durations existed, a generalized estimating equation (GEE) model was used 

assuming a binomial distribution of the outcome and an identity link (SAS 9.3). 

Animal nested within group was considered a random effect. Included in the 

model were the main effects of group and stimulus duration and the two-factor 
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interaction between group and stimulus. A Bonferroni adjustment to the overall 

alpha level was used to examine post hoc pair-wise differences between groups 

within stimulus duration. Due to all animals meeting the criterion for stimuli 10, 5 

and 2.5 the analysis was restricted to stimuli 1, 0.8, 0.6 and 0.5. In trained 

subjects (for the remainder of the study), single factor comparisons between the 

study groups were made via unpaired two-tailed t-tests. Comparisons of groups 

with two-factors were conducted using a two-way-repeated measures analysis of 

variance (ANOVA) followed by post hoc analysis using the Student-Newman

Keuls multiple comparison method (SigmaStat 2.03, SPSS Inc., Chicago, IL, 

USA). Statistical significance was assessed using an alpha level of 0.05. 

RESULTS 

Effects of PNS on training in the SC-SRTT 

While there was a trend toward differences in the proportion of subjects 

(PNS versus control) reaching the training criterion across the different stimulus 

durations (Fig. 2), the effect did not reach the required level of statistical 

significance, group, ;I= 2.82, p = 0.09; stimulus duration, ;I= 24.73, p < 0.05; 

group x stimulus duration interaction, ;I = 2.42, p = 0.49. Post hoc pairwise 

comparisons within stimulus duration also indicated that there was no difference 

in the proportion meeting criterion between the PNS and control groups. 

Effects of PNS on Standard SC-SRTT Performance 

Following training to the performance criteria described in the methods, 

PNS and control subjects were evaluated for baseline stability and potential 

differences in daily performance at a fixed 1 s-stimulus duration (SD) and 5 s-
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intertrial interval (ITI} over a 10-day period {Fig. 3 and Table VIII}. Exposure to 

PNS resulted in no significant differences compared to controls in accuracy {Fig. 

3A), number of premature responses (Fig. 38}, or the number of timeout 

responses (Fig. 3C). Likewise, there were also no significant differences in the 

number of perseverative responses, latencies, or the percentage of omissions 

(VIII}. Analysis of sex specific differences in the performance of all parameters 

measured using the various versions of 

5C-SRTT determined no significant difference in either the prenatally stressed or 

control group (data not shown), thus data of females and males were combined 

to determine overall effect of prenatal stress on performance. 

Effects of PNS on performance of the 5C-5RTT with variable stimulus 

durations (VSDs) 

To determine the effects of PNS on sustained attention when demands of 

the task are increased, PNS and control animals were evaluated for performance 

of the 5C-SRTT with pseudorandom presentation of VSDs of 1.0, 0.5, and 0.25 s 

and a fixed 5 s-intertrial interval (Fig. 4 and Table VIII). Statistical analysis 

revealed the following results, main effect of group F(1, 18) = 8.2, p < 0.05; 

stimulus duration, F(2, 36) = 31.6, p < 0.05; group by stimulus duration 

interaction F(2, 36) = 0.08, p > 0.1 ). As expected, accuracy in all subjects 

increased with the increase of stimulus duration (see Fig. 4A). However, post hoc 

analysis further indicated that accuracy in prenatally stressed rats was impaired 

(relative to controls} at the 0.25 s-stimulus duration (p < 0.05), with a trend 

toward significant impairment at the 0.5 and 1 s-stimulus duration (p = 0.08, 0.07 
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respectively). The number of premature responses (Fig. 48), number of timeout 

responses (Fig. 4C), and other parameters tested (VIII} were not significantly 

affected in either group by the presentation of VSDs. 

Effects of PNS on performance of the 5C-8RTT with variable intertrial 

interval (VITis) 

To further assess the effects of PNS on performance of the 5C-SRTT 

when demands of the task are increased, PNS and control animals were 

evaluated for performance of the 5C-SRTT with a pseudorandom presentation of 

VITis of 1.0, 5.0, and 10.0 s and a fixed 1 s-stimulus duration (Fig. 5 and Table 

VIII}. No significant differences in accuracy were observed in PNS subjects 

compared to controls (Fig. 5A) in this portion of the study. However, when 

presented with varying ITis, PNS animals had a significant increase in the total 

number of premature responses (t = -2.18, df = 18.0, p< 0.05) and in the total 

number of timeout responses (t = -2.48, df = 18.0, p < 0.05) compared to control 

(Fig. 58 and Fig. 5C). There were no differences between PNS subjects and 

controls in the number of perseverative responses, latencies, or the percentage 

of omissions when performing the VITI version of the 5C-SRTT (Table VIII). 

Comparisons in ·performance between the various 5C-8RTT tasks 

Additional (within-group and between-group) statistical analyses were 

performed to make an assessment of whether there were differences in 

performance associated with the standard (fixed SD and ITI} task versus the 

VSD and VITI task. The only significant (p < 0.05) differences detected were an 

increase in the percentage of omissions and a decrease in the number of trials 
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completed in both the PNS and control groups when the VITI task was used 

compared to the standard task (see Table VIII). 

Effects of MK-801 on PNS and Control Performance 

MK-801 was evaluated for dose-related effects on performance of PNS 

and control animals at the standard (fixed) 1 s-stimulus duration and 5 s-intertrial 

interval (Fig. 6 and Table IX). For the accuracy assessment, the following 

statistical results were obtained, main effect of group, F(1, 18) = 5.03, p < 0.05; 

treatment F(2, 36) = 3.02, p = 0.06; group by treatment interaction F(2, 36) = 

2.30, p = 0.12. Post hoc analysis indicated that the highest dose of MK-801 (0.05 

mg/kg) significantly impaired accuracy (Fig. 6A) in PNS animals (compared to 

vehicle associated performance, p < 0.05), but not in controls. For the premature 

response assessment, the following statistical results were obtained, main effect 

of group F(1, 18) = 15.87, p < 0.05; treatment F(2, 36) = 6.50, p < 0.05; group by 

treatment interaction F(2, 36) = 4.04, p < 0.05. Post hoc analysis indicated that 

PNS rats (but not controls) had a significant increase in premature responses 

associated with both of the doses of MK-801 that were evaluated (p < 0.05). For 

the timeout response assessment, the following statistical results were obtained, 

main effect of group F(1, 18) = 11.47, p < 0.05; treatment F(2, 36) = 6.56, p < 

0.05; group by treatment interaction F(2, 36) = 5.16, p < 0.05). Post hoc analysis 

indicated that PNS rats (but not controls) had a significant increase in timeout 

responses associated with both of the doses of MK-801 that were evaluated (p < 

0.05). 
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MK-801 was also associated with a decrease in the number of trials 

completed, main effect of treatment F(2, 36) = 9.69, p <0.05). Post analysis 

indicated that PNS animals completed significantly fewer trials (p < 0.05) at the 

0.05 mg/kg dose of MK-801 compared to when vehicle was administered. (Table 

IX). There were no MK-related differences in the number of perseverative 

responses, latencies, or the percentage of omissions in either PNS or control 

animals. 

Effects ofatomoxetine on PNS and control performance of the VITI task 

Atomoxetine was evaluated for dose-related effects on performance of 

PNS and control animals in the VITI version of the 5C-SRTT task (Fig. 7). Doses 

of atomoxetine (0.3-3.0 mg/kg) were acutely administered i.p. 45 min prior to 

testing. For the accuracy assessment (Fig. 7A), the following statistical results 

were obtained, main effect of group F(1, 18) = 0.46, p = 0.51; treatment F(2,36) = 

3.62, p < 0.05; group by treatment interaction F(2, 36) = 1.58, p = 0.20. Post hoc 

analysis indicated that all three doses of atomoxetine (0.3, 1.0, 3.0 mg/kg, 

compared to vehicle) were associated with modest (but statistically significant) 

improvements in accuracy in prenatally stressed animals, but not controls. 

For the premature response assessment (Fig. 78), the following statistical 

results were obtained, main effect of group F(1, 18) = 1.29, p = 0.27; treatment 

F(2,36) = 18.23, p < 0.05; group by treatment interaction F(2, 36) = 1.33, p = 

0.28). Post hoc analysis indicated that all 3 doses of atomoxetine reduced the 

number of premature responses in PNS subjects (p < 0.05 for all three doses) 
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and that the higher dose (3.0 mg/kg) reduced the number of premature 

responses in control subjects (p < 0.05). 

For the timeout response assessment (Fig. 7C), the following statistical 

results were obtained, main effect of group F(1, 18) = 4.73, p < 0.05; treatment 

F(2, 36) = 17.37, p < 0.05; group by treatment interaction F(2, 36) = 1.01, p = 

0.40). Post hoc analysis indicated that all three doses of atomoxetine reduced 

the number of timeout responses in both PNS subjects and controls (p < 0.05 for 

all doses evaluated). In addition, in the between-group comparisons (i.e., PNS 

subjects versus controls) for both premature and timeout responses, the vehicle

associated response was significantly different (p < 0.05) but, the response 

associated with each of the doses of atomoxetine in the PNS rats was not 

statistically different from the control animals-administered vehicle. This would 

suggest that atomoxetine may reverse some of the behavioral alterations 

observed following PNS. The 1.0 mg/kg dose of atomoxetine also significantly (p 

< 0.05 versus vehicle-related performance) improved the number of trials 

completed in the PNS subjects (see Table X). 

Finally, there were no atomoxetine-related differences in the number of 

perseverative responses, latencies, or the percentage of omissions when 

performing the VITI version of the 5CSRTT. 

DISCUSSION 

The results of this study can be summarized as follows: (1) under 

standard 5C-SRTT conditions (i.e., fixed ITI and SDs) there were few notable 

differences in performance between PNS rats and controls, (2) when the 
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demands of the task were increased by varying the stimulus durations or intertrial 

intervals, accuracy and inhibitory response control (premature and timeout 

responses) were impaired, respectively, in the PNS rats relative to controls, (3) 

relatively low doses of the NMDA antagonist MK-801 impaired accuracy and 

inhibitory response control in PNS rats, but not control subjects (under standard 

5C-SRTT conditions), and (4) the norepinephrine reuptake inhibitor, atomoxetine 

improved inhibitory response control (i.e., it decreased premature and timeout 

responses) in both PNS and control subjects in the VITI version of the task and 

improved accuracy in the PNS subjects. Collectively, these experimental results 

suggest that exposure to variable PNS results in impairments of sustained 

attention and inhibitory response control (especially when the demands of the 

task are increased) and that these deficits can be exacerbated by NMDA 

antagonism and improved by a norepinephrine uptake inhibitor. 

The lack of performance differences between PNS and control subjects 

under standard 5C-SRTT conditions was not altogether surprising. The 5C-SRTT 

requires long-training times to attain stable performance by the animals, which 

can lead to task performance being mediated by "automatic processing" (i.e., 

involvement of · "Processes exogenously triggered by stimulus sequence 

association from one trial to the next, rather than by internal volitional 

expectations) (see Amitai and Markou, 2011; Capizzi et al., 2012). However, by 

altering various task parameters from the standard procedure on which the 

animals were trained, the animals can no longer rely on automatic processes, but 

have to continuously sustain response readiness using high-resource "control 
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processing" to perform the task. Thus, subtle cognitive deficits that may be 

undetectable in the standard 5C-SRTT task may become manifested when 

demands of the task are increased (Amitai and Markou, 2011 ). 

The VSD version of the 5C-SRTT is used to increase attentionalload, thus 

it often results in decreased accuracy (% correct), the main measure of 

attentional performance of the task (Higgins and Breysse, 2008; Bari et al., 

2008). It has become widely accepted that attention does not refer to a single 

cognitive process, but is divided into three sub-domains of selective (i.e., process 

by which environmental stimuli are chosen for attention), sustained (i.e., the 

continuous allocation of processing resources on a particular stimuli for prolong 

periods of time), and divided attention (i.e., focus on stimuli despite distractors 

and/or multiple tasks) (Young et al., 2009). While it has been suggested that the 

5C-SRTT can be used to assess deficits and/or improvements in all three sub

domains of attention, changes in accuracy are often thought to be representative 

of alterations in sustained attention, also referred to as vigilance (Bari et al., 

2008; Young et al., 2009). In the 5C-SRTT, accuracy is defined as the total 

number of correct responses divided by the sum of correct and incorrect 

responses, and thus it is a conservative measure of attention, due to its 

independence of omissions. As expected, when tested using VSDs, all 

experimental subjects had a significant (stimulus-dependent) decrease in 

accuracy. However, the magnitude of the decrease in accuracy was greater in 

rats exposed to variable PNS indicating a vulnerability to deficits of sustained 

attention when attentional load is increased (see Higgins and Breysse, 2008). 



69 

The deficits do not appear to reflect a general nonselective suppression of 

responding as no (group-related) differences in the number of trials completed or 

the percentage of omissions were observed. The lack of changes in magazine 

latency (i.e., the latency to collect food rewards) further supports the argument 

that impairments in attention in the PNS subjects are not a result in general 

deficits in motivation, locomotor activity, or malaise. Other measures such as 

inappropriate responses (i.e., premature, perseverative, and timeout responses) 

were not different in the VSD version of the task compared to that associated 

with the standard 5C-SRTT. 

The VITI version of the 5C-SRTT is often used to increase the demand on 

inhibition of inappropriate responding by making the appearance of the stimuli 

unpredictable, thus it often results in increased premature responses, generally 

interpreted as a form of impulsive behavior (Sari et al., 2008; Amitai and Markou, 

2011 ). Premature responses occur inappropriately, during the intertrial interval 

before the target stimulus has been presented, a period in which the rodents are 

anticipating the occurrence of the stimuli. Predictably, when experimental 

animals were exposed to a pseudorandom presentation of different intertrial 

intervals, there was a significant increase in premature responses (compared to 

when fixed intertrial intervals were presented). However, prenatally stressed 

animals had significantly more premature responses compared to controls, 

suggesting a loss of impulse control and disinhibition of inappropriate responding 

(see review, Robbins, 2002). While there was a significant decrease in accuracy 

in all subjects exposed to this procedure, there were no significant differences 



70 

between control and PNS animals, most likely due to the fact that this version of 

the task does not increase attentional load as much as the VSD version of the 

task (where group-related differences were observed). While all experimental 

subjects exposed to the VITI version of the task had a significant increase in the 

percent of omissions as well as a significant decrease in the number of trials 

completed, no significant difference was found between the PNS and control 

groups. The overall decrease in trials completed may be reflective of the fact that 

trials involving errors such as premature responses last longer because of 

timeout periods. 

An increase was also observed in the number of timeout responses (i.e., 

nose pokes made during the timeout interval) in all experimental subjects in the 

VITI task compared to the standard 5C-SRTT, although the increase was more 

pronounced in PNS animals relative to controls. Timeout responses, another 

measure of response inhibition, have been suggested to represent a measure of 

compulsivity and/or cognitive inflexibility (or disorganized responses) that are not 

tied to the stimulus presentation. Notably, cognitive inflexibility (i.e., the inability 

to alter behavior in reaction to changing situational demands) is a characteristic 

deficit in schizophrenia and other mental health disorders (see Amitai and 

Markou, 201 0). 

Interestingly, perseverative responses (i.e., a repeated nose poke into the 

same aperture after a correct response), also generally interpreted as a form of 

compulsive-like behavior, were unaffected during the VITI version of the task. 

This may be due to the fact that when perseverative responses are punished by 
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a timeout period, additional perseverative responses would be recorded as 

timeout responses. Another line of reasoning may be that the increase in timeout 

responses is due to the increase of premature responses which are punished 

with timeout periods and consequently provide more opportunity for this type of 

response to be . recorded. Collectively, the results described above are 

suggestive of a loss of inhibitory response control in rats exposed to PNS. It is 

important to note that several of the neuropsychiatric illnesses associated with 

PNS (e.g., schizophrenia, ADHD) exhibit impulsivity characterized by response 

disinhibition (Wykes et al., 2000; Sagvolden et al., 2005). 

The next series of experiments were designed to determine the sensitivity 

of PNS rats to alterations in the glutamatergic system. Disturbance of the 

glutamatergic system has been implicated in the pathophysiology of several 

neuropsychiatric disorders including schizophrenia, autism, and depression 

(Javitt et al., 2011 ). Studies have shown that NMDA receptor antagonism 

exacerbates symptoms in schizophrenia patients, including the cognitive 

dysfunction (Lahti et al., 1995; Malhotra et al., 1997). Further, NMDA receptor 

antagonists are commonly used to produce schizophrenia-like symptoms in 

animals (Rung et al., 2005). Administration of NMDA antagonists has been 

shown to disrupt multiple performance measures of the 5C-SRTT (Amitai and 

Markou, 2010). We found that acute exposure to relatively low doses of MK-801 

in PNS rats (but not controls) significantly altered several performance measures 

in the 5C-SRTT that are often associated with NMDA antagonism including a 

decrease in accuracy and an increase in premature and timeout responses. 
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While we have not (to date) evaluated the glutamatergic system {directly) in PNS 

rats, our findings suggest that these subjects may be useful for modeling the 

cognitive dysfunction (e.g., impairments in sustained attention, increased 

impulsivity, and cognitive inflexibility) often observed with several 

neuropsychiatric disorders where the glutamatergic system is altered We did 

detect a slight decrease in the number of trials completed in the PNS subjects 

administered the 0.05 mg/kg dose of MK-801. This observation could suggest 

that the NMDA antagonist (specifically in the PNS rats) could have altered 

motivation (i.e., effects that would confound interpretations related to MK-801 

effects on attention, impulsivity, etc.). To argue against this possible conclusion, 

or that the MK-801 effects might be related to alterations in locomotor activity, 

neither the percentage of omissions nor the response or magazine latencies 

were altered in the current study by MK-801. Moreover, other investigators have 

demonstrated that changes in motor activity and motivation are dissociated from 

changes in accuracy and response control in the 5C-SRTT (Carli and Samanin, 

1992; Robbins, 2002; Mirjana et al., 2004). 

The final series of experiments were designed to determine the sensitivity 

of PNS rats to the noradrenaline-specific reuptake inhibitor atomoxetine. 

Atomoxetine has been shown clinically to enhance attention and attenuate 

impulsivity in both children and adults with ADHD (Michelson et al., 2003; 

Chamberlain et al., 2007). The exact mechanism of action of atomoxetine on 

impulsive behaviors is unclear but may be due to either enhanced cortical 

noradrenergic neurotransmission or by stimulation of dopamine overflow via 
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regulation by the norepinephrine transporter (Carboni et al., 1990; Bymaster et 

al., 2002; Swanson et al., 2006). In previous rodent studies using the 5C-SRTI, 

the most notable effects of atomoxetine have been the decrease in premature 

responses (Navarra et al., 2008; Robinson et al., 2008; Koffarnus and Katz, 

2011 ). Accordingly, in the present study, we employed the VITI version of the 5C

SRTI (known to increase premature responses) to determine the effects of 

atomoxetine in PNS subjects. Interestingly, atomoxetine reduced premature 

responses both in control animals (similar to previously published studies) as well 

as in PNS subjects and it also reduced the number of timeout responses. In 

addition, all three of the doses of atomoxetine were associated with modest 

improvements in accuracy (% correct) in the PNS animals. Navarra and 

colleagues also found a modest (atomoxetine-related) improvement in accuracy 

using a VITI version of the task (Navarra et al., 2008), although in most of the 

previous studies where atomoxetine was evaluated in the 5C-SRTI no 

improvements in accuracy were noted (Robinson et al., 2008; Koffarnus and 

Katz, 2011, Paterson et al., 2011 ). These results may suggest that attentional 

processes of PNS animals are more sensitive to atomoxetine possibly due to 

alterations in noradrenergic or dopamine neurotransmission. Alternatively, the 

results may reflect differential effects of atomoxetine in various versions of the 

5C-SRTI, since only our study and the Navarra study utilized the VITI version of 

the task. The effects of atomoxetine do not appear to reflect changes in 

motivation or hyperactivity produced by the compound, as there were no 

significant changes in latencies (i.e., correct, incorrect and magazine latencies). 



74 

Further, atomoxetine administration did not result in fewer trials completed; in 

fact, one dose significantly increased the number of trials completed by PNS 

animals. 

