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INTRODUCTION 

Statement oftlte Problem and Specific Aims 

Schizophrenia (SZ) is a devastating brain disorder that affects approximately one 

percent of the general population. SZ has three classifications of symptoms: positive, 

negative, and cognitive. Positive symptoms are the most apparent, with delusions and 

hallucinations being most common. Negative symptoms are described as patients having 

a flat affect and an inability to follow through plans. The cognitive symptoms, while 

often times most devastating, are the least treatable at this time by therapeutic strategies. 

These symptoms include having difficulty in making decisions through higher-order 

thought processing, focusing attention on a task, and impairments in working memory. 

To date, there are at least 94 candidate genes disrupted in SZ that may lead to the 

endophenotype of the disease (Greenwood et al., 20 12). There are several genetic factors 

that correlate with the development of SZ. However, the vast majority of these genes are 

functionally unrelated, making it extremely difficult to elucidate a common link. To 

understand the pathophysiology of SZ, we must consider confounding data that suggests 

that both environment and genetics play a role in the etiology of the disease (Haukvik et 

al., 20 l 0; Fatemi et al., 2009). 
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There are various functional segments into which genes can be separated, the 

majority having central roles in neuroplasticity-crucial to the development and 

maintenance of the brain's structure and function (Harrison and Weinberger, 2005; 

Gogos and Gerber, 2006). The role of synaptic pruning has been evaluated since 1982, 

following Feinberg's hypothesis that pruning had a role in SZ development. It has been 

hypothesized that these dysfunctions have occurred during early development via 

structural developmental abnormalities and pcripubertal changes via excessive pruning 

(Waddington, 1993; Weinberger, 1995; Keshavan et al., 1994). Keshavan et al. (1994) 

concluded that neurobiological parameters which undergo peripubertal changes may be 

abnormal in SZ due to a predisposed dysfunction in glutamatergic inputs to pyramidal 

neurons. At that time, their group conducted a review of the data and agreed that 

excessive pruning of the prefrontal cortex (PFC) may underlie Sl development during 

adolescence. Later, neuroimaging data found that morphological changes in SZ subjects 

may be an indicator of the disease. These included enlarged ventricles, decreased 

temporal lobe size, and hippocampal cortical thickness, as well as cerebral and prefrontal 

cortex atrophy (Arnold and Trojanowski, 1996; Bayer ct al., 1999). It is important to note 

that, as in all human studies, there is high variability in findings between subjects and not 

all subjects display these morphological changes. llowever, we cannot dismiss the 

phenotypical findings that are generally found in the Sl population. 
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According to the neurodevelopmental model of SZ, polygenetic and 

environmental factors combine to influence early synaptic development and function, 

causing abnormalities long before the emergence of the symptoms leading to diagnosis 

(Rapoport et al., 2005). Correspondingly, a large number of studies in rodents have 

shown that in addition to the type of environmental stressor, the timing and duration of 

stressors can generate a wide variety of postnatal behavioral outcomes (Chung et al., 

2005; Tazumi et al., 2005). 

Taken together, the above data supports the "two-hit hypothesis" by Bayer et al. 

( 1999). This hypothesis states that there are both genetic and environmental components 

that compound to cause SZ; a genetic predisposition is compromised when another 

component (such as stress, obstetric complications, maternal illness, etc) induces changes 

making them more susceptible (Bayer et al., 1999; Myhrman et al., 1996; van Os and 

Selten, 1998; Geddes and Lawrie, 1995; McNeil et al., 1996). The second hit occurs later 

in life, usually during adolescence or pubertal stages, when the brain is developing 

connections enabling executive higher functions, a time highly susceptible to stress. 

Due to the overwhelming evidence that adolescence is a vulnerable time for 

stressors on brain development, childhood trauma and abuse studies have been well 

explored in the possible link to the development of psychotic disorders. Several studies 

show that individuals who have undergone stressful events such as physical, sexual, or 

emotional abuse during childhood are more susceptible to having psychiatric problems in 

adulthood. Studies link individuals who show poor psychosocial functioning, impaired 

cognitive performance, increased severity of symptoms or hippocampal volume reduction 



4 

with a history of emotional and/or physical neglect, sexual abuse, or otherwise traumatic 

events (Sahin et al., 2013; Larsson et al.,20 13; Lysaker et al., 2001; Read and Ross, 2003; 

Brietzke et al., 20 12). Collectively, these individuals are more likely to develop a mood 

and/or psychotic disorder in adulthood. 

There is a strong correlation between SZ, bipolar disorder, anxiety, and 

depression, indicating a comorbidity of psychiatric disorders. Buckley et al. (2009) 

estimated 29% of SZ subjects display posttraumatic stress disorder symptoms while 23% 

express obsessive-compulsive disorder behavior. This study also estimated that 

comorbid depression occurs in 50% of SZ subjects. This data corresponds to the 

aforementioned studies on childhood trauma and abuse. 

Due to the complexity of SZ along with comorbidity with other psychotic 

disorders, the field struggles to decipher the real pathophysiology of this disease. 