Collectively, the results described here (i.e., demonstrating sensitivity to a 

clinically useful ADHD therapeutic agent) indicate that PNS rats may be useful as 

a model system for neuropsychiatric disorders where impairments of attention 

and impulse control are present. Early clinical studies appear to support this 

notion and suggest that atomoxetine may have efficacy in autism, bipolar 

disorders, and depression (Bangs et al., 2007; Chang et al., 2009; Zeiner et al., 

2011 ). There have also been several studies of the use of atomoxetine as an 

adjunctive treatment in schizophrenia, although no significant cognitive 

improvement has yet to be detected, possibly due to small sample sizes 

(Friedman et al., 2008; Kelly et al., 2009; Sacco et al., 2009). 

CONCLUSION 

The results of this study suggest that exposure to variable PNS results in 

impairments of sustained attention and inhibitory response control and that these 

deficits can be exacerbated by NMDA antagonism and improved by a 

norepinephrine uptake inhibitor. These observations along with previous reports 

of impairments in object recognition memory, spatial reference memory and 

conditioned fear memory (Koenig et al., 2005; Markham et al., 2010) suggest a 

phenomenological similarity between prenatally stressed rodents and humans 

afflicted with one of several neuropsychiatric disorders. Such observations 

support the face validity of this model system for studying some aspects of these 
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conditions. The ability of atomoxetine to attenuate the deficits associated with 

PNS during the 5C-SRTI also provides some evidence of predictive validity of 

the model. It should be noted, however, that predictive validity of animal models 

of neuropsychiatric disorders is difficult to achieve as drugs that reliably improve 

cognitive symptoms in human patients are not currently available. 

ACKNOWLEDGEMENTS 

The experiments described in this manuscript were supported in part by 

grants from the National Institute on Drug Abuse (DA029127), the National 

Institute of Environmental Health Sciences (ES012241 ), and the National 

Institute on Aging (AG029617). 



-0 
(I) 
rn -c 
0 

-

10 
.5 

2.5 

1 

0.8 

e o.6 
·-en o.5 

0 20 40 60 80 

CON 
PNS 

100 
0/o to Reach Criteria 

76 
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Figure 3. Effects of prenatal stress on performance of the SC-SRTT at a fixed 1 s-

stimulus duration {SD) and 5 s-intertrial interval (IT/) over a ten day observation 

period. (A) percent correct, (B) premature responses, or (C) timeout responses. Insets 

illustrate the effects averaged over the 10 day observation period. Each symbol and bar 

represents the mean ± SEM for each test group. PNS = prenatally stressed; CON = non-

stressed controls. N = 10. 



Table VIII. Effects of prenatal stress (PNS) on perseverative responses, latencies,% omissions, and trials completed in the 

standard (1s-stimulus duration, 5 s-intertrial interval), variable stimulus durations (VSD) and variable intertrial intervals 

(VITI) versions of the SC-SRTT. Data are presented as the mean :!: SEM. * represents a significant difference between 

performance associated with the standard (fixed SO and IT/) task and the VITI task (p<O.OS). 

Task Group 
Perseverative Latency Latency Magazine % Trials 
responses correct (s) incorrect (s) latency (s) Omissions completed 

Standard Control 2.6±0.59 0.90 ± 0.05 1.97 ± 0.14 1.95 ± 0.18 4.46 ± 0.8 98.9 ± 0.9 
PNS 3.5± 0.41 1.02±0.12 1.87 ± 0.16 1.72 ± 0.11 4.61 ± 1.4 99.7 ± 0.2 

VSD Control 2.0 ± 0.62 0.83 ± 0.05 1.77 ± 0.12 1.89:1:0.15 6.50 ± 1.8 100.0 ± 0.0 
(0.25, 0.5, 1s) PNS 2.3± 1.03 0.98:1:0.10 1.76 ± 0.13 1.78:1:0.13 7.50:1:1.9 100.0 :1: 0.0 

VITI Control 0.9:1:0.32 0.99:1:0.04 2.21 :1:0.26 1.66:1:0.12 13.3 :1: 2.0. 61.0 ± 7.0. 
(1, 5, 10s) PNS 1.0:1:0.27 1.11:1:0.08 2.13 :1: 0.09 1.62 ± 0.09 14.7 ± 4.5. 63.8:1:7.0. 
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Figure 4. Effects of prenatal stress on performance of the 5C-SRTT with pseudorandom 

presentation of variable stimulus durations (VSD, 0.25, 0.50, and 1.00 s). (A) percent 

correct, (B) premature responses, or (C) timeout responses. Each bar represents the 

mean :t SEM for each test group.* represents a significant difference {p < 0.05} in 

performance between PNS and contra/ rats, t represents a trend towards a significant 

difference (p < 0.10}. PNS =prenatally stressed; CON= non-stressed controls. N = 10. 
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Figure 5. Effects of prenatal stress on performance of the SC-SRTT with pseudorandom 

presentation of variable intertrial intervals {VITI, 1.0, 5.0, and 10.0 s). (A) percent 

correct, (B) premature responses, or (C) timeout responses. Each bar represents the 

mean ± SEM for each test group. * represents a significant difference (p < 0.05} in 

performance between PNS and control rats. PNS = prenatally stressed; CON = non-

stressed controls. N = 10 
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Figure 6. Dose-related effects of the glutamate (NMDA) antagonist MK-801 on 

performance of the standard SC-SRTT {1 s SD, 5 s IT/) by prenatally stressed (PNS) and 

control (CON} rats. (A) percent correct, (B) premature responses, or (C) timeout 

responses. Each bar represents the mean :t SEM for each test group. *(p<O.OS}; 

***(p<0.001) =significantly different compared to vehicle-associated performance level. 

N=10. 



Table IX. Dose-related effects of acute administration of MK-801 in control and prenatally stressed {PNS} rats on 

perseverative responses, latencies, % omissions, and trials completed in the standard {ls-stimulus duration, 5s-intertrial 

interval} version of 5C-SRTT. Data are presented as the mean ± SEM. * represents a significant difference between vehicle-

associated performance and drug treatment-associated performance (p < 0.05}. 

Task Group 
Perseverative Latency Latency Magazine % Trials 
responses correct (s) incorrect (s) latency (s) Omissions completed 

Vehicle Control 3.1 ± 0.86 0.90 ± 0.06 1.82 ± 0.18 1.94 ± 0.16 3.45± 0.7 99.9 ± 0.1 
PNS 3.7 ± 0.67 1.03± 0.14 1.88 ± 0.20 1.72 ± 0.10 4.75 ± 1.8 99.8 ± 0.2 

MK-801 Control 2.2 ± 0.61 0.80 ± 0.06 1.74 ± 0.31 1.77:!: 0.29 3.00± 0.5 98.5 ± 0.6 
0.025 mg/kg PNS 3.6 ± 0.48 0.90 :!: 0.12 1.47 ± 0.26 1.57:!: 0.13 2.7:!: 0.45 100:!: 0.0 

MK-801 Control 3.8 ± 0.81 0.86 ± 0.03 2.01 ± 0.20 1.91 ± 0.33 5.10 ± 0.5 90.9:!: 5.9 
0.05 mg/kg PNS 3.1 ± 0.92 0.88 ± 0.14 1.61 ± 0.27 1.56 ± 0.17 4.70 ± 1.5 83.7 ± 5.0. 
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Figure 7. Dose-related effects of the norepinephrine reuptake inhibitor atomoxetine on 

performance of the SC-SRTT with pseudorandom presentation of variable intertrial 

intervals {VITI, l.O, 5.0, and 10.0 s) by prenatally stressed {PNS) and control (CON) rats. 

{A) percent correct, (B) premature responses, ar (C) timeout responses. Each bar 

represents the mean :!: SEM for each test group. *(p<0.05}; ***(p<0.001} = significantly 

different compared to vehicle-associated performance level. N = 10. 



Table x.· Dose-related effects af acute administration of atomoxetine In control and prenatally stressed {PNS) rats on 

perseverative responses, latencies, % omissions, and trials completed during the SC-SRTT with pseudorandom presentation 

of variable /ntertrial interval {1, 5, and 10 s). Data are presented as the mean :t SEM. * represents a significant difference 

between vehicle-associated performance and drug treatment-associated performance (p < 0.05}. 

Task Group 
Perseverative Latency Latency Magazine % Trials 
responses correct (s) incorrect (s) latency (s) Omissions completed 

Vehicle Control 1.0 ± 0.31 0.92 ± 0.03 2.06 ± 0.15 1.78 ± 0.16 14.9 ± 1.9 69.6 ± 4.8 
PNS 1.0 ± 0.25 1.12 ± 0.10 2.12 ± 0.16 1.66 ± 0.11 13.3 ± 1.9 67.1 ±5.0 

Atom Control 1.4:!: 0.48 1.03± 0.03 2.15 ± 0.10 1.77:!: 0.13 16.3:!: 2.0 74.2:!: 4.7 
0.3 mg/kg PNS 1.5 ± 0.39 1.13 ± 0.10 2.09 ± 0.24 1.87±0.14 17.0 ± 2.5 78.9 ± 5.4 

Atom Control 0.8:!: 0.47 0.96:!: 0.03 2.03:!: 0.10 1.76:!: 0.22 14.4 ± 1.4 81.0:!: 4.0 
1.0 mg/kg PNS 2.4 ± 0.71 1.05 ± 0.10 2.41 ± 0.16 1.62 ± 0.08 14.0 ± 2.1 83.7 ± 5.7. 

Atom Control 0.9 ± 0.37 1.03:!: 0.06 2.26 ± 0.17 1.86 ± 0.10 16.1 ± 2.4 64.4 ± 6.0 
3.0 mg/kg PNS 1.5 ± 0.66 1.14±0.11 2.17 ± 0.17 1.89 ± 0.21 16.8 ± 1.9 68.5± 3.7 

~ 



Ill. SUBMITTED MANUSCRIPTS 

A. FIRST SUBMITTED MANUSCRIPT 

Variable Maternal Stress in Rats Alters Locomotor Activity, Social Behavior, and 

Recognition Memory in the Adult Offspring 

Christina A.Wilson and Alvin V. Terry Jr. 

Submitted to Pharmacology, Biochemistry and Behavior 

ABSTRACT 

Rats repeatedly exposed to variable prenatal stress (PNS) exhibit 

behavioral signs that are similar to those manifested in several neuropsychiatric 

disorders such as deficits in attention and inhibitory control, and impairments in 

memory-related task performance. The purpose of the study described here was 

to conduct a comprehensive battery of tests to further characterize the behavioral 

phenotype of PNS rats as well as to evaluate the sensitivity of the model to 

therapeutic interventions (i.e., to compounds previously shown to have 

therapeutic potential in neuropsychiatric disorders). The results indicated that: 1) 

PNS in rats is associated with increases in locomotor activity and stereotypic 

behaviors as well as increased sensitivity to the psychostimulant amphetamine, 
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2) aggressive behaviors toward both adult and juvenile rats of the same gender 

and 3) delay-dependent deficits in recognition memory. PNS rats did not exhibit 

deficits in other areas of motor function or motor learning (i.e., grip strength or 

rotarod performance), sensorimotor gating, spatial learning and memory, social 

withdraWal, or anhedonia (avoidance of other rats or a decrease in sucrose 

preference, respectively). In addition, the second generation antipsychotic 

risperidone attenuated amphetamine-related increases in locomotor activity in 

PNS rats; however, the effect was not sustained over time. Moreover, deficits in · 

recognition memory in PNS rats were attenuated by the norepinephrine reuptake 

inhibitor, atomoxetine, but not by the a7 nicotinic acetylcholine receptor partial 

agonist, GTS-21. This studies further support the argument that important 

phenomenological similarities exist between PNS rats and patients afflicted with 

neuropsychiatric disorders and that this model system may be useful for 

evaluating potential therapeutic interventions. 

INTRODUCTION 

A number of epidemiological studies have established correlations 

between prenatal stress and neuropsychiatric disorders including attention

deficiUhyperactivity disorder (ADHD) autism, depression, anxiety, and 

schizophrenia (van Os and Selten, 1998; Lewis and Levitt, 2002; Linnet et al., 

2003; Spauwen et al., 2004; Rice et al., 2007; Grizenko et al., 2008; Kinney et 

al., 2008; Davis and Sandman, 2012). It has been hypothesized that the 

increased susceptibility to these diso~ders is due to alterations in brain 

development, since during the prenatal period the central nervous system is 
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undergoing rapid growth and is particularly vulnerable (Markham and Koenig, 

2011 ). These observations have led to a growing interest in the development of 

prenatal stress models in animals for the purpose of elucidating neurobiological 

mechanisms of neuropsychiatric disorders as . well as for evaluating novel 

therapeutic approaches (Wilson and Terry, 201 0; Marco et al., 2011 ). 

The repeated variable prenatal stress paradigm in rodents (henceforth 

referred to as PNS) exhibits altered behavioral signs that are similar to symptoms 

often associated with several neuropsychiatric disorders including schizophrenia 

(e.g., social withdrawal, elevated amphetamine-induced locomotor activity, 

deficits in sensorimotor gating, etc., Koenig et al., 2005; Lee et al., 2007). In 

addition, PNS rats were found to exhibit impairments in the performance of 

several behavioral tasks of cognition including those designed to assess 

attention, object recognition memory, spatial reference memory, and conditioned 

fear memory (Markham et al., 2010; Wilson et al., 2012); deficits also associated 

with neuropsychiatric disorders (e.g., schizophrenia, attention deficit/hyperactivity 

disorder, depression) (Barch, 2005; Bidwell et al., 2011; Austin et al., 2001; 

Spieker et al., 2012; Quraishi and Frangou, 2002; Dere et al., 201 0). 

The purpose of the study described here was to conduct a comprehensive 

battery of tests to further characterize the behavioral phenotype of PNS ·rats as 

well as to evaluate the sensitivity of the model to therapeutic interventions (i.e., to 

compounds previously shown to have therapeutic potential in neuropsychiatric 

disorders). We also conducted additional behavioral studies to determine if we 

could replicate the behavioral results published by other laboratories. The tasks 
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we conducted included tests of motor function and exploratory activity (e.g., open 

field locomotor activity, rotarod, and grip strength) sensorimotor gating (prepulse 

inhibition of the auditory startle response), tests of social withdrawal and 

anhedonia (social interaction and sucrose preference test respectively) as well as 

tasks designed to assess learning and memory-related domains of cognition that 

are relevant to neuropsychiatric disorders (Morris water maze, radial arm maze, 

and novel object recognition). Finally a series of pharmacological experiments 

were conducted to. evaluate the utility of the PNS rat as a model system for 

neuropsychiatric disorders (e.g., sensitivity to psychostimulant-induced 

hyperlocomotion and for sensitivity to therapeutic interventions, i.e., to 

compounds previously shown to ·have therapeutic potential in neuropsychiatric 

disorders). 

EXPERIMENTAL PROCEDURES 

Animals 

Timed pregnant Sprague-Dawley female rats (Harlan Sprague-Dawley, 

Inc., Indianapolis, IN, USA) arriving on day five of gestation were housed 

individually in a temperature-controlled (25°C) and light-controlled (12-h light/dark 

cycle) facility. Pregnant animals had free access to food (Teklad Rodent Diet 

8604 pellets, Harlan, Madison, WI, USA) and water following their arrival. All 

procedure employed during this study were reviewed and approved by the 

Georgia Health Sciences University Institutional Animal Care and Use Committee 

and are consistent with the AAALAC guidelines. Measures were taken to 
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minimize pain or discomfort in accordance with the National Institutes of Health 

Guide for Care and Use of Laboratory Animals. 

Stress paradigm 

The repeated variable prenatal stress paradigm used in this study was . 

adapted from Koenig and colleagues (Kinnunen, 2003, Koenig et al., 2005). 

Pregnant rats were exposed to the paradigm beginning on day 14 of gestation 

until delivery of pups on gestational day 22 or 23. The stress paradigm consisted 

of: (1) restraint in Broome style rodent restrainers (PLAS Labs, Inc) (1 h); (2) 

exposure to a cold environment (4 ± 1°C, 6 h); (3) overnight food deprivation; (4) 

forced swim in room temperature water (15 min); (5) reversal of the light-dark 

cycle; and (6) social stress induced by overcrowded housing during the dark 

phase of the cycle. Stressors were applied in a randomized manner to prevent 

accommodation with up to three stress sessions per day. Pregnant control rats 

were exposed to normal animal care and maintenance procedures during this 

period. Following birth, all dams and pups were left undisturbed until weaning on 

postnatal day 22. Offspring were double housed with same sex littermate, food 

and water was allowed ad libitum. 

Rotarod 

Motor coordination, balance, and motor learning were evaluated with an 

accelerating rotarod (Rotor-Rod System®, San Diego Instruments). Individual 

rats were assessed for their ability to maintain balance on a rotating bar that 

accelerated from 0 to 40 rpm over a five min period. The amount of time elapsed 
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before each subject fell from the rod was recorded. Each test subject was given 

four trials per day for three consecutive days with an intertrial interval of 30 min. 

Grip strength 

Forelimb grip strength was measured with a digital grip strength meter 

(Animal Grip Strength System®, San Diego Instruments) by holding the rat by the 

nape of the neck and by the base of the tail. The forelimbs were placed on the 

tension bar and the rat was pulled back gently until it released the bar to 

measure grip strength (measured in kg of resistance). Each subject was given 

three consecutive trials per day for three consecutive days. 

Pre-Pulse Inhibition 

To assess the effect of prenatal stress on sensorimotor gating, animals 

were tested using a pre-pulse inhibition (PPI) procedure we have published 

previously (Hohnadel et al., 2007). Tests were conducted in four standard startle 

chambers (San Diego Instruments, San Diego, CA) each consisting of a 

Plexiglas tube (diameter 8.2 em, length 25 em), placed in a sound attenuated 

chamber. The tube is mounted on a plastic frame, under which a piezoelectric 

accelerometer is mounted which records and transduces the motion of the tube. 

On day 1 , the experimental rats were each placed in one of the startle test 

chambers for a period of 20 min (without any startle stimuli) as an initial period of 

acclimation to the apparatus. One day 2, the animals were again placed in the 

test chamber and then exposed to a 5 min habituation period during which 70dB 

background white noise was present. This period was followed by twelve startle 

stimuli and a set of predefined prepulse levels (i.e., 5, 10, and 15 dB above 
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background noise). On day 3, PPI testing began by placing the experimental rats 

into the startle chamber followed by a 1 min habituation period. After this period, 

the rats received 12 no-stimulus trials, 12 startle trials, and 12 prepulse/startle 

trials of each of the pre-defined prepulse levels in a pseudo-random fashion for a 

total of 60 trials. The intertrial interval ranged from 10 to 30 s. During the no

stimulus trial, no startle noise was presented, but the movement of the rat was 

scored. This represented a control trial for detecting differences in overall activity. 

The startle trials consisted of single 120 dB white noise bursts lasting 20 ms. The 

prepulse/startle trials consisted of a prepulse (20 ms burst of white noise with 

intensitiesof 75, 80, or 85 dB) followed 100 ms later by a startle stimulus (120 

dB, 20 ms white noise). The resulting movement of the rat in the startle chamber 

was measured during 100 ms after startle stimulus onset. Basal startle amplitude 

was determined as the mean amplitude of the 12 startle trials. PPI was 

calculated according to the formula 100-100% x (PPx/P120), in which PPx is the 

mean of the 12 prepulse inhibition trials (i.e., for each individual prepulse 

intensity), and p120 is the basal startle amplitude. 

Amphetamine-Induced Locomotor Activity 

Rat open field activity monitors (43.2 x 43.2 em, Med Associates, St. 

Albans, VT, USA) were used for locomotor activity and amphetamine sensitivity 

experiments. The following parameters were recorded for the entire 3 hour test 

duration: horizontal activity (horizontal photobeam breaks or counts), number of 

stereotypical movements, and vertical activity (vertical photobeam breaks). Thus, 

spontaneous locomotor activity, exploratory activity (rearing and sniffing 
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movements) and stereotypical movements were assessed. Rats were habituated 

in the test chambers for 60 min allowing for analysis of both locomotor activity 

and habituation when exposed to a novel environment. Rats were then injected 

subcutaneously (s.c.) with 1.5 mg/kg amphetamine and monitored for an 

additional 120 min to determine locomotor activity sensitivity to the dopaminergic 

psychostimulant. 

Social interaction Test 

To test social interaction of control and prenatally stressed rats a black 

plastic (rectangular) open field box (65.5 x 41.0 x 36.5 em) with normal rodent 

bedding material (Sani-Chips®, Harlan Teklad Madison, WI) covering the floor 

was used in dim lighting (70 lux). The day before testing experimental rats as 

well as their same sex, weight-matched target rats (no previous interaction with 

experimental rats) was separately placed into the open field box for 20 min 

habituation. On the day of testing, experimental rats were placed in open field 

box for 10 min. When this 10 min session ended, a same sex, weight-matched 

target rat was introduced into the arena for an additional 10 min. Experimental 

and target rats were not used in this paradigm more than one time. The box was 

cleaned with 70% ethanol between each trial. All sessions were recorded via 

mounted overhead cameras. Social interaction, including both social (e.g., 

sniffing, grooming, following, crawling over/under) and aggressive (e.g., chasing, 

boxing, biting, offensive kicking, pining, and wrestling) behaviors with the target 

rat, were scored for the entire session. % aggression = time displaying 

aggressive behaviors/time displaying social + aggressive behaviors • 100. 
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Sucrose Consumption 

The sucrose consumption test was used as a measure of anhedonia. PNS 

and control animals were given, for 24 hr, a free choice between two bottles, one 

with a 1% sucrose solution and another with water. To prevent effects of side 

preference in drinking behavior, the position of the bottles was switched after 12 

hr. No previous food or water deprivation was applied before the test. At the end 

of 24 hr, the amount of water or solution left in the bottles was measured. The 

preference for sucrose was calculated as a percentage of consumed sucrose 

solution of the total amount of liquid consumed. 

Morris Water Maze (MWM) Task 

Test apparatus. Water maze experiments were conducted as described 

previously (Terry et al., 2006). Water maze tasks were performed in a circular 

pool (diameter: 180 em, height: 76 em) and filled to a depth of 35 em of water 

(maintained at 25.0 :!: 1.0 •c). The pool was located in a large room with a 

number of extra-maze visual cues including geometric images (e.g., squares, 

triangles, circles). Swimming activity of each rat was monitored via a mounted 

overhead camera and video tracking system (Noldus EthoVision® Pro 3.1 ). 

Hidden platform task. An invisible (black) 10 em x 10 em square platform 

was submerged approximately 1.0 em below the surface of the water and placed 

in the center of a quadrant. Rats were tested two trials per day with a one min 

intertrial interval for six consecutive days. A trial was initiated by placing the rat in 

one of the four quadrants, pseudo-randomized such that all four quadrants were 

used once every two training days. Rats were given a maximum swim time of 90 
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s to find the platform. When successful, trial was terminated and the rat was 

allowed a 30 s rest period on the platform, if unable to locate platform within time 

period allocated the animal was physically placed on the platform for a 30 s rest 

period. Latency to locate platform and distance traveled was recorded. 

Probe trials. Twenty-four hours following day six of hidden platform trials, 

probe trials (90 s in duration) were conducted in which the platform was removed 

from the pool and number of crossings over the previous platform location and % 

time spent in target quadrant was measured to assess spatial bias. 

Visible platform task. Following probe trials, a visible platform task was 

performed as a general estimate of visual acuity. A highly visible (white) 12 em x 

12 em cover with flag was attached to the platform, raising the surface 

approximately 1.0 em above the surface of the water. Probe trials included four 

trials with a one min intertrial interval. Platform was moved on each trial so that 

all four quadrants were tested. Trial was initiated by placing the rat in the 

quadrant diametrically opposite to the platform quadrant with a time limit of 90 s 

to locate platform. Latency to locate platform was recorded. 

Radial Arm Maze (RAM) Task 

Test apparatus. Offspring of stressed and control dams were tested using 

radial arm maze (RAM) procedures we have previously published (Terry et al., 

2008). Mad-Associates (MED-RAM-1 R) computer-automated eight-arm radial 

mazes were used consisting of a central octagonal hub (arena) with automatic 

guillotine doors connected to aluminum arms radiating distally (45.7 em long). IR

photo beam sensors were positioned at the entrance to each runway, and a food 
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pellet receptacle and head entry detector were positioned at the end of each 

runway. The maze was positioned approximately 90 em above the floor in a 

testing room with a number of extramaze cues (composed of large geometrical 

shapes). Beginning on PND 56-70, animals were handled for one week to reduce 

stress and anxiety in preparation for training and testing. During the second week 

animals began food restriction to reduce weight to 80% of normal body weight. 

On the last two days of the second week, animals were given a 15 min free 

exploration (habituation) session with reinforcement food pellets scattered 

randomly throughout the entire maze area to acquaint the animals to the RAM 

apparatus. 

Acquisition (win-shift training). Following habituation, animals were 

trained in a win-shift procedure. Trial was initiated by placing the rat into the 

central octagonal arena. After a 30 s delay, all guillotine doors raised allowing 

access to all of the eight arms. When the animal broke a photobeam in the pellet . 

receptacle at the end of each runway, a reward pellet was delivered. When the 

rat moved back into the central arena all doors closed for 5 s and then reopened. 

All reentries into an arm that previously delivered a reward were scored as 

working memory errors. All rats were trained to meet criterion of four consecutive 

days with two or less errors per day. 

Delayed Non-Match to Position (DNMTP). Once test animals reached win

shift criterion, DNMTP testing was initiated. Testing began with an information 

(forced 4) session in which four of the eight arms are blocked (i.e., the animal 

could only investigate the four remaining open arms). This information session 
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ended when all four arms were visited or when the trial timed out (15 min). After 

a predetermined delay interval, all eight arms were accessible during the 

retention (free 8) session. Food reinforcement occurred only in arms not 

previously visited. The test session ended when all four correct arms were visited 

or when the trial timed out (15 min). Entry into arms previously entered during 

information session or repeat visits to any arm during the retention session was 

recorded as an error. Animals were trained at a 15 min delay interval to meet 

criterion of four consecutive days with one or less errors per day. Once criteria 

were reached, animals were tested with longer delays of 1, 3, and 6 hours, 

presented twice in a pseudorandom fashion, along with 15 min delays intervals. 

Spontaneous Novel Object Recognition (NOR) Test 

The NOR task was conducted using a procedure we have previously 

published (Terry et al., 2007). Offspring of stressed and control dams were tested 

using an apparatus consisting of black plastic (rectangular) open field box (length 

x width x height = 65.5 x 41.0 x 36.5 em, respectively) with normal rodent 

bedding material (Sani-Chips®, Harlan Teklad Madison, WI) covering the floor. 

The objects discriminated were made of glass, ceramic, clay, or plastic. Each 

object was available in four identical copies, and the weights were such that the 

rat could not move the objects. Objects varied in height from 9.5 to 15 em and in 

width from 6 to 10 em. Habituation to the test apparatus consisted of two daily 10 

min sessions in which the animals were allowed to freely explore the open field 

box. Video-recorded OR testing began on the third day and ended on day five. 
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Each test day began with a 3 min (AlA) information session, in which each 

rat was placed in the box and exposed to two identical sample stimuli. The 

objects were placed near two adjacent corners (i.e., 10 em from each wall) of the 

box and the rat was placed into the box equidistant from each object during a 

given test session. The (AlA) information session was followed by a 15 min, 1hr 

or 3 hr delay period (administered in a pseudorandom order for the test subjects), 

during which time the animal was returned to its home cage. Subsequently, a 3 

min dissimilar stimuli (AlB) session followed, in which the rat was placed into the 

box in the same location as in the previous session (bedding material on floor 

was rearranged to disrupt olfactory cues) and exposed to the familiar object (A) 

and a novel object (B). These objects were placed in the same locales as the two 

objects in the previous session. The total amount of time spent with each object 

was recorded, where "time spent" was operationally defined as the animal 

directing its nose to the object at a distance of less than 2 em and/or by the 

animal touching the object with its nose or mouth. The proportion of the total 

exploration time that the animal spent investigating the novel object was the 

index of recognition memory. A discrimination index (d2) was calculated on each 

AlB trial and was defined as the difference in time spent exploring the novel and 

familiar objects divided by the total exploration time for both objects: d2 index = 
(novel - familiar)/(novel + familiar). This measure is considered an index of 

recognition memory and takes into account individual differences in the total 

amount of object exploration time. 

Evaluation of Potential Therapeutic Interventions 
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Following behavioral performance assessments, both PNS and control 

animals were treated acutely with the second generation antipsychotic, 

risperidone ( 4-[2 -[4-(6-fluorobenzo[ d]isoxazol-3-yl )-1-piperidyl]ethyl]-3-methyl-

2,6-diazabicyclo[4.4.0]deca-1 ,3-dien-5-one ), to determine its ability to attenuate 

amphetamine-induced locomotor· activity. A second cohort of animals were 

treated acutely with the norepinephrine reuptake inhibitor, atomoxetine ((3R)-N

methyl-3-(2-methylphenoxy)-3-phenylpropan-1-amine), or the partial a-7 nicotinic 

receptor agonist, DMXB-A (3-[(3E)-3-[(2,4-dimethoxyphenyl) methylidene]-5,6-

dihydro-4H-pyridin-2-yl]pyridine]; code name GTS-21 ), to determine their ability 

to improve recognition memory during performance of NOR. 

For amphetamine-induced locomotor activity, subjects were injected 

intraperitoneally (i.p.) with risperidone (0.3 mg/kg; A&A Pharmachem, Ottawa, 

Ontario Canada) or vehicle (0.1 M acetic acid in saline; pH = 5.0) 30 min prior to 

injection of 1.5 mg/kg amphetamine and monitored as previously described. The 

dose of risperidone was chosen based on efficacy with limited possibility of side 

effects such as sedation (Ahnaou et al., 2003; Natesan et al., 2008). 

For atomoxetine NOR studies, animals were injected (i.p.) with vehicle 

(0.01 mol/1 PBS), 1, or 3 mg/kg atomoxetine hydrochloride (Pfizer, Ann Arbor, Ml) 

30 min prior to testing of the (AlA) information session followed by a 3 hr delay 

period. Doses were chosen based on efficacy in behavioral experiments in a 

previously published study (Wilson et al., 2012). Atomoxetine and vehicle were 

administered in a pseudorandom manner to obviate any effects associated with 

the order of drug administration. 
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For GTS-21 NOR studies, animals were injected (i.p.) with vehicle (0.9% 

NaCI), 1, or 3 mg/kg GTS-21 (Memory Pharmaceuticals, Montvale, NJ) 30 min 

prior to testing of the (A/A) information session followed by a 3 hr delay period. 

Doses were chosen based on efficacy in previously published studies (Arendash 

et al., 1995; Nanri et al., 1998). GTS-21 and vehicle were also administered in a 

pseudorandom manner. 

Statistics 

Study results are expressed as means ± standard error of the mean 

(SEM) of the individual values of rats from each group. For single factor 

comparisons between the study groups, unpaired two-tailed t-tests or Mann

Whitney sum tests were performed. Statistical comparisons of groups with two

factors were conducted using a two way repeated measures ANOVA followed by 

post hoc analysis using the Student-Newman-Keuls multiple comparison 

method (SigmaStat 2.03, SPSS Inc., Chicago, IL, USA). Statistical comparison of 

groups with three-factors were conducting using a three way repeated measures 

ANOVA followed by post hoc analysis with Bonferroni correction (SAS, JMP 

statistical software, Cary, NC, USA). Statistical significance was assessed using 

an alpha level of 0.05. Trends toward significance were considered at the p < 

0.1 0. When gender differences were not statistically significant, analyses were 

collapsed across gender. 

RESULTS 

Litter Characteristics 
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Table XI illustrates the effects of variable PNS on litter characteristics. 

Exposure to prenatal stress did not significantly affect the litter size or the female 

to male ratio of the litters, however, it did result in a significantly lower weights for 

both females (Mann-Whitney U = 873, n1=n2=48, p<0.05) and males (Mann

Whitney U = 866, n1=nz=48, p<0.05) at weaning, postnatal day 22. However, by 

postnatal day 56, when behavioral testing began, there was no longer a 

significant difference between weights of the PNS and control animals in either 

the female or male groups. Exposure to the prenatal stress procedure did not 

result in changes in the number of live born pups or the latency to parturition 

(data not shown). 

Motor Function 

Grip Strength. Fig. 8 illustrates the effects of variable prenatal stress on 

motor function Statistical analysis of forelimb grip strength (Fig. SA) revealed the 

following: main effect of group F(1,44) = 0.19, p=0.67; day F(2,71) = 24.07, 

p<0.001; group by day interaction F(2,71) = 0.40, p=0.67. Post hoc analysis 

indicated that grip strength increased in both groups on day 2 compared to the 

first day of testing, however there were no significant differences between PNS 

and control rats. 

Rotarod. Statistical analysis of performance of the rotarod task (Fig. 88) 

revealed the following: main effect of group F(1 ,44) = 1.03, p=0.32; day F(2,71) = 

10.82, p<0.001; group by day interaction F(2,71) = 0.81, p=0.45. Similar to grip 

strength results, post hoc analysis indicated that performance on the rotarod 



101 

improved in both groups on day 2 compared to the first day of testing, however 

there were no significant differences between PNS and control rats. 

Prepulse Inhibition 

Fig. 9 illustrates the effects of variable PNS on startle responses during a 

prepulse inhibition task (PPI). Statistical analysis of % prepulse inhibition at 75, 

80, and 85 dB prepulse levels (i.e., 5, 10, and 15 db above background white 

noise) (Fig. 9A) indicated the following: main effect of group F(1 ,90) = 0.46, 

p=0.50; prepulse level F(2, 143) = 52.75, p<0.001, group by prepulse level 

interaction F(2, 143) = 0.63, p=0.54. Post hoc analysis indicated a significant 

reduction in startle response that was dependent on the magnitude of the 

prepulse stimulus. There were no significant differences between PNS and 

control animals on startle amplitude (Fig. 9B) or overall % prepulse inhibition (i.e., 

averaged across prepulse level, Fig. 9C). In a second cohort of test subjects, 

prepulse levels of 73, 76, and 82 dB (i.e., 3, 6, and 12 dB above background 

white noise) were evaluated and similar results were obtained (i.e., no 

differences between PNS subjects and non-stressed controls, data not shown). 

Amphetamine-Induced Locomotor Activity 

Fig. 10 illustrates the effects of variable PNS on amphetamine-induced 

locomotor activity. Statistical analysis of ambulatory counts (spontaneous 

locomotor activity) (Fig. 1 OA) revealed highly significant, group-related 

differences in activity F(1 ,560) = 16.88, p<0.001, a significant effect of time 

period F(35,647) = 22.38, p<0.001, and a significant group by time period 

interaction F(35,647) = 2.61, p<0.001. Post hoc analysis indicated that locomotor 
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activity decreased in both groups as a function of time during the 60 min 

habituation period. Moreover, after injection with amphetamine (1.5 mg/kg), there 

was a significant increase in locomotor activity in both groups compared to 

baseline that continued until the last 20 min of recording. Post hoc analysis also 

indicated that exposure to PNS was associated with higher levels of locomotor 

activity (compared to non-stressed controls) during the first 40 min of habituation, 

as well as during the first 90 min after injection with amphetamine. Statistical 

analysis of total ambulatory counts (averaged across time), further supported the 

observation that exposure to PNS in rats (compared to non-stressed control 

animals) resulted in elevated locomotor activity, both during the habituation 

phase (Fig. 1 OB) to the novel environment (t = 4.56, df = 16, p<0.001) and 

following the amphetamine injection (Fig. 10C) exposure (t = 3.97, df = 16, 

p<0.001). 

Statistical analysis also indicated that PNS animals had a significant 

increase in stereotypic-like behavior (i.e., elevated stereotypic counts) during 

both habituation (Fig. 100) (Mann-Whitney U = 0, n1=n2=9, p<0.001) and 

following injection with amphetamine (Fig. 1 OE) (t = 4.66, df = 16, p<0.001) 

compared to control animals. There was also a significant decrease in vertical 

activity (vertical counts) in PNS animals compared to controls (t = 4.66, df = 16, 

p<0.001) during habituation, but there were no differences between the two 

groups following amphetamine exposure (data not shown). 

Social Interaction 
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Fig. 11 illustrates the effects of variable PNS on social interaction with 

same sex/aged matched rats as well a same sex juveniles. For the analysis of 

social interaction with same sex/aged matched target rats (Fig. 11A) the following 

statistical results were obtained: main effect of group F(1,66) = 0.14, p=0.71; 

time period F(3,95) = 227.90, p<0.001, group by tiine period interaction F(3,95) = 

0.52, p=0.67. Post hoc analysis indicated a significant reduction in social 

interaction as the 10 min time period progressed in both groups, however there 

were no differences between PNS and control animals. Interestingly however, 

PNS subjects exhibited significantly increased aggressive behaviors (Fig. 11 B) 

compared to controls (t = 4.33, df = 22, p<0.001) toward the gender and aged

matched target subjects. 

Statistical analysis of social interaction with same sex juveniles (Fig. 11 C) 

indicated the following: main effect of group F(1 ,66) = 0.03, p=O.B?; time period 

F(3,95) = 185.21, p<0.001; group by time period interaction F(3,95) = 0.21, 

p=O.BB. Similar to the results with age and gender-matched target rats, post hoc 

analysis showed a significant reduction in social interaction over time for both 

groups, but no differences between PNS and control animals in their social 

interaction with juveniles. As in the case of interactions with adult targets rats 

(described above), exposure to PNS (compared to controls) significantly 

increased aggressive behaviors (Fig. 11 D) toward juvenile target rats (t = 5.43, df 

= 22, p<0.001 ). 

Sucrose Consumption 
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There were no statistically significant differences in sucrose preference 

between PNS and control animals. Both groups had an average sucrose 

preference [(sucrose consumed/ sucrose+ water consumed* 100) over a 24 hr 

period] of 87% (data not shown). Further, there were no differences between the 

total volumes of liquids consumed during the 24 hr period. 

Morris Water Maze Task 

Fig. 12 illustrates effects of PNS on performance of the Morris Water 

Maze (MWM) task. The following statistical results were obtained from analysis 

of platform latencies (s) (Fig. 12A): main effect of group F(1, 110) = 0.11, p=0.75, 

day F(5, 143) = 12.26, p<0.001, group by day interaction F(5, 143) = 0.80, p=0.55. 

Post hoc analysis revealed that both groups had increasing levels of efficiency to 

locate the hidden platform over the course of the six days of testing of the hidden 

platform task as indicated by the decreasing slope of the acquisition curves. 

There were no significant differences between PNS and control animals in 

latencies to locate the platform, however. Analysis of swim speeds (Fig. 128) 

also revealed no significant differences between groups. Interestingly, in the 

probe trials analysis, exposure to PNS was actually associated with an increase 

in the % of time spent in the target quadrant (Fig. 12C) (t = -2.47, df = 22, 

p<0.05) and in the number of crossings over the previous platform location (Fig. 

120) (Mann-Whitney U = 35, n1=n2=12, p<0.05) compared to controls. There 

were no significant differences in platform latencies of PNS and control animals 

during visible platform tests. 

Radial Arm Maze (RAM) 
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Fig.12 illustrates the effect of variable PNS on performance of a radial arm 

maze (RAM) task. In the win-shift task (Fig. 13A), statistical analysis of the % 

correct of the first 8 arms entered over 10 days of training revealed a significant 

effect of the day of testing F(9,479) = 27.24, p<0.001, without a main effect of 

group F(1 ,414) = 0.17, p=0.69 or a group by day interaction F(9,479) = 0.55, 

p=0.84. Similar results were obtained from the analysis of the number of errors 

per session (Fig. 138) over 10 days of win-shift training, effect of day F(9,479) = 

29.83, p<0.001, group F(1 ,414) = 0.17, p=0.69, group by day interaction F(9,479) 

= 0.52, p=0.86. Post hoc analysis indicated that significant learning occurred in 

both groups over the 10-day training period (i.e., increase in % correct and 

decrease number of errors). There were no significant differences in the number 

of sessions it took PNS and control animals to meet the predetermined training 

criteria (S 2 errors per session) during win-shift training. 

In the delayed non-match to position (DNMTP) training sessions in the 

RAM (Fig. 13C), analysis of the% correct of first 4 arms entered (15 min delay 

intervals) revealed a significant effect of the day of testing F(9,479) = 5.50, 

p<0.001, without a main effect of group F(1,414) = 0.37, p=0.54 or a group by 

day interaction F(9,479) = 0.39, p=0.94. Similar (non-significant results) were 

obtained from the analysis of the number of errors per session (data not shown) 

over 10 days of DNMTP training. Similar to the win-shift task, post hoc analysis 

also indicated that significant learning occurred in both groups as indicated by a 

significant increase in % correct and a significant decrease in the number of 

errors over the 10 days of DNMTP training. Further, the number of sessions 
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required to meet the predetermined training criteria~ 1 error per day; data not 

shown) were not significantly different between the groups. In addition, statistical 

analysis of% correct of the first 4 arms entered (Fig. 130) during DNMTP at 15 

min, 1 hr, 3 hr, and 6 hr delay intervals revealed a main effect of delay F(3,183) = 

27.13, p<0.001, without a main effect of group F(1,132) = 0.81, p=0.73 or group 

by delay interaction F(3,183) = 0.93, p=0.43. Post hoc analysis indicated a 

significant decrease in % correct as the delay intervals were increased. This was 

further supported as statistical analysis of the number of errors per session (data 

not shown) revealed a significant effect of delay F(3,183) = 28.06, p<0.001, 

without a main effect of group F(1,132) = 0.15, p=0.70 or group by delay 

interaction F(3,183) = 1.06, p=0.37. 

Spontaneous Novel Object Recognition Test (NOR) 

Fig. 14 illustrates the effects of variable PNS on performance of a novel 

object recognition (NOR) task across 3 different delay intervals, 15 min (Fig. 

14A), 1 hr (Fig. 14B), and 3 hr (Fig. 14C). The effects of group (i.e., PNS versus 

non-stressed controls), object type (familiar versus novel), delay (15 min, 1 hr, 3 

hr) and all crosswise interactions were assessed. Statistical analysis provided 

the following results: main effect of group F(3,220) = 1.06, p=0.19; delay F(2,220) 

= 8.46, p<0.001; object type F(1,220) = 135.28, p<0.001; group by delay 

interaction F(6,220) = 2.35, p<0.05; group by object type interaction F(3,220) = 

1.51 p=0.21; group by object by delay interaction F(6,220) = 1.62, p=0.14. Post 

hoc analysis indicated a significant preference for the novel object at all delays 

for both control males and females. However, while both PNS males and females 
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showed a preference for the novel object at the 15 min delay, the preference was 

lost in the PNS males at the 3 hr delay and PNS females at both 1 hr and 3 hr 

delay intervals. The discrimination index (d2, see formula in the Methods 

section) was also analyzed (see insets to Fig. 14A, 8, and C): main effect of 

group F(3,88) = 2.93, p<0.05, delay F(2,143) = 10.16, p<0.001, and group by 

delay interaction F(2,143) = 2.42, p<0.05. Post hoc analysis indicated that PNS 

was associated with a significant decrease in discrimination index at the 3 hr 

delay in males, and at both 1 hr and 3 hr delays in females. There were no 

significant differences in total exploration between the information (AlA) and test 

(AlB) session in either groups, both groups had similar total exploration times 

(data not shown). 

Evaluation of Potential Therapeutic Interventions 

Effects of Risperidone on Amphetamine-Induced Locomotor Activity. Fig. 

15 illustrates the effects of risperidone (0.3 mg/kg), on amphetamine-induced 

locomotor activity. Similar to the locomotor activity results reported above, in this 

later series of experiments, statistical analysis of ambulatory counts (Fig. 15A) 

indicated a main effect of group F(3,1120) = 16.09, p<0.001, time period 

F(35,1295) = 37.51, p<0.001, and a significant group by time period interaction 

F(35, 1295) = 4.68, p<0.001. Post hoc analysis revealed that while the PNS 

groups were significantly more active during the first 20 min of testing, there was 

a significant reduction in ambulatory counts in all groups over the course of the 

60 min habituation period. Further, there was a significant increase in 

ambulatory counts for approximately 90 min following treatment with 
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amphetamine (1.5 mg/kg) in PNS and controls animals receiving vehicle. 

Interestingly, in the PNS subjects, the increase in ambulatory counts induced by 

amphetamine animals was delayed by risperidone for approximately 35 min, but 

not sustained afterwards. Risperidone was effective in attenuating the effects of 

amphetamine over the full 90" min in the control subjects, however. 

Statistical analysis of total ambulatory counts (averaged across the 

experiment) following treatment with amphetamine (Fig. 158), revealed a main 

effect of group F(1 ,32) = 34.83, p<0.001, dose F(1 ,35) = 4.62, p<0.05, without a 

group by dose interaction F(1 ,35) = 1.44, p=0.24. Post hoc analysis indicated 

that exposure to PNS resulted in increased amphetamine-induced locomotor 

activity, whether treated with vehicle or risperidone, compared to controls. 

Additionally, treatment with risperidone was associated with a reduction in 

ambulatory counts in control animals, but not in PNS animals. Statistical analysis 

of total vertical counts (Fig. 15C) following treatment with amphetamine indicated 

a main effect of group F(1 ,32) = 2.66, p=0.11; dose F(1 ,35) = 5.53, p<0.05; group 

by dose interaction F(1 ,35) = 0.04, p=0.84. Post hoc analysis revealed a 

significant reduction in vertical activity in both PNS and control animals treated 

with risperidone, compared to vehicle treated animals. Similar to the 

aforementioned experiments described above, statistical analysis of stereotypic 

counts in this series of experiments revealed significant differences between 

PNS and control subjects, main effect of group F(1 ,32) = 61.95, p<0.001, without 

a main effect of dose F(1 ,35) = 0.84, p=0.37 or a group by dose interaction 

F(1 ,35) = 0.52, p=0.48. Post hoc analysis indicated that PNS animals had 
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significantly higher stereotypic activity compared to controls, but the effect was 

not altered by risperidone (data not shown). 

Effect of Atomoxetine and GTS-21 on NOR. Fig. 16 illustrates the effects 

of atomoxetine and GTS-21 on NOR performance (as indicated by the d2 index) 

after a 3 hr delay. In the case of atomoxetine (Fig. 16A) statistical analysis 

indicated the following results: main effect of group F(1,44) = 2.33, p=0.14; dose 

F(2,71) = 6.44, p<0.05, group by dose interaction F(2,71) = 5.87, p<0.05. Post 

hoc analysis indicated that both doses of atomoxetine (compared to vehicle) 

were associated with significant improvements in the discrimination index in PNS 

animals, but not controls. In addition, in the between group comparisons (i.e., 

PNS subjects versus controls), the vehicle-associated performance was 

significantly different, however, PNS performance at each dose of atomoxetine 

was not significantly different from the control animals administered vehicle (i.e., 

further establishing that atomoxetine reverses NOR deficits following PNS). 

The effects of GTS-21 on NOR in PNS and control subjects after a 3 hr 

delay are illustrated in Fig. 168. In these experiments, there was a main effect of 

group F(1,44) = 22.2, p<0.001, without an effect of dose F(2,71) = 0.29, p=0.75, 

or a group by dose interaction F(2,71) = 0.45, p=0.64. Post hoc analysis 

indicated that PNS subjects had a significantly lower discrimination index 

compared to control, irrespective of treatment 

DISCUSSION 

The results of this study can be summarized as follows: exposure to 

variable PNS in rats was associated with: 1) increases in locomotor activity and 
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stereotypic behaviors as well as increased sensitivity to the psychostimulant 

amphetamine, 2) aggressive behaviors toward both adult and juvenile rats of the 

same gender and 3) delay-dependent deficits in recognition memory. There was 

no indication that PNS rats had deficits in other forms of motor function or motor 

learning (i.e., grip strength or rotarod performance), sensorimotor gating, spatial 

learning and memory, or that they exhibited social withdrawal or anhedonia (e.g., 

as would be indicated avoidance of other rats or a decrease in sucrose 

preference, respectively). In experiments designed to evaluate PNS in rats as a 

model system for assessing potential therapeutic interventions: 1) the second· 

generation antipsychotic risperidone attenuated amphetamine-related increases 

in locomotor activity, however, the effect was not sustained over time, 2) deficits 

in recognition memory were attenuated by the norepinephrine reuptake inhibitor, 

atomoxetine, but not by the a7 nicotinic acetylcholine receptor partial agonist, 

GTS-21. 

There were additional (non- behavioral) observations in this study that are 

important to note. In previous studies exposure to prenatal stress has often been 

associated with adverse birth outcomes such as preterm delivery of offspring and 

low birth weight, both in humans and rodents (Wadhwa et al., 1993; Weinstock, 

2005; Class et al., 2011 ). In the current study, exposure to variable PNS did not 

result in preterm labor or an increase in stillborn pups. Further, there was no 

indication that PNS affected the female to male ratio or size of the litter. 

However, at postnatal day 22 (weaning), female and male rats exposed to PNS 

were significantly smaller compared to control rats, possibly due to low birth 
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weights as there was no indication of altered care by mother. In spite of this, by 

testing (postnatal day 56) there were no longer any differences in weight 

between the PNS and control animals. While low birth weight and exposure to 

prenatal stress have been associated with motor disabilities which could affect 

performance· of behavioral tasks in rats (Knoches and Doyle, 1993); as noted 

above there was no indication that exposure to variable PNS resulted in deficits 

in motor function (rotarod and grip strength) in this study. Therefore it is unlikely 

that PNS resulted in deficits in physical developmental that could have influenced 

behavioral results. 

The prepulse inhibition (PPI) experiments were conducted in this study for 

the purpose of evaluating sensorimotor gating in PNS rats. Deficits in PPI are 

often observed in schizophrenia patients as well as in schizophrenia-related 

animal models (reviewed, Wilson and Terry, 2010). PPI (i.e., the reduction in 

startle response produced by a low-intensity stimulus presented before a high

intensity, startle-producing stimulus; see Graham et al., 1975) has been widely 

used as a neurophysiological measure of the pre-attentive stages of information 

processing (Braff and Geyer, 1990). It has been suggested that sensory gating 

deficits associated with neuropsychiatric disorders (e.g., schizophrenia) may 

contribute to the deficits in attention, cognitive impairments, and even 

hallucinations. Surprisingly, in the present study, there were no impairments in 

PPI associated with exposure to variable PNS. These results contrast to those 

previously published by Koenig et al., 2005, who found that exposure to variable 

PNS resulted in PPI deficits at 1 and 3 dB above background. The basis for the 
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different results in the two studies is unclear. We did evaluate prepulse levels as 

low as 3 dB above baseline in our studies, but have not been able to reliably 

observe PPI in rats with lower prepulse levels using SR labs instrumentation. 

In the next series of experiments, PNS rats were evaluated in the 

amphetamine-induced hyperlocomotion test which is commonly used as a 

pharmacological (i.e., hyperdopaminergic) model of psychosis in animals (Sharp 

et al., 1987; Geyer and Ellenbroek, 2003). Amphetamine (a psychomotor 

stimulant), is known to exacerbate the symptoms of schizophrenia, as well as 

induce paranoid-hallucinatory psychosis when given in high doses in normal 

patients (Yui et al., 1999). In the current study, acute treatment with 

amphetamine (1.5 mg/kg) produced hyperlocomotion and increased stereotypic 

behaviors in both control and PNS rats. However, the magnitude of the 

amphetamine effect in PNS subjects was considerably higher than in controls (an 

observation previously reported by Koenig et al., 2005). The elevations in 

stereotypic movements in PNS subjects (compared to controls) in the current 

study was also interesting given that stereotypies (defined as repetitive and 

functionless motor behaviors) are a common feature of neuropsychiatric . 

disorders including schizophrenia and autism (see Garner et al., 2003; Morrens 

et al., 2006) 

Subsequent experiments (social interaction and sucrose consumption 

tests) were conducted to determine whether PNS rats exhibit behavioral features 

that resemble negative symptoms of schizophrenia such as social withdrawal 

and anhedonia (Carpenter and Buchanan, 1994). A decrease in social interaction 
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with other rodents has been interpreted as a behavioral deficit that mimics the 

avoidance behaviors observed in schizophrenics (Sams-Dodd, 1999), while a 

decrease of sucrose intake when both sucrose and water are available to the 

animal has often been interpreted as an anhedonia-like behavior (Katz, 1981). It 

was previously reported (Koenig et al., 2005 that male rats exposed to variable 

PNS interacted with a weight-matched, same-sex peer rats much less than non

stressed controls (i.e., evidence of social withdrawal). In the current study, there 

was no indication of significant differences in the amount of time male rats spent 

socially interacting with weight/age-matched or juvenile target rats. Interestingly, 

in the current study, the percentage of time (during the social interactions) that 

PNS rats displayed aggressive behaviors toward age-matched and juvenile 

target rats (e.g., chasing, biting, pining) were significantly increased (compared to 

controls). In is important to note that aggressive behaviors are evident in some 

schizophrenia patients (Soyka, 2011) as well as patients diagnosed with some 

other neuropsychiatric disorders such as attention deficit/hyperactivity disorder 

(ADHD) and borderline personality disorder (King and Waschbusch, 2010; 

Latalova and Prasko, 2010). Exposure to PNS did not alter sucrose preference 

over a 24 hr period in the current study. Further, the measure of sucrose 

preference was not influenced by variations in total liquid intake as there were no 

significant differences between PNS and control animals in the total amount of 

liquid consumed. This would suggest that PNS does not result in anhedonic-like 

behaviors. 
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The next series of experiments (MWM, RAM, and NOR) were conducted 

to determine the effects of PNS on different (learning and memory-related) 

domains of cognition that are relevant to neuropsychiatric disorders. Cognitive 

dysfunction is a common feature of schizophrenia and other neuropsychiatric 

disorders such as ADHD and depression and it is thought to play a central role in 

the quality of life (Barch, 2005; Bidwell et al., 2011; Austin et al., 2001 ). 

Unfortunately, however, few viable treatment options are available for the 

cognitive symptoms of these disorders (Wallace et al., 2011 ). Thus, an animal 

model exhibiting deficits in one or more of the relevant domains of cognition 

would be useful for evaluating potential treatments. Spatial learning and memory 

has been found to be disrupted in several neuropsychiatric disorders including 

schizophrenia and bipolar disorder (Spieker et al., 2012; Quraishi and Frangou, 

2002). Accordingly, in the current study, we employed the fixed platform version 

of the Morris water maze (MWM) task (Morris, 1981 ), to assess spatial reference 

learning and memory and the radial arm maze (RAM) task {Olton and Papas, 

1979) to assess spatial working and short term memory (with the win-shift and 

delayed non-match to position tasks, respectively). 

Surprisingly, exposure to PNS did not alter the acquisition of the hidden 

platform task in the MWM or the win-shift task in the RAM. Likewise, the delayed 

non-match to position task was unaffected by PNS. Interestingly, however, PNS 

rats demonstrated superior performance in the WWM probe trials compared to 

control rats as indicated by a significant increase in the amount of time spent in 

the previous target quadrant and an increase in number of platform area 
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crossings. These results could be interpreted as either superior spatial recall or 

enhanced perseveration (Young et al., 2009) in PNS subjects. The water maze 

findings are in contrast to a previously study (Markham et al., 2010) where 

exposure to variable PNS resulted in deficits of spatial learning in male rats. 

We employed the spontaneous novel object recognition (NOR) procedure 

as a non-spatial recognition memory task that exploits the animals natural desire 

to explore novel objects (Ennaceur and Delacour, 1988). Recognition memory 

consists of two components, a recollective (episodic) component and a familiarity 

component (Squire, 2004). Importantly, several neuropsychiatric disorders (e.g., 

post-traumatic stress disorder, schizophrenia and major depression) are 

associated with episodic memory deficits (Dere et al., 2010). Exposure to PNS 

resulted in deficits in recognition indices at the 3 hr delay (but not the 15 min 

delay) in both female and male rats, suggesting that PNS results in deficits in 

recognition memory that are delay dependent. Further, PNS females also 

exhibited significant deficits at the 1 hr delay, suggesting the female rats may be 

more sensitive the PNS-associated deficits in recognition memory. Our results in 

male rats exposed to PNS support those of a previously published study 

(Markham et al., 2010), but contrast with their findings in females, (where no 

effect of PNS on NOR performance were observed). The disparate results in 

the two studies are unclear, may be due to differences in the NOR protocols 

utilized (i.e., in the current study animals were scored over a 3 min period while 

in the Markham study they were only scored for 30 s). 
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As noted in the preceding paragraphs, there were both similarities 

(elevated amphetamine-induced locomotor activity and deficits in recognition 

memory) and differences {lack of deficits in sensory gating, social withdrawal and 

spatial learning and memory) in our behavioral results in PNS rats compared to . 

those of previous investigators (Koenig et al., 2005; Markham et al., 2010). It is 

possible that variations in the behavioral test protocols, environmental factors, 

amount of handling, etc., may have contributed to the disparate findings; 

however, it may also be due to what has been described as "substrain" effects. 

We obtained timed-pregnant rats from a different vendor than the investigators 

cited above {Charles River Laboratories, Wilmington, MA, versus Harlan 

Sprague-Dawley Indianapolis, IN). Interestingly, Sprague-Dawley rats from these 

two vendors were previously found to have different hypertensive responses to 

chronic NO synthase (Pollock and Rekito, 1998). Further, it was previously found 

that two sources of outbred Sprague-Dawley rats had differential sensitivity to the 

adrenocorticotropic hormone (Matthys et al, 1998). Thus, exposure to variable 

PNS may differentially affect "substrains" of Sprague-Dawley. It is important to 

note that it has previously been reported that exposure to variable PNS produces 

different outcomes in several strains of rats (Neeley et al, 2011 ). 

In the final phase of experiments, we evaluated the sensitivity of the PNS 

model to therapeutic interventions (i.e., to compounds that are either currently 

used for the treatment of neuropsychiatric disorders or that have shown potential 

in these illnesses). Drugs were evaluated for effects in the tasks where 

differences in performance were observed between PNS and control subjects. 
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Specifically, the second generation antipsychotic (i.e. risperidone), was evaluated 

in the amphetamine-locomotor activity assay and the norepinephrine reuptake 

inhibitor atomoxetine and a a7 nicotinic acetylcholine receptor partial agonist 

GTS-21 were evaluated in the NOR task. 

In the amphetamine-locomotor activity experiments risperidone was 

evaluated since it is a second generation antipsychotic that is commonly used for 

the treatment of schizophrenia, as well as other neuropsychiatric disorders such 

as bipolar disorder and ADHD (Zupancic, 2011; Seida et al., 2012; Bryois, 1994 ). 

As expected, risperidone (0.3 mg/kg) fully attenuated the hyperlocomotion 

associated with amphetamine in the control rats over the course of the 

experiment; however, in PNS rats the effects were not sustained. The basis of 

this differential drug response is unclear, but could be related to dose. 

Amphetamine is known to increase the release of dopamine in the striatum, 

which is the proposed mechanism of hyperlocomotion in rats (Sharp et al., 1987; 

Laruelle et al., 1999). As PNS animals have much higher levels of locomotor 

activity in response to amphetamine compared to controls, one could 

hypothesize that that the levels of dopamine released may higher compared to 

controls (thus requiring a higher dose of risperidone to block the effect). To 

support this argument, in a previous study where the effects of maternal stress 

were mimicked by the administration of corticosterone, an increase in locomotor 

activity and dopamine turnover and metabolism was observed in the offspring 

(Diaz et al., 1995). 
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The selective norepinephrine reuptake inhibitor atomoxetine was 

evaluated in PNS rats to determine the sensitivity of the PNS model to drugs 

known to have clinical efficacy in neuropsychiatric disorders. As an example, 

atomoxetine has been shown to enhance attention and to attenuate impulsivity in 

both children and adults with ADHD (Michelson et al., 2003; Chamberlain et al., 

2007). Additional clinical data suggest that atomoxetine may have efficacy for 

similar symptoms in autism, bipolar disorder, and depression (Bangs et al., 2007; 

Chang et al., 2009; Zeiner et al., 2011 ). Atomoxetine has also been evaluated 

for effects on multiple domains of cognition in schizophrenia patients (attention, 

executive function, verbal and visual memory, and working memory, etc.) with 

mixed results (Kelly et al., 2009; Sacco et al., 2009). In a previous study, we 

found that acute treatment with atomoxetine (0.3-0.3 mg/kg) attenuated deficits 

of attention and inhibitory control associated with PNS during a 5-choice serial 

reaction time (Wilson et al., 2012). In the current study, atomoxetine (1.0-3.0 

mg.kg) was found to significantly improve recognition memory in the PNS 

animals. These results suggest a new (i.e. previously unpublished) indication for 

atomoxetine (recognition memory deficits) and that the PNS rat model is useful 

for evaluating norepinephrine reuptake inhibitors for such an indication. 

We evaluated a7 nicotinic partial agonist GTS 21 in the PNS rat model 

due to the well-established role of a7 nicotinic acetylcholine as therapeutic 

targets for the cognitive dysfunction of schizophrenia (Leonard et al., 1996; 

Leiser et al., 2009). GTS-21, also known as DMXBA, has. been found to improve 

learning and memory in a number of behavior tasks in rats (Arendash et al, 2005; 
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Meyer et al., 1997). Further, GTS-21 has been found to have positive effects on 

cognition in patients with schizophrenia in early stages of clinical trials (Oiincy et 

al., 2006; Freedman et al., 2008). gvln, the present study, GTS-21 had no 

significant effect on PNS-associated deficits in recognition memory at either dose 

administered (1.0 and 3.0 mg/kg). This suggests that the deficits in recognition 

memory associated with exposure to variable PNS may not be related to 

alterations of a7 nicotinic receptors. 

CONCLUSION 

In conclusion, the results of this study suggest that exposure to variable 

PNS in rats results in elevated sensitivity to psychostimulants, increases in 

aggressive behaviors, and deficits in recognition memory, and that some of the 

deficits were responsive to pharmacologic intervention. These observations 

combined with previous reports of impairments in attention, inhibitory control, 

(Wilson et al., 2012) and other domains of cognition (see Koenig et al., 2007; 

Markham et al., 2010) suggest that important phenomenological similarities exist 

between prenatally stressed rats and patients afflicted with neuropsychiatric 

disorders. These observations further support the face validity of this model 

system for studying some aspects of these conditions as well for evaluating 

potential treatments. 
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Table XI. Effects of exposure to the prenatal stress paradigm on litter characteristics including; litter size, male to female 

ratio; weight at weaning (postnatal day 22}, and weight at testing (postnatal day 56}. Data are presented as the mean ± 

SEM. *represents a significant difference between control and PNS animals (p < 0.05). Litter N = 22, Pups N = 48. 

Group 

Control 

PNS 

Litter 

Size 

11.1 ± 0.6 

12.1 ± 0.7 

Female 

to Male Ratio 

1.09 ± 0.1 

1.05 ± 0.1 

Male Weight at 

Weaning (g) 

59.4 ± 2.1 

53.3 ± 2.2* 

Female Weight at 
Weaning (g) 

54.4± 1.9 

49.4± 1.9* 

Male Weight at 

Testing (g) 

330.8 ± 6.8 

321.3 ± 6.4 

Female Weight at 

Testing (g) 

211.9 ± 3.7 

207.9 ± 3.7 

..... 
"' 0 
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Figure 8. Effects of PNS on motor function. Illustrates performance of (A) forelimb grip 

strength, and (B) time animals were able to stay on rotarod. Data are expressed as the 

mean ± SEM for each test group.* represents a significant difference (p<0.05} in 

performance compared to day 1 (01}. PNS = prenatally stressed; CON = non-stressed 

controls. N = 12. 
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Figure 9. Effects of exposure to PNS on the percentage of prepulse inhibition {PPI} in 

rats (A) for three prepulse levels {5, 10, and 15 db above background noise). (B) PNS 

effects on the mean startle amplitude to a 120 db, 20 ms noise burst. (C) PNS effects on 

the percentage of PPI averaged across the three prepulse levels. Data are expressed as 

the mean :!: SEM for each test group. PNS = prenatally stressed; CON = non-stressed 

controls. N = 24. 
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Figure 10. Effects of PNS on amphetamine-induced locomotor activity during an open 

field task. (A) Ambulatory counts over 3 hr time period. (B) Total ambulatory counts 

during habituation and (C) amphetamine exposure. (D) Total stereotypic counts during 

habituation and (E) amphetamine exposure. Data are expressed as the mean :!: SEM for 

each test group. * represents a significant difference (p<O.OS} between activity of PNS 

and control animals. PNS =prenatally stressed; CON = non-stressed controls. N = 9. 
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Figure 11. Effects of exposure to PNS on social interaction. (A) The amount of time (s) 

that animals spent socially interacting with the same sex/weight matched target rats 

throughout a 10 min time period. (B) % time of social interaction that animals displayed 

aggressive behaviors (e.g., chasing, boxing, biting, offensive kicking, pining, and 

wrestling) toward same sex/weight matched target rats. (C) The amount of time that 

animals spent socially interacting with the same sex juvenile target rat. (D) % time of 

social interaction that animals displayed aggressive behaviors toward same sex juvenile 

target rats. Data are expressed as the mean ± SEM for each test group. * represents a 

significant difference (p<O.OS} between PNS and control rats. PNS =prenatally stressed; 

CON = non-stressed controls. N = 12. 
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Figure 12. Effects of PNS on performance of a Morris Water Maze (MWM) task. (A) 

Jllustrates the latencies to platform (s) and (B) average swim speeds (cm/s) in the hidden 

platform test over six consecutive days of testing. (C) % time in target quadrant and (D) 

number of platform crossings during probe trails. (E) Latencies to platform during visible 

platform test. Data are expressed as the mean ± SEM for each test group. * represents a 

significant difference (p<0.05) in performance between PNS and control animals. PNS = 

prenatally stressed; CON= non-stressed controls. N = 12. 
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Figure 13. Effects of PNS on performance of a radial arm maze (RAM) task. {A) Win-

shift acquisition over 10 days of testing as assessed by the % correct of the first 8 arms 

entered and {B) number of errors per session. Inset= number of sessions animals took to 

reach criteria {5 2 errors per day) during win-shift training. {C) Delayed non-match to 

position {DNMTP} acquisition over ten days of testing as assessed by % correct of the 

first 4 arms entered. {D) %correct of first 4 arms entered at 15 min, 1 hr, 3 hr, and 6 hr 

delay intervals. PNS =prenatally stressed; CON= non-stressed controls. N = 24. 
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Figure 14. Effects of PNS on the performance af a novel object recognition task. The 

preference for the novel objects compared with the familiar object is illustrated at (A) 15 

min, (B) 1 hr, and (C) 3 hr delay. Insets illustrate the "discrimination index" [d2 index= 

(novel-familiar)/(novel+fami/iar)]. Data are expressed as the mean ± SEM for each test 

group. * represents a significant difference (p<0.05} in preference for novel object. # 

represents a significant difference in indices compared to the 15 min delay performance. 

PNS =prenatally stressed; CON = non-stressed controls; M = males; F =females. N = 12. 
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Figure 15. Effects of the atypical antipsychotic, risperidone, on amphetamine-induced 

locomotor activity. (A) Jllustrates the effects of risperidone {0.3 mg/kg; given 30 min 

prior to amphetamine treatment) on amphetamine-induced {1.5mg/kg) ambulatory 

activity during an open field task. (B) Jllustrates the effects of risperidone on total 

ambulatory counts and (C) total vertical counts for a 2 hr duration following acute 

treatment of amphetamine. Data are expressed as the mean :t SEM for each test group. 

t represents a significant (p<O.OS} reduction in ambulatory counts of PNS animals 

treated with risperidone compared to PNS animals treated with vehicle. # significantly 

different compared to vehicle-associated performance. * represents a significant 

difference (p<O.OS} between performance of PNS and control animals. PNS (5} = 

prenatally stressed; CON {C) = non-stressed controls, VEH (V) = vehicle, RISP (R) = 

risperidone. N = 9. 
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Figure 16. Effects of the norepinephrine reuptake inhibitor atomoxetine (A) and the 

partial a-7 nicotinic receptor agonist GTS 21 (B) on performance of a NOR task as 

determined by the discrimination index (d2) [d2 index = (novel - familiar)/(novel + 

familiar)]. Data are expressed as the mean ± SEM for each test group. # significantly 

different (p<0.05) compared to vehicle-associated performance. * represents a 

significant difference (p<0.05) between performance of PNS and control animals. PNS = 

prenatally stressed; CON= non-stressed controls. N = 12. 
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ABSTRACT 

Rats repeatedly exposed to variable prenatal stress (PNS) exhibit 

behavioral similarities to several neuropsychiatric disorders including elevations 

in amphetamine-induced locomotor activity, deficits in attention, impaired 

inhibitory control, as well as impairments in memory-related task performance. 

However, to date there have been relatively few studies designed to assess the 

effects of variable PNS on anxiety, stress and fear responses (symptoms often 

associated with neuropsychiatric disorders). In the current study, rats exposed to 

variable PNS were evaluated for anxiety-related behaviors in open field, elevated 

plus maze (EPM) and lighUdark preference tasks. Innate fear responses were 

assessed using a predatory odor task and learned fear and extinction were 

assessed with a contextual fear conditioning task. The results indicated that 

exposure to variable PNS resulted in several behavioral anomalies including 

decreased innate fear responses to predator odor, impaired fear extinction 

(evidence of deficits in cognitive flexibility), increased locomotor activity, and 

increased stereotypic-like behaviors. There were no indications that exposure to 



132 

PNS resulted in increased anxiety-like behaviors or deficits in learning or 

retention during contextual fear conditioning. Collectivity, these data further 

support the premise that variable prenatal stress in rats is a valid model system 

for studying some behavioral components of neuropsychiatric disorders as well 

as for evaluating potential treatments. 

INTRODUCTION 

Several independent prospective studies have reported that maternal 

stress during pregnancy is associated with several types of adverse 

neurodevelopmental outcomes in the child later in life, including attention

deficiUhyperactivity disorder (ADHD), autism, schizophrenia, and anxiety 

disorders (Linnet et al., 2003; Grizenko et al., 2008; Kinney et al., 2008; van Os 

and Selten, 1998; Lewis and LeVitt, 2002; Spauwen et al., 2004; Rice et al., 

2007; Davis and Sandman, 2012). During the prenatal period, the rapid growth of 

the central nervous system makes the fetus particularly vulnerable to insults 

(reviewed, Markham and Koenig, 2011 ). It has further been established that 

dysfunction of the hypothalamic-pituitary-adrenal (HPA) axis is evident in several 

neuropsychiatric disorders (e.g., schizophrenia, anxiety disorders) (Guest et al., 

2011; Ma et al., 2011; Wingenfeld and Wolf, 2011 ). This suggests that prenatal 

stress may alter brain development, including HPA axis regulation, which might 

result in susceptibility of developing psychopathology later in life. 

The development of appropriate animal models for the purpose of 

elucidating the pathophysiology of neuropsychiatric disorders as well as for 

evaluating novel therapeutic interventions is greatly needed (Wilson and Terry, 
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2010; Marco et al., 2011). It has been suggested that repeated variable prenatal 

stress in rodents (henceforth referred to as PNS) might be an etiologically 

appropriate neurodevelopmental model for some components of schizophrenia 

(Koenig et al., 2005). Exposure to variable PNS was previously found to result in 

social withdrawal, elevated amphetamine-induced locomotor activity, and deficits 

in sensorimotor gating; behavioral characteristics commonly associated with a 

schizophrenia-related phenotype (Koenig et al., 2005; Lee et al., 2007). Further, 

PNS subjects were also found to exhibit impairments in spatial and recognition 

memory-related tasks, attention, and inhibitory control (Markham et al., 2010; 

Wilson et al., 2012). 

While several domains of cognition have been evaluated in the variable 

PNS model, relatively little is known about its effects on anxiety, stress, and fear

related responses. Anxiety, maladaptive fear responses, and impaired fear 

extinction are primary symptoms of a number of neuropsychiatric disorders 

including post traumatic stress disorder (PTSD) and schizophrenia (Fossati et al., 

1999; Koenen et al., 2011; Martinez and Quirk, 2009; Holt et al., 2009). Koenig 

and colleagues previously reported that rats exposed to variable PNS have 

significantly higher levels of plasma corticosterone following exposure to a mild 

restraint stress than control animals suggesting an altered response of the HPA 

axis to acute stress (Kinnunen et al., 2003). Further, corticosterone is known to 

play a crucial role in anxiety as well as regulation of cognitive processes 

including conditioned fear and extinction learning (Roozendaal, 2002; McEown 

and Treit, 2011; Green et al., 2011 ). 
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There were, therefore, three major objectives of the current study: 1) to 

determine if PNS is associated with anxiety like behaviors in open field, elevated 

plus maze (EPM), and light/dark preference tasks, 2) to determine if PNS 

produces impairments in innate fear. responses (using cat odor), and 3) to 

determine if PNS is associated with learning, memory, and extinction deficits in a 

fear conditioning task (CFC). 

EXPERIMENTAL PROCEDURES 

Animals 

Timed pregnant Sprague-Dawley female rats (Harlan Sprague-Dawley, 

Inc., Indianapolis, IN, USA) arriving on day five of gestation were housed 

individually in a temperature-controlled (25°C) and light-controlled (12-h light/dark 

cycle) facility. Pregnant animals had free access to food (Teklad Rodent Diet 

8604 pellets, Harlan, Madison, WI, USA) and water following their arrival. All 

procedure employed during this study were reviewed and approved by the 

Georgia Health Sciences University Institutional Animal Care and Use Committee 

and are consistent with the AAALAC guidelines. Measures were taken to 

minimize pain or discomfort in accordance with the National Institutes of Health 

Guide for Care and Use of Laboratory Animals. Animals were handled for one 

week prior to all testing and training to reduce stress and anxiety. Study subjects 

were transferred (in their home cages) to the behavioral testing rooms each 

morning approximately 30 min prior to training and testing. 

Stress paradigm 
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The repeated variable prenatal stress paradigm used in this study was 

adapted from Koenig and colleagues (Kinnunen et al., 2003; Koenig et al., 2005). 

Pregnant rats were exposed to the paradigm beginning on day 14 of gestation 

until delivery of pups on gestational day 22 or 23. The stress paradigm consisted 

of: (1) restraint in Broome style rodent restrainers (PLAS Labs, ·Inc) (1 h); (2) 

exposure to a cold environment (4 ± 1°C, 6 h); (3) overnight food deprivation; (4) 

forced swim in room temperature water (15 min); (5) reversal of the light-dark 

cycle; and (6) social stress induced by overcrowded housing during the dark 

phase of the cycle. Stressors were applied in a randomized manner to prevent 

accommodation with one to three stress sessions per day. Pregnant control rats 

were exposed to normal animal care and maintenance procedures during this 

period. Following birth, all dams and pups were left undisturbed until weaning on 

postnatal day 22. Offspring were double housed with same sex littermate, food 

and water was allowed ad libitum. Exposure to the prenatal stress procedures did 

not result in changes to the number of live born pups or the latency to parturition. 

Further, there were no differences in the number of pups per litter or the ratio of 

male to female pups between the control groups or those exposed to the 

paradigm (data not shown) 

Serum Corticosterone Levels 

Serum Sample Collection. Blood sample collection was performed on both 

pregnant rats exposed to the variable prenatal stress paradigm and pregnant 

control rats. Samples were collected on gestational day 13 (baseline levels), day 

16 (3rd day of stress paradigm), and day 19 (61
h day of stress paradigm). Samples 
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were taken at a specific time point for each animal on all days which correlated 

with the completion of stress in day 16 and day 19. To minimize additional stress 

associated with the blood sampling, dams were anesthetized by delivering 

isoflourane via a Vetroson small animal anesthesia machine (Summit Hill 

Laboratories, Wavesink, NJ). Animals were under approximately 90s, during 

which blood was collected from the tail. Blood sample collection was also 

performed on both control and prenatally stressed (PNS) pups in a given time 

frame on PND 75 with minimal stress and PND 76 following a foot shock (1 rnA 

AC, 1000 ms) 30 minutes prior to collection. Rats were placed on heating pad (to 

promote vasodilation) and briefly anesthetized (< 90 s) using isofluorane. Blood 

was taken by using a razor to produce a small tail nick and collected in BD 

Microtainer® tubes (approx. 100 ul) with serum separator (Becton, Dickinson and 

Company, Franklin Lakes, NJ). Collected blood was incubated at room 

temperature for 30 min to allow clotting, followed by centrifugation at 6,000 x g 

for 90 sec. Serum samples were stored at -20°C. 

Corticosterone Measurements. Serum corticosterone levels were 

determined using a corticosterone enzyme immunoassay (EIA) kit (Abnova, 

Taipei City, Taiwan). The EIA was carried out according to the manufacturer's 

instructions. Absorbance was measured at 450 nm and concentrations were 

calculated from the measured absorbance values using Gen5 data analysis 

software (BioTek, Winooski, VT). The intra-assay and inter-assay coefficients of 

variation ranged between 4.9% and 7.4%. 

Locomotor Activity 
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Rat open field activity monitors (43.2 x 43.2 em, Med Associates, St. 

Albans, VT, USA) were used to analyze locomotor activity of control and PNS 

rats. The following parameters were recorded for the entire 30 min test duration: 

horizontal activity (horizontal photobeam breaks or counts), number of 

stereotypical movements (repeated photobeam breaks), and vertical activity 

(vertical photobeam breaks). Thus, spontaneous locomotor activity, exploratory 

activity (rearing and sniffing movements) and stereotypical movements were 

assessed. Time spent in the center and peripheral zone was also recorded. 

Elevated plus maze 

To assess the effects of prenatal stress on anxiety, animals were 

evaluated using an elevated plus maze (EPM) consisting of a plus shaped maze 

made of opaque Plexiglas with two opposite open arms (50 x 10 em) and two 

closed arms (50 x 10 em with 40 em walls) under low lighting (50 lux, lumen/m2
). 

The task was initiated by placing the test subject into the center of the maze 

facing an open arm. Activity was monitored via a mounted overhead camera and 

video tracking system (Noldus EthoVision® Pro 3.1) for a 10 min period. The 

total distance traveled, entries into each arm, and the time spent in open arms, 

closed arms, and center of maze were evaluated. The frequency of head dips 

(the rat dipping its head into the space below the open arm and observing the 

environment) was also scored manually from the video files). 

Light/Dark Preference Test 

To further assess the effects of prenatal stress on anxiety levels, a 

light/dark preference test (also referred to as light/dark exploration or emergence 
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neophobia test) was conducted. For these experiments, Med Associates Inc. (St. 

Albans, VT) rat open field activity monitors (43.2 x 43.2 em) fitted with dark box 

inserts (which are opaque to visible light) to cover half the open field area, thus 

separating the apparatus into two zones of equal area (i.e., a brightly lit zone and 

a darkened zone) were utilized. Lamps were located above the activity monitors 

to provide an illumination level of approximately 1000 lux in the brightly lit zone, 

whereas the illumination level in the darkened zone was approximately 5 lux. The 

task was initiated by placing the test subject into the lighted zone of the activity 

chamber. Time spent in the light and dark zones of the apparatus was monitored 

and recorded continuously for 5 min. Latency to entry into dark zone was also 

recorded. 

Predatory Odor Avoidance Task 

A predatory odor avoidance task was used to determine if prenatal stress 

results in alterations of innate defensive behaviors towards predatory odors 

(adapted from Nalloor et al., 2011). Cat hair (compressed into a ball, 10 em in 

diameter) was obtained from a domestic male cat prior to the day of testing and 

kept in airtight (Zip-Lock) plastic bag until use. Similar textured "fake" hair 

(polyester fiber filling) was used as a control stimulus. Testing was conducted in 

a 35 x 26 x 50 em box under low lighting (70 lux). The arena was divided into four 

equal quadrants. Animals were recorded via an overhead camera. The box was 

cleaned with 1 0% alcohol solution between each subject. On day 1 , fake hair 

was placed in the center of a quadrant. Rats were then placed in the opposite 

quadrant facing the wall and allowed to freely explore for 5 min. The following 
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day, fake hair was replaced with cat hair and experimental animals were once 

again placed into the opposite quadrant and allowed to freely explore for 5 min. 

Contact (animal directing its nose to the hair ball at a distance of less than 2 em 

and/or by the animal touching the object), freezing .(no movement except for 

respiration) and avoidance (time spent in the quadrant furthest from the cat hair 

or fake hair) was scored for both sessions. The number of rearings was counted 

as a measure of locomotor activity. The total amount of time spent with each tube 

was recorded, where "time spent" was defined as the animal directing its nose to 

the object at a distance of less than 2 em and/or by the animal touching the 

object with its nose, mouth or paws. 

Odor Discrimination 

As the predatory odor avoidance task relies heavily on intact olfactory 

function, a simple odor task was used to determine if exposure to prenatal stress 

resulted in impaired olfactory discrimination. Animals were tested in an apparatus 

consisting of open field box (65.5 x 41.0 x 36.5 em) with normal rodent bedding 

material (Sani-Chips®, Harlan Teklad Madison, WI) covering the floor. Two · 

identical perforated polyethylene tubes (2.5 x 13 em) were filled with either food 

pellets (45 mg chow pellet, BioServ, Frenchtown, NJ, USA) or "fake" food pellets 

(zinc coated 4.5 mm BB pellets). The tubes were placed near two adjacent 

corners of the box and the rat was placed into the box equidistant from each tube 

during the test session. Animals were allowed to explore freely for 3 min. The box 

was cleaned between each trial and all sessions were recorded via mounted 

overhead cameras. The total amount of time exploring (animal directing its nose 
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at object at a distance of less than 2 em and/or by the animal touching the object 

with its nose, mouth or paws) each tube was recorded. The proportion of the total 

exploration time that the animal spent investigating the tube with food pellets is 

suggestive of olfactory discrimination and this preference index was calculated 

as: TA/(TA+T8) * 100, where TA is time spent exploring food tube (food pellets) 

and T8 is time spent exploring fake food tube (88 pellets). 

Contextual Fear Conditioning Task 

The contextual fear conditioning (CFC) task, used to test PNS and control 

animals, was modified from Nalloor and colleagues (Nalloor et al., 2011 ). Test 
,.-

subjects were moved to an isolated room with minimal noise levels at least 1 hr 

prior to the start of task, food and water were allowed ad libitum. CFC was 

conducted in a 50 x 10 x 19 em box with dim lighting (1 00 lux). Foot shocks were 

administered via stainless steel floor plates electrified by a constant current 

shock generator. Animals were recorded via an overhead camera. 

CFC Training. Experimental animals were placed in the test box apparatus 

and allowed to freely explore for a 3 min habituation period. At the end of the 

habituation period, two foot shocks (0.7 rnA AC, 1000 ms, 1 min apart) were 

administered. Animals were removed from test box 1 min following the 

completion of the second foot shock and returned to their home cage. Time spent 

freezing (no movement except for respiration), horizontal activity (number of 

crossings from one end of the box to the other), and vertical activity (number of 

rearings) were scored throughout habituation and training. A training criterion of 

freezing >15% of the post-shock epoch was used to ensure reliable fear 
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conditioning. Fear conditioning retention testing was measured 48 hrs after 

training. Animals were placed back into testing apparatus for a 5 min period (no 

foot shock administered) and freezing was recorded. 

CFC Extinction. Fear extinction to the CFC context was pe,ormed by 

reintroducing the animal into the CFC apparatus for 5 min per ~~ay for 4 

consecutive days following fear conditioning retention testing, wtout foot 

shocks. Freezing was scored. The Extinction Index was a measure of magnitude 

of extinction and was calculated as: 100-100*(EDx/ED1), where EDi and EDx 

are the percent time spent freezing on extinction days 1 and 2, 3, 4, or 5 

respectively. 

Y Maze CFC Task 

Due to the lack of freezing of female rats in both the control and PNS 

groups during the previously described contextual fear conditioning task, female 

rats were evaluated using a Y maze version of contextual fear condition 

previously described (Vazdarjanova and McGaugh, 1998). Test subjects were 

moved to an isolated room with minimal noise levels at least 1 hr prior to the start 

of task, food and water were allowed ad libitum. The Y maze consisted of three 

arms, separated by 120°, each 50 x 10 x 19 em, however each arm was uniquely 

different in color and texture. The arms were covered with translucent Plexiglas 

lids. Sessions were conducted under dim lighting (100 lux) conditions and 

recorded via an overhead camera. Foot shocks were administered via stainless 

steel floor plates electrified by a constant current shock generator. 
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CFC Training. Animals were habituated by allowing the rats to freely 

explore the Y maze for 8 min each on two consecutive days. Time spent freezing 

(no movement except for respiration), time spent per arm, and entries per arm 

were recorded for each habituation session. On the day of training, rats were 

placed in one arm (shock arm) that was blocked off from the rest of the maze. 

After 2 minutes, rats received the first of two foot shocks (0.7 rnA AC, 1000 ms) 

delivered at 1-min intervals. One minute after the last foot shock, the rats were 

returned to their home cages. Time spent freezing, horizontal activity (number of 

crossings from one end of the box to the other) and vertical activity (number of 

rearings) were scored during training. Fear conditioning retention testing was 

measured 48 hrs after training. Animals were placed back into the Y maze in an 

arm where they did not receive a foot shock and allowed to freely explore all 

arms for a 5 min period (no foot shock administered). Time spent freezing, time 

spent per arm, entries per arm, and latency to first entry into shock arm were 

recorded. 

CFC Extinction. Fear extinction to the CFC context was performed by 

reintroducing the animal into the Y maze for 5 min per day for 4 consecutive days 

following fear conditioning retention testing, without foot shocks. Freezing was 

recorded for each session. The Extinction Index was a measure of magnitude of 

extinction and was calculated as: 100-100*(EDx/ED1), where ED1 and EDx are 

the percent time spent freezing on extinction days 1 and 2, 3, 4, or 5 respectively. 

Hot Plate Nociception 
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A HotScan TM incrementing temperature hot plate (AccuScan Instruments, 

Inc., Columbus, OH) was used to analyze supraspinal nociception of control and 

PNS animals. The apparatus consisted of a Plexiglas enclosure resting on a 

digitally regulated hotplate which was manually triggered on and off. The surface 

temperature of the plate was maintained at 40°C at the start of a trial increasing 

by 3°C/min to a maximum of 49°C, at which point the temperature automatically 

reset to 40°C. The characteristic behavior of licking a hindpaw was used as the 

criterion for nociception, at which point the plate temperature was immediately 

reversed to the original setting and the trial was terminated. The animal was 

removed from the chamber and the temperature recorded (none of the animals 

remained on the plate long enough to reach the cutoff temperature of 49°C). 

Tail Flick Nociception 

A tail-flick apparatus (San Diego Instruments Inc., San Diego, California) 

was used to analyze spinal nociception of control and PNS animals. Rats were 

placed on the platform of the tail-flick apparatus and held in place while the distal 

regions of their tails were placed flat against the radiant heat source. The amount 

of time taken for the animal to move (flick) its tail away from the heat is recorded. 

Each test subject was given two consecutive trials with a maximum latency of 1 0 

sec for each trial. 

Statistics 

Results are expressed as means ± standard error of mean of the 

individual values of rats from each group. Data sets were tested for normality 

(Shapiro-Wilk test). Comparisons for single factors between two groups were 
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performed with an unpaired two-tailed t-test. Statistical comparisons· of groups 

with two-factors were conducted using a two way repeated measures ANOVA 

followed by post hoc analysis using the Student-Newman-Keuls multiple 

comparison method (SigmaStat 2.03, SPSS Inc., Chicago, IL, USA). Statistical 

significance was assessed using an alpha level of 0.05. Trends toward 

significance were considered at the p < 0.1 0. When gender differences were not 

statistically significant, analyses were collapse over gender. 

RESULTS 

Corticosterone Levels 

Serum samples were evaluated on day 13, 16, and 19 of gestation (GO) 

to determine the effects of the variable prenatal stress paradigm on 

corticosterone levels in pregnant rats (n=4 per group) (Fig. 17 A). Statistical 

analysis revealed the following results, main effect of group F(1, 12) = 2.36, 

p=O. 17; day, F(2,23) = 25. 18, p<0.001; group by day interaction F(2,23) = 3.26, 

p=0.07. Post hoc analyses indicated that both control pregnant dams and 

pregnant dams exposed to the prenatal stress paradigm had elevated 

corticosterone levels on GO 19 compared to those on GO 13 and 16 (p<0.001 ). 

However, corticosterone levels were elevated to a higher degree in pregnant 

dams exposed to the variable prenatal stress paradigm than those exposed to 

normal animal maintenance (controls) on GO 19 (p=0.03). 

Serum corticosterone levels in pups were also evaluated to determine the 

long term effects of the prenatal stress paradigm on baseline levels of 

corticosterone as well as following exposure to acute stress (n=6 per group) (Fig. 
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178). Statistical analysis revealed the following results, main effect of group 

F(1,10) = 5.27, p<0.05; day, F(1,23) = 78.70, p<0.001; group by day interaction 

F(1 ,23) = 3.71, p=0.08. Post hoc analyses indicated that both PNS and control 

rats had a significant increase in corticosterone levels following exposure to 

acute stress (foot shock) compared to baseline levels (p<0.001 ). In addition, 

prenatally stressed (PNS) rats had significantly higher corticosterone levels 

following acute stress compared to control rats (p=0.008), although there was no 

significant difference between PNS and control rats at baseline levels. 

Locomotor Activity 

Fig. 18 illustrates the effects of prenatal stress on locomotor activity over 

a 30 min time period during an open field task (n=12 per group). Statistical 

analysis of ambulatory counts (Fig. 18A) revealed a significant main effect of 

group F(1, 11 0) = 29.78, p<0.001, time F(5, 143) = 63.60, p<0.001, and group by 

time interaction F(5, 143) = 5.15, p<0.001. Post hoc analysis indicated a 

significant increase in ambulatory counts of PNS rats compared to controls at 5, 

10, 15, and 25 min time intervals; however during the last five min of the session 

there was no longer a significant difference between PNS and control rats. The 

number of ambulatory counts of both groups significantly decreased with time 

revealing that both groups habituated to the new environment over time. 

Statistical analysis of vertical counts (Fig. 188) also revealed a significant main 

effect of group F(1, 110) = 18.28, p<0.001, and time F(5, 143) = 22.32, p<0.001; 

without a significant group by time interaction F(5, 143) = 1.72, p=0.14. Post hoc 

analysis indicated a significant decrease in the number of vertical counts in PNS 



146 

rats compared to controls except during the first five min of the task. Statistical 

analysis of stereotypic counts (Fig. 18C) revealed a significant main effect of 

group F(1, 11 0) = 11 0.6, p<0.001, time F(5, 143) = 46.06, p<0.001, and group by 

time interaction F(5, 143) = 5.64, p<0.001. Post hoc analysis indicated a 

significant increase in stereotypic counts of PNS rats during the entire 30 min 

session compared to controls. Further, statistical analysis of time rats spent in 

either center zone or periphery zone (Fig. 180) revealed a significant main effect 

of zone F(1 ,22) = 4.66, p<0.05 without a main effect of group F(1 ,47) = 1.00, 

p=0.33, or group by zone interaction F(1 ,47) = 0.17, p=0.68. Post hoc analysis 

suggested that rats from either condition spent significantly more time in the 

center zone than in the peripheral zone. 

Elevated Plus Maze 

Fig. 19 illustrates the effects of prenatal stress on performance of an EPM 

task (n=12 per group). While statistical analysis on the percentage of time rats 

spent in each of the zones (Fig. 19A) revealed a significant main effect of zone 

F(2,59) = 126.42, p<0.001, the main effect of group F(1,36) = 0.98, p=0.37 and 

group by zone interaction F(2,59) = 0.07, p=0.93 were not significant. As 

expected, post hoc analysis indicated that both PNS and control rats spent a 

significant portion of time in the closed arms compared to the open arms or 

center zone. Similarly, in the analysis of the number of entries into each of the 

zones (Fig. 198) there was a significant effect of zone F(2,59) = 266.50, p<0.001, 

but not a main effect of group F(1,36) = 2.16, p=0.16 or group by zone 

interaction F(2,59) = 1.86, p=0.17. Post hoc analysis indicated that there were 
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significantly fewer entries into the open arms compared to the closed arms and 

center zone by both groups. There was also a trend toward significant 

differences (t = 1.82, df = 18, p=0.08) in the total distance traveled (Fig. 19C) 

between PNS and control rats. Additionally, PNS rats had a significant increase 

in the number of head dips (t = -2.87, df = 18, p<0.05) compared to controls (Fig. 

190). 

Light/Dark Preference 

Fig. 20 illustrates the effects of prenatal stress on performance of a 

light/dark preference task (n=12 per group). Statistical analysis on the % time 

rats spent in each of the zones (Fig. 20A) indicated a significant effect of zone 

F(1,47) = 15.91, p<0.001, however the main effect of group F(1,22) = 0.18, 

p=0.68 and the group by zone interaction F(1 ,47) = 4.64 were not significant, 

(p=0.06). As expected, both PNS and control rats spent a modest (but significant) 

portion of time in the dark zone compared to the light zone. There was no 

significant difference in latency into the dark zone between PNS and control rats 

(Fig. 20B). 

Predatory Odor Avoidance Task 

Fig. 21 illustrates the effects of prenatal stress on performance of a 

predatory odor avoidance task (n=12 per group). Statistical analysis of the 

percentage of time animals spent freezing (Fig. 21A) revealed a significant main 

effect of group F(1,22) = 11.53, p<0.05, exposure F(1 ,47) = 93.44, p<0.001, and 

group by exposure interaction F(1 ,47) = 16.36, p<0.001. Post hoc analysis 

indicated that while there was no significant difference in freezing between PNS 
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and control rats during fake hair exposure, freezing was significantly lower in 

PNS rats compared to controls during cat hair exposure (p<0.001). Nonetheless, 

there was a significant increase in freezing of both PNS and control rats during 

cat hair exposure compared to fake hair exposure. Further, analysis of the % 

time animals spent in contact with the cat hair or fake hair (Fig. 21 B) also 

indicated a significant main effect of group F(1 ,22) = 5.66, p<0.05, and exposure 

F(1 ,47) = 105.03, p<0.001, without a group by exposure interaction F(1 ,47) = 

2.83, p=0.11. Post hoc analysis indicated that PNS spent significantly more time · 

in contact with the cat hair compared to controls (p=0.007), yet there was no 

significant difference in time in contact between PNS and control rats during fake 

hair exposure. Further, there was a significant decrease in time spent in contact 

with cat hair compared to fake hair in both test groups. Statistical analysis of the 

percentage of time rats spent avoiding the cat hair or fake hair altogether (i.e., 

time spent in a quadrant not containing animal hair) (Fig. 21 C) revealed the 

following results, main effect of group F(1 ,22) = 3.53, p=0.07; exposure, F(1 ,47) 

= 57.54, p<0.001; group by exposure interaction F(1 ,47) = 12.80, p<0.05. Post 

hoc analysis indicated that PNS rats spent significantly less time avoiding the cat 

hair compared to control rats (p<0.001 }, although there was no significant 

difference in % avoidance between PNS and control rats during fake hair 

exposure. In addition, there was a significant increase in the time animals spent 

avoiding the cat hair in both groups compared to % avoidance of fake hair. 

Odor Discrimination 
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An odor discrimination task was conducted to ensure that prenatal stress 

did not result in deficits in olfactory discrimination that might have confounded the 

predatory odor avoidance task analysis (Fig. 21 D). There were no significant 

differences in olfactory preference index between PNS and control rats, showing 

the PNS rats had olfactory function similar to controls. 

Contextual Fear Conditioning - Male Rats 

Fig. 22 illustrates the effects of prenatal stress on performance of male 

rats during a contextual fear conditioning task (n=B per group). As expected, after 

exposure to foot shocks (i.e., training results) there were significant increases in 

freezing and decreases in horizontal activity in both test groups. However, there 

were no differences in performance between the test groups. In addition, there 

was also no significant difference between PNS or control male rats in vertical 

activity in either habituation or training (data not shown). 

Statistical analysis of freezing throughout the extinction trials (Fig. 22C) 

however, did reveal significant group-related differences, main effect of group 

F(1 ,56) = 5.56, p<0.05, day F(4,79) = 71.36, p<0.001, with a trend toward a 

group by day interaction F(4,79) = 2.33, p=0.07. Post hoc analysis indicated 

significantly higher levels of freezing of PNS male rats on both extinction day 

(ED) 2 and 3 compared to controls, with a trend toward significance on ED1 

{p=0.06). As expected, there was a significant decrease in % freezing of both 

PNS and control male rats throughout the extinction period. Further, statistical 

analysis of the extinction index (Fig. 22D) also revealed a significant main effect 

of group F(1 ,42) = 4.72, p<0.05, and day F(3,63) = 55.65, p<0.001, without a 
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group by day interaction F(3, 63) = 1.78, p=0.17. Post hoc analysis indicated a 

significant decrease in the extinction index of PNS male rats compared to 

controls on ED2, as well as a trend toward significance on ED3 (p=0.06). 

Contextual Fear Conditioning - Female Rats 

Fig. 23 illustrates the effects of prenatal stress on performance of female 

rats during a Y-maze contextual fear conditioning task. Similar to what was 

observed in male rats, there was no significant difference in either freezing (Fig. 

23A) or horizontal activity (Fig. 238) between PNS and control female rats during 

habituation and training. 

Similar to PNS male rats, exposure to PNS resulted in impaired extinction 

in female rats. (Fig. 23C) main effect of group F(1 ,56) = 5.40, p<0.05, day 

F(4,79) = 7.05 p<0.001, without a group by day interaction F(4,79) = 0.47, 

p=0.76. Post hoc analysis indicated a significant increase in freezing of PNS 

female rats compared to control female rats on ED2. Predictably, there was a 

significant decrease in freezing of both PNS and control female rats throughout 

the extinction period. Statistical analysis of the extinction indexes (Fig. 230) 

revealed similar results, main effect of group F(1 ,42) = 0.66, p=0.44; day F(3,63) 

= 31.41, p<0.001; group by day interaction F(3,63) = 1.73, p=0.18. Post hoc 

analysis indicated a significant (p<0.05) decrease in the extinction index of PNS 

female rats on ED2 compared to control females. 

Nociception 

The two nociception task, hot plate and tail flick, were conducted to _ensure 

that prenatal stress did not result in deficits in nociception that might have 
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confounded the contextual fear conditioning task results. During the hot plate 

task, there was no significant difference in the temperature (0 C) at which the 

animals would lick their hind paws between the PNS and control rats (Fig. 24A). 

Likewise, during the tail flick task, there was no significant difference between . 

PNS or control rats in the time (s) it took the animals to move their tails (Fig. 

24B). 

DISCUSSION 

The results of this study can be summarized as follows: 1) pregnant dams 

exposed to a variable stress procedure exhibited elevations in corticosterone 

levels (relative to non-stressed control pregnant dams) late during gestation, 2) 

the offspring of stressed dams had similar baseline levels of corticosterone to 

non-stressed controls, however, when exposed to acute stress, they exhibited an 

increase in corticosterone that was greater in magnitude, 3) the offspring of 

stressed dams exhibited several behavioral anomalies including decreased 

innate fear responses to predator odor, impaired fear extinction, increased 

locomotor activity, and increased stereotypic-like behaviors, and 4) There were 

no indications that exposure to PNS resulted in increase_d anxiety-like behaviors 

or deficits in learning or retention during contextual fear conditioning. 

The analyses of corticosterone levels in this study were important for 

several reasons. The perception of physical and psychological challenges 

prompts a stress response characterized by the activation of the hypothalamic

pituitary-adrenal (HPA) axis (Glover et al., 201 0) Circulating levels of 

glucocorticoids (e.g., corticosterone and cortisol) are a known measurement of 
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HPA axis activation and may represent HPA axis dysregulation (Joels, 2010). 

Further, maternal prenatal glucocorticoids cross the placenta and can influence 

other aspects of the prenatal environment. Elevated levels have been 

associated with several negative conditions including delayed fetal growth and 

development, attention and temperament problems, and psychopathology in 

adulthood (Field and Diego, 2008). For example, HPA axis dysregulation is a 

consistent component of several affective disorders including depression, PTSD 

and other anxiety disorders which are often considered to be stress

related/stress-initiated (Green et al., 2011 ). Further, corticosterone acting via 

glucocorticoid and mineralocorticoid receptors is known to regulate anxiety, fear 

learning and memory, as well as extinction (de Kloet et al., 1999; Korte, 2001; 

Brinks et al., 2009; Gourley et al., 2009), i.e., important factors for this study. 

As noted above, the initial results of this study indicated that a few stress 

exposures is not sufficient to elevate corticosterone levels in pregnant dams, as 

corticosterone levels on GD 16 following stress were not different than baseline 

levels on GD 13. However, repeated stress exposures significantly increased 

corticosterone levels in pregnant dams in response to a subsequent stressor, as 

dams exposed to the stress paradigm had significantly higher levels of 

corticosteroids on GD 19 compared to controls. Importantly, these results support 

the argument that repeated exposures to variable stressors elicit more intense 

HPA axis responses in pregnant rats which may affect the developing fetus 

(Takahashi et al., 1998). Prior to exposure to the variable prenatal stress 

paradigm, there were no differences in baseline corticosterone levels between 
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either dams exposed to stress or controls. We further observed that on GD 19 

(sixth day of stress), both control dams and those exposed to the variable 

prenatal stress paradigm had a significant increase in plasma corticosterone 

levels, most likely due to the natural elevation of corticosterone levels that occur 

during the last days of gestation (Kapoor et al., 2006). 

Exposure to PNS also resulted in elevated stress responses in the 

offspring. While offspring of dams exposed to the variable prenatal stress 

paradigm had similar baseline levels of corticosterone to control offspring, PNS 

rats had significantly elevated corticosterone levels following exposure to an 

intense acute stress. These data are consistent with findings from Koenig and 

colleagues (Kinnunen et al., 2003; Koenig et al., 2005). As expected, there was a 

significant increase in corticosterone levels in both groups following stress, 

however PNS rats had significantly higher levels 30 min post stress compared to 

controlS. These observations further support that idea that exposure to prenatal 

stress reprograms the HPA axis, resulting in greater elevation of corticosterone 

following stress (McCormick et al., 1995; Kapoor et al., 2006). 

Contextual fear conditioning (CFC) is a commonly used model to study 

fear memory processes of acquisition, consolidation, retrieval and extinction in 

rodents (Rudy et al., 2004). Exposure to variable PNS did not result in impaired 

learning and memory during CFC in male rats, as both groups had similar 

increases in freezing and reduction in locomotor activity during training and 

retention of the task. However, exposure to variable PNS resulted in impaired 

extinction, as PNS male rats maintained higher levels of freezing on ED2 and 
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ED3 (compared to non-stressed controls), as well as a significant decrease in 

extinction index on ED2. Extinction of fear is a learned inhibition of previous fear 

response in lieu of a new set of rules, and thus is thought to be a form of 

cognitive flexibility (Kaczorowski et al., 2012; Vazda~anova et al., 2011). 

Consistent with this interpretation are results from one of our previous studies 

documenting that variable PNS was associated with impaired cognitive flexibility 

(i.e., elevated timeout responses) as assessed in a 5-choice serial reaction time 

task (Wilsori et al., 2012). 

For female rats, a Y-maze version of contextual fear conditioning was 

used due to low levels of freezing in both the control and PNS groups during the 

previously described contextual fear conditioning task (data not shown). These 

results are in accordance with previous literature indicating that female rats do 

not show conditioned freezing in response to the classical contextual fear 

conditioning, but displayed increased escape behavior compared to males, 

suggesting an active response by females as opposed to freezing shown by 

males (Ribeiro et al., 2010). Interestingly, performance of female rats during the 

Y-maze version of the task were similar to those seen in males during the 

standard version of the task (although females had higher variability). While 

exposure to variable PNS did not result in impaired learning and memory in the 

fear conditioning task, PNS females had impaired extinction, with increased 

freezing on ED2, as well as a significant decrease in extinction index. As we did 

not control for the female rats estrous cycle, it is possible that some of the 

variability observed in female rats may be due to high or low levels of estrogen. 
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Importantly, Milad and colleagues previously observed that depending on the 

phase of the estrous cycle there were significant differences in fear extinction 

(Milad et al., 2009). The results in the contextual fear conditioning studies did not 

appear to be confounded by alterations of nociception, as there was no 

differences between PNS males or females and non-stressed controls in either 

the hot plate task (supraspinal nociception) or tail flick task (spinal nociception). 

Exposure to predator odor (cat or fox odor), a natural unconditioned 

stimulus, results in a range of fear responses in prey animals including freezing 

and avoidance (Dielenberg and McGregor, 2001; Dringenberg et al., 2008; 

Rosen et al., 2008). As expected, exposure to cat hair produced significant fear 

responses in both groups with increased freezing and avoidance as well as 

decreased time in contact compared to exposure to fake hair. However, rats 

exposed to variable PNS showed a significant reduction in freezing and 

avoidance compared to controls. Additionally, PNS rats spent significantly more 

time in contact with the cat hair than controls, suggesting that exposure to 

variable PNS decreases innate fear responses to predator odor. Similar results in 

olfactory preference indices of both groups suggest that alterations in fear 

response are not due to PNS-induced impairments in odor discrimination. It is 

important to note however, that a previous study by Dielenberg and colleagues 

found strong and selective activation of the posteroventral medial amygdala in 

rats exposed to cat odor, raising the possibility that cat odor is processed as a 

pheromone-like stimulus instead of as a conventional odor stimulus (Dielenberg 

et al., 2001 ). Further, these results do not seem to be due to the inability to 
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freeze, a possible result of elevated locomotor activity, as exposure to a foot 

shock produced similar freezing in both groups. However, it has been previously 

found that conditioned freezing to cat hair context was 4 times less than 

conditioned freezing to foot shock context, suggesting that exposure to cat hair is 

a mild stressor compared to foot shock (Nalloor et al., 2011 ). 

The open field task is a popular model for assessing spontaneous 

locomotor activity, stereotypic activity, exploratory behavior, and anxiety-like 

behaviors (Prut and Belzung, 2003). During the open field task, exposure to PNS 

significantly increased spontaneous locomotor activity relative to controls; 

however PNS rats did not exhibit altered habituation to the novel environment. In 

addition, exposure to PNS also resulted in a significant increase in stereotypic

like behaviors. This is important as hyperactivity as well as increases in 

stereotypic-like behaviors are symptoms of several neuropsychiatric disorders 

(e.g., schizophrenia, ADHD, autism; Grizenko et al., 2008; Morrens et al., 2006; 

Pierce and Courchesne, 2001) Interestingly, PNS rats exhibited significantly 

lower vertical exploratory activity (vertical counts) compared to controls. These 

results are very similar to those seen in rats prenatally exposed to valproic acid, 

an animal model of autism (Schneider and Przewlocki, 2005). It may be possible 

though, that the decrease in vertical exploratory behavior is simply a 

consequence of increased non goal-directed locomotor activity and increased 

stereotypic activity (Roth and Katz, 1979). 

Interestingly, the deficits in innate fear and fear extinction in PNS rats 

were not paralleled by significant alterations in anxiety levels. For example, there 
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was no evidence in either the PNS or control rats of thigmotaxis (innate 

behavioral response in rodents to stay close to the walls; Prut and Belzung, 

2003) during the open field task as both groups spent significantly more time in 

the center zone than in the periphery. In the elevated plus maze, exposure to 

variable PNS did not result in any significant differences in entries or time spent 

in into open arms compared to controls during the EPM. Interestingly, PNS rats 

had a significant increase in the number of head dips (ethological measurement 

of "risk assessment") compared to controls, thus suggesting that variable PNS 

may increase risk assessment behaviors. However, these results may be 

confounded by the increase in locomotor activity of PNS rats, as seen previously 

(open field) and further supported by the trend toward a significant increase in 

total distance traveled during the EPM task. Additionally, there was no indication 

of increased anxiety due to exposure of PNS during light/dark preference task, as 

there were no significant differences in the latencies into the dark zone or time 

spent in the light/dark compartments between control and PNS rats. 

CONCLUSION 

In conclusion, the results of this study suggest that exposure to variable 

PNS alters stress and fear responses in rats, effects that may be due in part to 

altered HPA axis function. In addition, PNS was associated with impaired fear 

extinction (evidence of deficits in cognitive flexibility), increased locomotor 

activity, and increased stereotypic-like behaviors. These observations along with 

previous reports of impairments in attention, inhibitory control, object recognition 

memory and spatial reference memory (Koenig et al., 2005; Markham et al., 
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2010, Wilson et al., 2012) suggest a phenomenological similarity between 

behaviors of prenatally stressed rodents and symptoms of several 

neuropsychiatric disorders, such as schizophrenia. Such observations further 

support the face validity of this model system for studying several aspects of 

these conditions. 
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Figure 17. Effects of exposure to variable prenatal stress on corticosterone levels. (A) 

Corticosterone levels of dams at baseline on gestational day (GD) 13 and .following 

exposure to prenatal stress on GD 16 and 19. (B) Corticosterone levels of pups at 

baseline on postnatal day (PND) 75 and following a foot shock on PND 76. Each bar 

represents the mean ± SEM for each test group.* represents a significant difference 

(p<O.OS) in corticosterone levels between rats exposed to the prenatal stress paradigm 

and control rats. # represents a significant difference compared to baseline levels. PNS = 

prenatally stressed; CON = non-stressed controls. Dams N = 4, Pups N = 6. 
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Figure 18. Effects of prenatal stress on locomotor activity. (A) Ambulatory counts, (B) 

vertical counts, or (C) stereotypic counts over a thirty minute period. (D) Time spent (s) in 

peripheral and center zones. Each point or bar represents the mean ± SEM for each test 

group.* represents a significant difference (p<0.05} in activity between PNS and control 

rats. PNS =prenatally stressed; CON = non-stressed controls. N = 12. 
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Figure 19. Effects of prenatal stress on anxiety during an elevated plus maze task. (A) 

% time spent in closed arms, open arms, and center zone, (B) entries into closed arms, 

open arms, and center zone, (C) total distance traveled, or (D) number of head dips. Each 

bar represents the mean :t SEM for each test group.* represents a significant difference 

(p<O.OS) in performance between PNS and control rats. t represents a trend toward a 

significant difference (p < 0.10}. PNS =prenatally stressed; CON= non-stressed controls. 

N=12. 
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Figure 20. Effects of prenatal stress on anxiety during a light/dark preference task. (A) 

% time spent in light and dark zones, ar (B) latency (s) into the dark zone. Each bar 

represents the mean :t SEM for each test group. PNS = prenatally stressed; CON = non-

stressed controls. N = 12. 
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Figure 21. Effects of prenatal stress on fear response during a predatory odor 

avoidance task. (A} % time freezing, {B) % time in contact with cat or fake hair, or {C) % 

avoidance time from hair {i.e., time in opposite quadrant). {D) Olfactory preference index 

during an odor discrimination task. Each bar represents the mean ± SEM for each test 

group.* represents a significant difference {p<0.05} in performance between PNS and 

control rats. PNS = prenatally stressed; CON = non-stressed controls; FHE = faked hair 

exposure; CHE =cat hair exposure. N = 12. 
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Figure 22. Effects of PNS on extinction during a CFC task in male rats. (A) % time 

freezing, or (B) horizontal activity during habituation and training. (C) % time freezing 

and (D) extinction index throughout extinction. Each bar or point represents the mean :t 

SEM for each test group.* represents a significant difference (p<0.05} in· performance 

between PNS and control rats. t represents a trend toward a significant difference (p < 

0.10). PNS = prenatal/y stressed; CON= non-stressed controls; ED= extinction day. N =B. 
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Figure 23. Effects of PNS on extinction during a CFC task in female rats. (A) % time 

freezing, or (B) horizontal activity during habituation and training. (C) % time freezing 

and (D) extinction index throughout extinction. Each bar or point represents the mean:!: 

SEM for each test group.* represents a significant difference (p<0.05} in performance 

between PNS and control rats. t represents a trend toward a significant difference (p < 

0.10}. PNS =prenatally stressed; CON= non-stressed controls; ED= extinction day. N = 8. 
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Figure 24. Effects of prenatal stress on nociception during a hot plate and tail flick 

task. (A) Temperature ("C) at which animals licked their hind paws, or (B) time (s) for the 

animals to remove (flick) their tail. Each bar represents the mean :t SEM for each test 

group. PNS =prenatally stressed; CON= non-stressed controls. N = 12 



IV. UNPUBLISED RESEARCH 

A. INTRODUCTION 

As previously discussed, animal models of human illness are expected to 

meet the requirements of construct validity (i.e., the level of homology in 

pathological mechanisms that underlies disease symptoms; see reviews Geyer 

and Markou, 1995; Decker, 2006; Meyer and Moghaddam, 2002). Understanding 

the underlying neurophysiological mechanisms and brain circuitry that may 

contribute to cognitive dysfunction is important for the discovery of novel 

therapeutic targets. While the exact neurophysiological mechanism of cognitive 

deficits associated with neuropsychiatric disorders is unknown, several 

neurotransmitter systems have been implicated and possible therapeutic targets 

have been identified (See review Wallace, et al., 2011 ). 

Acetylcholine (ACh) neurotransmission has long been recognized for 

playing an important role in cognitive functions such as attention, working 

memory and associative memory (Leiser et al., 2009). ACh is synthesized in 

neurons located in the basal forebrain and brainstem that project to brain regions 

involved in regulating cognitive function (e.g., prefrontal cortex (PFC) and 

hippocampus). The two most predominant nicotinic acetycholine receptors 

(nAChRs) receptors within the brain are a4(32nAChRs and a7nAChRs (Gatti and 
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Clementi, 2004), where they mediate fast synaptic signalling and regulate the 

release of other neurotransmitters. However, a7nAChRs are localized almost 

entirely in the central nervous system with little peripheral expression, thus may 

provide a therapeutic target with a limited side effect profile (Gotti et al., 2006). 

Studies in patients diagnosed with neuropsychiatric disorders (e.g, 

schizophrenia, attention deficit/hyperactivity disorder , depression, post-traumatic 

stress disorder) indicate that nicotine administration is capable of attenuating 

cognitive deficits associated with the disorders, Furthermore, patients with 

neuropsychiatric disorders have a higher incidence of smoking than the general 

population, suggestive of self medicating (Leonard et al., 2001; Leiser et al., 

2009). Interestingly, nAChRs are known to be regulated by the stress hormones, 

corticosteroids (Hunter at al., 201 0). This suggests a possible role of nAChRs, 

possibly mediated by stress responses, in the pathophysiology of several 

neuropsychiatric disorders. Indeed, a number of genetic studies have linked the 

nAChR subunit gene, CHRNA7, to both schizophrenia and bipolar disorder 

(Haj6s and Rogers, 201 0; Ancin et al., 2011 ). In addition, postmortem studies 

revealed diminished protein expression of neuronal a7nAChR in the 

hippocampus in schizophrenic patients, further supporting a role nAChRs in the 

neuropathology of neuropsychiatric disorders (Martin-Ruiz et al., 2003). 

Norepinephrine (NE, or noradrenalin) neurotransmission also has been 

recognized as playing an essential role in cognitive functions including attention, 

cognitive flexibility, working memory as well as impulsivity (Ramos and Amesten 

2007). NE containing axons are distributed widely throughout the brain (e.g., 
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PFC, amygdala, hippocampus) suggesting a prominent role of this 

neurotransmitter in central nervous system function, cognition and behavior 

(Berridge and Waterhouse, 2003). The majority of NE neurons arise from the 

locus coeruleus (LC) within the brainstem and fire in accordance to arousal state. 

The central effects of norepinephrine are mediated through postsynaptic a1 and 

131 receptors and presynaptic a2 receptors which mediate the presynaptic 

inhibition of norepinephrine release and the release of other neurotransmitters 

(Fitzgerald, 2011 ). The brain noradrenergic system is activated by stress and 

dysregulation of locus coeruleus-norepinephrine neurotransmission may 

contribute to cognitive dysfunction and/or arousal dysfunction; thus it has been 

implicated in stress-related psychiatric disorders including depression, anxiety 

and post-traumatic stress disorder (Morilak et al., 2005). The NE transporter 

(NET) is a membrane protein primarily located on presynaptic terminals of 

norepinephrine neurons and is the primary mechanism by which NE transmission 

is inactivated at the synapse (Barker and Blakely, 1995). NET inhibitors have 

been shown to attenuate cognitive deficits in both children and adults with 

attention deficiUhyperactivity disorder, as well as in patients diagnosed with 

autism, bipolar disorder, and depression (Michelson et al., 2003; Chamberlain et 

al., 2007; Bangs et al., 2007; Chang et al., 2009; Zeiner et al., 2011 ). 

Due to the effects that stress has on both acetylcholine and 

norepinephrine neurotransmission, it is possible that exposure to variable 

prenatal stress (PNS) may produce alterations in the expression of 

neurotransmitter-related proteins that are associated with cognitive deficits. Thus, 
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the purpose of the study was to determine the effects of PNS on protein levels of 

a7nAChR and NET in the PFC and hippocampus (i.e. two brain regions involved 

in regulating cognitive function) using immunoblots, as an initial approach to 

establishing construct validity of the model. 

B. METHODS 

Animals 

Timed pregnant Sprague-Dawley female rats (Harlan Sprague-Dawley, 

Inc., Indianapolis, IN, USA) arriving on day five of gestation were housed 

individually in a temperature-controlled (25°C) and light-controlled (12-h lighUdark 

cycle) facility. Pregnant animals had free access to food (Teklad Rodent Diet 

8604 pellets, Harlan, Madison, WI, USA) and water following their arrival. All 

procedure employed during this study were reviewed and approved by the 

Georgia Health Sciences University Institutional Animal Care and Use Committee 

and are consistent with the AAALAC guidelines. Measures were taken to 

minimize pain or discomfort in accordance with the National Institutes of Health 

Guide for Care and Use of Laboratory Animals. 

Stress paradigm. 

The repeated variable prenatal stress paradigm used in this study was 

adapted from Koenig and colleagues (Kinnunen, 2003, Koenig et al., 2005). 

Pregnant rats were exposed to the paradigm beginning on day 14 of gestation 

until delivery of pups on gestational day 22 or 23. The stress paradigm consisted 

of: (1) restraint in Broome style rodent restrainers (PLAS Lal;>s, Inc) (1 h); (2) 

exposure to a cold environment (4 ± 1 oc, 6 h); (3) overnight food deprivation; (4) 
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forced swim in room temperature water (15 min); (5) reversal of the light-dark 

cycle; and (6) social stress induced by overcrowded housing during the dark 

phase of the cycle. Stressors were applied in a randomized manner to prevent 

accommodation with up to three stress sessions per day. Pregnant control rats 

were exposed to normal animal care and maintenance procedures during this 

period. Following birth, all dams and pups were left undisturbed until weaning on 

postnatal day 22. Offspring were double housed with same sex littermate, food 

and water was allowed ad libitum. 

lmmunoblots 

Preparation of Rat Brain Lysates. On postnatal day 60, lsofluorane

anesthetized rats were decapitated and the brains removed from the skulls within 

3 min. The brains were immediately frozen in dry ice-cooled methylbutane 

(isopentane), and stored at -1o•c. The hippocampus and prefrontal cortex were 

extracted using "The Rat Brain Atlas" by Paxinos and Watson as a guide for 

neuroanatomicallandmarks (Paxinos and Watson, 1998). 

Homogenization Protocol and Protein Assay. Brain regions were 

homogenized in ice-cold, modified RIP A buffer containing protease inhibitors and 

phosphatase inhibitors. Modified RIPA (mRIPA) buffer (adjusted to pH 8) was as 

follows: 150 mM sodium chloride; 1% (v/v) NP-40; 0.5% (w/v) sodium 

deoxycholate; 0.1% (w/v) sodium dodecyl sulfate; 50 mM Tris base; 10% (v/v) 

glycerol. Prior to homogenization, ice-cold mRIPA buffer was supplemented with 

(per 10 ml of mRIPA): 200 iJI of phenylmethanesulfonyl fluoride stock solution 

(PMSF stock was 10 mg/ml in isopropanol); 100 111 of 200 mM sodium 



172 

orthovanadate; 100 !JI of protease inhibitor cocktail (Sigma #P-8340); 200 IJI of 

phosphatase inhibitor cocktail #1 (Sigma #P-2850); 200 IJI of phosphatase 

inhibitor cocktail #2 (Sigma #P-5726). Brain regions were homogenized in 10 

volumes of supplemented mRIPA buffer. Crude homogenates were then 

transferred to polypropylene tubes and sonicated on ice. To facilitate tissue lysis, 

the sonicated samples were incubated at 4-5°C for 1 hr on an orbital mixer. 

Samples were centrifugation at 14,000 x g for 30m at 4-5°C. The supernatants 

were aspirated from pellets and clarified using centrifugal filters (0.22 j.Jm 

DuraporeTM PVDF membrane). Protein concentrations were determined by the 

bicinchoninic acid method (BCA Protein Assay Kit, Piercefrhermo Scientific, 

USA). Samples were stored at -70°C until further use. 

Western Blot Analysis. Equal amounts of protein were resolved in SDS

polyacrylamide gels (10%) and transferred electrophoretically onto a 

nitrocellulose membrane (Bio-Rad). Membranes were blocked for 1 hr in TTBS 

(50 mM Tris, 150 mM NaCI, 0.05% Tween-20) and 5% non-fat milk and 

incubated overnight with the indicated antibodies. The primary antibodies used 

were anti-arnAChR (1 :2000 #ab23832 Abeam Inc., Cambridge, MA), anti-NET 

(1 :1,000 AB5066P Millipore, Billerica, MA), and anti-13-actin (1 :1 000; #A-5441; 

Sigma-Aldrich, Inc., St. Louis, MO). After washing with TTBS, the membranes 

were incubated for 1 hr with horseradish peroxidase-conjugated anti-rabbit or 

anti-mouse anti-sera in TTBS and 5% nonfat milk. Proteins were visualized by 

enhanced chemiluminescence (lmmobilon Western, Millipore, Billerica, MA). The 

optical density of the immunoreactive bands was measured using NIH lmageJ 
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software. The densitometric values for the proteins of interest were corrected for 

protein loading using 13-actin. 

Statistical analysis 

Data was analyzed using Student's t-test (SigmaStat 2.03, SPSS Inc., 

Chicago, IL, ·usA). Differences between means from experimental groups were 

considered significant at p<0.05. 

RESULTS 

Western blot analysis using an antibody that recognizes a7nAChR 

(expected immunoreactive band at 50 kDa) indicated no significant difference in 

protein expression in the PFC and hippocampus of rats exposed to variable PNS 

compared to controls (Fig. 25). 

Western blot analysis using an antibody that recognizes NET (expected 

immunoreactive bands at 54 kDa and 80 kDa, unglycosylated- and highly 

glycosylated- form, respectively) indicated a significant increase in the 

expression of the highly glycosylated form in the PFC compared to controls 

(1=2.77, p=0.020), and a clear trend toward a significant increase of the 

unglycosylated-form in the PFC (t =2.17, p=0.055) (Fig. 26). Similarly, analysis of 

NET expression in the hippocampus indicated a significant increase in the 

expression of the highly glycosylated form compared to controls (t= 2.80, 

p=0.019), and a trend toward a significant increase of the unglycosylated-form (t 

= 2.05, p=0.068). 



Figure 25. al nicotinic acetylcholine receptor (alnAChR) levels measured by western blot analysis. (A) Blot 

illustrating a molecular weight marker and alnAChR protein (~so kDa), (B) blots illustrating a7nAChR protein and 6-

actin in the hippocampus (HIPP) and prefrontal cortex (PFC), and (C) densitometry ratio a7nAChR and 6-actin, 

representing the mean :t SEM. N = 6. 
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Figure 26. norepinephrine reuptake inhibitor (NET} levels measured by western blot analysis. (A} Blot illustrating 

a molecular weight marker and NET protein {-54 and 80 kDa ), (B) blots illustrating NET protein and 6-actin in the 

hippocampus {HIPP) and prefrontal cortex (PFC}, and (C) densitometry ratio NETand 6-actin, representing the mean 

± SEM. N = 6. * indicates significant difference compared to control, p<O.OS, and t represents a trend toward 

significance, p<O.lO. 
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V. DISCUSSION 

Neuropsychiatric disorders (e.g., schizophrenia, bipolar affective disorder, 

depression, attention deficiUhyperactivity disorder) are associated with deficits in 

cognition, which plays a vital role in the long term outcome and quality of life of 

the patient (Fioresco et al., 2005; Kurtz, 2005; Barch, 2005; Bidwell et al., 2011; 

Austin et al., 2001 ). Nevertheless, current therapeutic treatments have limited 

effects on cognitive dysfunction and may even exacerbate the deficits (Wallace 

et al., 2011; Millan et al., 2012). The development of valid animal models to test 

novel hypotheses at the basic science level is essential for drug discovery in this 

field. As a number of epidemiological studies have established correlations 

between prenatal stress and neuropsychiatric disorders (Lewis and Levitt, 2002; 

Linnet et al., 2003; Rice et al., 2007; Grizenko et al., 2008; Davis and Sandman, 

2012), a repeated variable prenatal stress paradigm in rodents might be an 

etiologically appropriate neurodevelopmental model for some components of 

neuropsychiatric disorders (Koenig et al., 2005). Therefore, the objective of study 

was to perform a comprehensive study of the effects of variable prenatal stress 

(PNS) on animal behavior and cognition to determine validity of the model as an 

appropriate drug discovery platform for cognitive deficits associated with 

schizophrenia and other neuropsychiatric disorders. 
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In this study, exposure to PNS resulted in several behavioral alterations in 

rats that are often associated with neuropsychiatric disorders. We found that 

exposure to PNS resulted in increases in locomotor activity and stereotypic 

behaviors as well as increased sensitivity to the psychostimulant amphetamine. 

Interestingly, stereotypies (defined as repetitive and functionless motor 

behaviors) and hyperactivity are common features of several neuropsychiatric 

disorders including schizophrenia, attention deficiUhyperactivity disorder (ADHD) 

and autism (Garner et al., 2003; Morrens et al., 2006). Further, amphetamine

induced hyperlocomotion is commonly used as a pharmacological (i.e., 

hyperdopaminergic) model of psychosis in animals and amphetamine is known to 

exacerbate the symptoms of schizophrenia, as well as induce paranoid

hallucinatory psychosis when given in high doses in normal patients (Sharp et al., 

1987; Yui et al., 1999; Geyer and Ellenbroek, 2003). We also found that 

exposure to PNS resulted in increased aggressive behaviors toward both adult 

and juvenile rats of the same gender, although there were no indications of social 

withdrawal. This is of interest as aggressive behaviors are evident in some 

schizophrenia patients as well as patients diagnosed with other neuropsychiatric 

disorders such as ADHD and borderline personality disorder (King and 

Waschbusch, 2010; Latalova and Prasko, 2010; Soyka, 2011). Additionally, 

exposure to variable PNS decreased innate fear responses to predator odor, 

suggestive of altered fear responses. Surprisingly, there was no indication of 

impairments in pre-pulse inhibition (PPI) associated with PNS, deficits often 

observed in schizophrenia patients (reviewed, Wilson and Terry, 2010). 
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In this study, we also observed that exposure to PNS resulted in deficits in 

several cognitive domains (see Table 1) often associated with neuropsychiatric 

disorders. For instance, PNS exposure resulted in delay-dependent deficits in 

recognition memory. Of note, recognition memory consists of a recollective . 

(episodic) component and several neuropsychiatric disorders (e.g., post

traumatic stress disorder (PTSD), schizophrenia and major depression) are 

associated with episodic memory deficits (Squire, 2004; Dere et al., 2010). 

Exposure to variable PNS also resulted in impairments of sustained attention and 

inhibitory response control, which could further be exacerbated by N-methyi-D

aspartate (NMDA) antagonism. Impairments in attention and inhibitory response 

control are often characteristic of schizophrenia as well as several other 

neuropsychiatric disorders (e.g., ADHD and Autism; Carli et al., 1983; Braff. 

1993; Riccio et al., 2001; Lee and Park, 2006; Birkett et al., 2007; Grizenko et al., 

2008; Park et al., 2012; Han et al., 2012). Further, disturbance of the 

glutamatergic system has been implicated in the pathophysiology of several 

neuropsychiatric disorders including schizophrenia, autism, and depression 

(Javitt et al., 2011 ). Additionally, PNS was associated with impaired fear 

extinction (evidence of deficits in cognitive flexibility), though there were no 

indications of impaired learning and memory during contextual fear conditioning. 

Impaired fear extinction is a primary symptom of a number of neuropsychiatric 

disorders including PTSD and schizophrenia (Fossati et al., 1999; Koenen et al., 

· 2011; Martinez and Quirk, 2009; Holt et al., 2009); further supporting that PNS 
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results in cognitive deficits associated with neuropsychiatric disorders. There 

were no indications of deficits in spatial learning and memory. 

Throughout the study, we found that exposure to variable PNS did not 

result in preterm labor, increase in stillborn pups, changes in the female to male 

ratio, or size of the litter. Although, at weaning, female and male rats exposed to 

PNS were significantly smaller compared to control rats, possibly due to low birth 

weights. In spite of this, by the time of testing (i.e, PND 54) there were no longer 

any differences in weight between the PNS and control animals. Additionally, 

there was no indication that exposure to variable PNS resulted in deficits in motor 

function, nociception, or olfactory discrimination in this study. Therefore it is 

unlikely that PNS resulted in deficits in physical developmental that could have 

influenced behavioral results. Collectively, the results provide evidence of face 

validity (i.e., the degree of phenomenological similarity between the animal model 

and the human condition it is meant to simulate) of the variable PNS as an 

appropriate model for some components of neuropsychiatric disorders, 

particularly for cognitive deficits associated with these disorders. 

In this study, we also found evidence to support construct validity (i.e., the 

level of homology in pathological mechanisms that underlies disease symptoms) 

of the variable PNS model. However, a considerable amount of research still 

needs to be done to understand the underlying neurophysiological mechanisms 

and brain circuitry that may contribute to the behavioral and cognitive deficits 

associated with this model. In previous studies by Koenig and colleagues, 

exposure to variable PNS in rats was associated with significant alterations in 



180 

gene expression comparable to those observed in patients diagnosed with 

schizophrenia and bipolar. This included genes encoding proteins for 

neurotransmitter release, receptor function and signaling (e.g., synapsin II, 

VAMP2; Kinnunen et al, 2003). Additionally, variable PNS exposure was 

associated with significantly less oxytocin mRNA in the paraventricular nucleus 

and increased oxytocin receptor binding in the central amygdala (Lee et al., 

2007). It is important to note that oxytocin has been found to play an essential 

role in nonsexual, social behaviors in humans, behaviors which are often 

disrupted in patients diagnosed with neuropsychiatric disorders (Kosfeld et al., 

2005). Further, Koenig and colleagues revealed neuroendocrinological changes 

indicative of HPA axis dysregulation (Koenig et al., 2005). 

Maternal prenatal glucocorticoids can cross the placental barrier and 

influence aspects of the prenatal environment possibly resulting in long lasting 

changes in both structure and function of the central nervous system (Brunton 

and Russell, 2011 ). Elevated levels of glucocorticoids have been associated with 

delayed fetal growth and development, attention and temperament problems, 

and psychopathology in adulthood (Field and Diego, 2008). For example, HPA 

axis dysregulation is a consistent component of several neuropsychiatric 

disorders including depression, schizophrenia and PTSD (lssa et al., 2010; 

Green et al., 2011 ). 

In this study, we found that a few stress exposures are not sufficient to 

elevate corticosterone levels in pregnant dams, however, repeated stress 

exposures leads to a significant increase in corticosterone levels supporting the 
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argument that repeated exposures to variable stressors elicit more intense HPA 

axis responses in pregnant rats which may affect the developing fetus 

(Takahashi et al., 1998). We further observed that exposure to PNS resulted in 

elevated stress responses in the offspring as PNS rats had significantly elevated 

corticosterone levels following exposure to an intense acute stress. These 

observations further support that idea that exposure to prenatal stress 

reprograms the HPA axis, resulting in greater elevation of corticosterone 

following stress (McCormick et al., 1995; Kapoor et al., 2006). Importantly, 

corticosterone acting via glucocorticoid (GR) and mineralocorticoid (MR) 

receptors is known to regulate fear extinction (Gourley et al., 2009), thus 

alterations in HPA axis function may provide the underlying mechanism for the 

deficits in fear extinction observed in PNS rats. 

Interestingly, although a7 nicotinic acetylcholine receptors (a7nAChR) 

play an important role in cognitive function (e.g., attention, working memory), are 

known to be regulated by corticosteroids, and are associated with the attenuating 

effects of nicotine on cognitive deficits in neuropsychiatric disorders (Leiser et al., 

2009; Hunter at al., 2010); we did not observe any changes in protein expression 

in the PFC and hippocampus. However, we observed a significant increase in 

norepinephrine protein transporter (NET) expression (54 and 80 kDa band; 

identified as the glycosylated- and unglycosylated-form) in the PFC and 

hippocampus of rats exposed to PNS. Norepinephrine (NE or noradrenalin) 

neurotransmission is known to play an important role in cognitive functions (e.g., 

attention, cognitive flexibility) and has further been implicated in several stress-
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related neuropsychiatric disorders (e.g., depression, anxiety and post-traumatic 

stress disorder; Morilak et al., 2005; Ramos and Arnesten, 2007). Animal studies 

have shown that the brain NE system is rapidly activated by stressors resulting in 

an increase in NE release in several brain regions (e.g., PFC, hippocampus), 

which can ultimately lead to a reduction of brain NE· levels possibly due to 

upregulation of NET expression (Chen et al., 2012). 

The NET is the primary mechanism by which NE neurotransmission is 

inactivated at the synapse (Barker and Blakely, 1995). Inactivation is essential for 

regulating effects of NE, as cognitive function is enhanced by moderate levels of 

NE engaging post-synaptic a2 adrenergic receptors (high affinity for NE), while 

high levels of NE impair cognitive function by engaging a1 and 131 adrenergic 

receptors (lower affinity for NE); however depletion of brain NE also leads to 

cognition impairment (Ramos and Arnesten, 2007). Therefore, the deficits in 

attention and recognition memory observed in PNS rats may be due to decrease 

levels in NE levels as a result of increased NET expression. Additionally, It was 

previously found the rats given 6-hydroxydopa, which reduces brain NE levels 

were more aggressive than controls, thus increased NET expression may also 

play a role in the aggressive behaviors seen in rats exposed to PNS (Comai et 

al., 2012). Interestingly, it has been suggested that activation of presynaptic 

NMDA receptors results in stimulation of NE release in the cerebral cortex (Fink 

et al., 1990; Gather! and Fink, 1991 ), therefore the sensitivity observed in PNS 

rats to the NMDA antagonist, MK-801, may in part be due to alterations in NE 

neurotransmission in these animals. 
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In this study, we also evaluated the sensitivity of the PNS model to 

therapeutic interventions (i.e., to compounds that are either currently used for the 

treatment of neuropsychiatric disorders or that have shown potential in these 

illnesses). We found that the second generation antipsychotic, risperidone 

(commonly used for the treatment of schizophrenia, as well as other 

neuropsychiatric disorders; Zupancic, 2011; Seida et al., 2012; Bryois, 1994) 

attenuated amphetamine-related increases in locomotor activity; however, the 

effect was not sustained over time possibly due to high levels of dopamine 

release in PNS requiring a higher dose of risperidone to block the effect. 

GTS-21, a partial a7nAChR agonist has been found to improve learning 

and memory in a number of behavior tasks in rats as well as producing positive 

effects on cognition in patients with schizophrenia in early stages of clinical trials 

(Meyer et al., 1997; Arendash et al, 2005; Olincy et al., 2006; Freedman et al., 

2008). In the present study, GTS-21 had no significant effect on PNS-associated 

deficits in recognition memory. This suggests that the deficits in recognition 

memory associated with exposure to variable PNS may not be related to 

' alterations of a7nAChR, further supported by the results of protein expression in 

the PFC and hippocampus previously discussed. 

Atomoxetine, which inhibits the norepinephrine transporter, is the first 

marketed non-stimulant ADHD medication. Atomoxetine has been shown to 

enhance attention and to attenuate impulsivity in both children and adults with 

ADHD as well as patients diagnosed with autism, bipolar disorder, and 

depression (Michelson et al., 2003; Chamberlain et al., 2007; Bangs et al., 2007; 
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Chang et al., 2009; Zeiner et al., 2011 ). The exact mechanism of action of 

atomoxetine is unclear but may be due to either enhanced cortical noradrenergic 

neurotransmission or by stimulation of dopamine overflow via regulation by the 

norepinephrine transporter (Carboni et al., 1990; Bymaster et al., 2002; Swanson 

et al., 2006). In this study, atomoxetine was found to attenuate impairments of 

sustained attention and inhibitory response control associated with exposure to 

variable PNS. Additionally, we found that atomoxetine significantly improved 

delay-dependent deficits in recognition memory in PNS animals. These results 

further support the role of NE neurotransmission in the cognitive deficits 

associated with exposure to variable PNS. 

In conclusion, exposure to variable PNS resulted in behavioral alterations 

(e.g., aggression, altered fear responses) and cognitive deficits (e.g., impaired 

attention, deficits in recognition memory) often associated with neuropsychiatric 

disorders. Further, exposure to variable PNS resulted in increased levels of 

corticosterone and increased expression of the NET in the PFC, suggestive of 

dysregulation of the HPA axis and NE neurotransmission, both of which have 

been associated with neuropsychiatric disorders. The ability of risperidone to 

attenuate amphetamine-related increases in locomotor activity and the ability of 

atomoxetine to attenuate cognitive deficits associated with PNS suggests a 

degree of predictive validity (the degree to which the model can be used to 

predict efficacy of a new therapeutic agent in humans) of the model. However, it 

should be noted that predictive validity of animal models of neuropsychiatric 

disorders is difficult to achieve as drugs that reliably improve cognitive symptoms 
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in human patients are not currently available. Collectively, the results of this 

study provided evidence of face, construct and predictive validity of the variable 

PNS model further supporting the premise that the variable prenatal stress 

paradigm is a valid animal model system for studying behavioral components of 

neuropsychiatric disorders as well as for" evaluating potential treatments. 

The variable PNS animal model may potentially help further elucidate the 

underlying mechanisms of behavioral symptoms often associated with stress

related neuropsychiatric disorders, thus providing novel therapeutic targets for 

the treatment of these deficits. Further, while preclinical studies using 

conventional pharmacologic and lesion models have repeatedly failed to produce 

effective therapeutic treatments for cognitive deficits associated with 

neuropsychiatric disorders, the variable PNS model is an etiologically valid (i.e., 

etiologies of the phenomenon in the animal model and the human condition are 

similar) neurodevelopmental model which may in turn be more appropriate for 

preclinical studies analyzing treatment of deficits associated with these disorders. 

Therefore, the variable PNS model may accurately identify adequate treatment 

options for neuropsychiatric patients suffering with cognitive dysfunction and thus 

improve quality of life in these patients. 



VI. SUMMARY 

• Exposure to variable PNS in rats was associated with increases in 

locomotor activity and stereotypic behaviors, increased sensitivity to the 

psychostimulant amphetamine, and increased aggressive behaviors 

toward both adult and juvenile rats of the same gender. 

• The offspring of stressed dams exhibited several behavioral anomalies 

that included decreased innate fear responses to predator odor and 

impaired fear extinction. 

• Exposure to variable PNS resulted in delay-dependent deficits in 

recognition memory as well as impairments of sustained attention and 

inhibitory response control (effects that could be exacerbated by NMDA 

antagonism). 

• There was no indication that exposure to PNS in rats resulted in deficits in 

sensorimotor gating, spatial learning and memory, or that they exhibited 

social withdrawal, anhedonia, or anxiety-like behaviors. 

• Pregnant dams exposed to the variable stress paradigm exhibited 

elevations in corticosterone levels (relative to non-stressed control 

pregnant dams) late during gestation and the offspring of stressed dams 
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exhibited an increase in corticosterone that was greater in magnitude 

when exposed to acute stress. 

• While there was no indication that exposure to PNS in rats resulted in 

altered levels of a7nAChR protein expression in the PFC or hippocampus, 

studies indicated that PNS produced a significant increase in the 

expression of the NET in the PFC and hippocampus. 

• The second generation antipsychotic risperidone attenuated 

amphetamine-related increases in locomotor activity, however, the effect 

was not sustained over time, 

• Deficits in accuracy, inhibitory response control, and recognition memory 

were attenuated by the norepinephrine reuptake inhibitor, atomoxetine, 

but not by the a7 nicotinic acetylcholine receptor partial agonist, GTS-21. 

• The observations of this study support face, construct and predictive 

validity of this model system for studying several aspects of 

neuropsychiatric disorders as well as for evaluating potential treatments. 
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