However, it is apparent that environment plays a key role in the susceptibility of an 

individual during crucial developmental stages. While one cannot control genetic 

components, society can try to intervene in childrens' lives and try to protect them from 

abuse, neglect, and trauma that could be detrimental to their development and is clearly 

indicative of someone developing one or more psychological disorders in adulthood. 
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Thus, it is becoming increasingly evident that interactions between genetic and 

environmental factors most likely underlie SZ pathogenesis. To further investigate this 

phenomenon at the basic level, however, studies in model systems designed to determine 

the consequences of combining specific genetic alterations with specific environmental 

exposures are needed. Our overall hypothesis of this project is that in genetically 

vulnerable individuals (i.e., those with reelin alterations), prenatal hypoxia, via its 

deleterious effects on VEGF, leads to structural, neurochemical, and behavioral 

alterations that are commonly observed in SZ. To address this clinically-important issue, 

the following Specific Aims were proposed: 

Aim 1: 

Aim2: 

Aim3: 

Aim4: 

To determine the effect of chronic stress on the VEGF signaling pathway. 

To determine the effects of prenatal hypoxia on VEGF signaling, 

behavioral activities, blood flow, and brain volume in heterozygous reeler 

mice during early adulthood. 

To evaluate long lasting effects of prenatal hypoxia on VEGF signaling, 

behavioral activities, blood flow, and brain volume in heterozygous reeler 

mice. 

To determine the correlation benveen serum VEGF levels and brain 

volumes in schizophrenia subjects. 
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Review of the Literature 

Tlte Genetic S usceptibility of Scltizopltre11ia 

The importance of both environmental as well as genetic factors in the 

development of SZ has been well studied. At the same time, growing up in an urban 

environment, immigration, cannabis usage, male gender and perinatal events (hypoxia, 

maternal infection, stress, and malnutrition) are some of the most studied factors 

associated with increased risk of developing SZ. Earlier reports from family, twin, and 

adoption studies suggest a strong genetic component in SZ. It is important to note that of 

all the known risk factors for SZ, genetics is the single largest one. 

Although no precise mode of inheritance is known, less than one third of patients 

with SZ have a family history. On the other hand, the most effective method for 

identification of genetic risk factors for SZ is not clear, and this has led to a number of 

approaches, including studying epigenetics in an attempt to clarify genetic etiology. 

Some SZ candidate genes and their association with SZ arc given in T able 1 (Stahl, 

2007). 





Table I. List of genes involved in pathobiology of Schizophrenia. Stahl, 2007 



TABLE. 

Susceptibility Genes for Schizophrenia 

Dysbindin Erb-84 

Neuregulin FEZ1 

DISC-1 MUTED 

DADA MRD$1 

DAAO BDNF 

RGS4 Nur77 

COMT MAO-A 

CHRNA7 Spinophylin 

GAD1 Calcyon 

GRM3 Tyrosine hydroxylase 

PPP3CC Dopamine2 receptor 

PRODH2 Dopamine3 receptor 

AKT1 

OISC·1=disrupted in schizophrenra-1; OAOA=O-am1no ac1d oxidase activa
tor (G72/G30); OAAO=O-amino acid oxidase; RGS4 regulator of G-protein 
signalling 4; COMT=catechol 0 methyl transferase; CHRNA7..,u-7 nictonic 
cholinergic receptor; GA01=glutamic acid decarboxylase 1; GRM3 glutamate 
receptor, metabotropic 3; BDNF=brain derived neurotrophic factor; MAO· 
A=monoamine oxidase A. 

Stahl SM. CNS Spectr. Vol12, No 8. 2007. 

7 

Table I. 
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COMT is an enzyme regulated by the COMT gene that depletes the 

neurotransmitter dopamine via degradation of its precursor, Levodopa. The degradation 

by COMT depletes dopamine levels and creates an imbalance because the dopamine 

cannot get transported to the postsynaptic neurons for degradation by COMT. In normal 

situations, this enzyme would create a balance between reward and stimuli. Low 

presynaptic dopamine transporter expression in areas such as the frontal cortex makes it 

highly susceptible to dopamine alterations. This susceptibility in an area where cognitive 

dysfunction is observed in SZ creates further evidence that functional changes are rooted 

to the molecular level (Grace, 1991 ). 

BDNF has been highly implicated in the pathophysiology of SZ (Pillai, 2008). 

BDNF plays a role in neuronal differentiation, neurite outgrowth and neuronal survival 

(Thoenen et al., 1987; Tanaka et al., 2000). It has been shown to be involved in the 

development, differentiation, maintenance, and survival of neurons for adulthood brain 

plasticity (Buckley et al., 2011; Kuipers and Bramham, 2006). It has also been proven to 

have a role in long term potentiation (L TP), a process of synaptic strengthening 

associated with learning and memory (Figurov et al., 1996; Kang et al., 1997). 

Neuregulin I (Nrg 1) is also implicated in the neurodevelopmental hypothesis of 

SZ (Mei and Xiong, 2008; Barros et al., 2009). Individuals with SZ have overexpressing 

Nrg1 mRNA and protein in the frontal cortex and hippocampus (Hashimoto et al., 2004; 

Petryshen et al., 2005; Law et al., 2006; Chong et al., 2008). This overexpression of 

Nrgl has been suggested to cause hypofunction of glutamatergic signaling in the brain, a 

defined deficit in SZ (Hahn et al., 2006; Yin et al., 20 13). 
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Another protein highly involved in migration, plasticity and L TP is Reelin. 

Reelin is a large glycoprotein in the extracellular matrix whose primary role is 

cerebellum expansion and proper embryonic neuronal migration. Reelin regulates neuron 

migration, positions intemeurons and Purkinje cells, is required for pre-plate splitting, 

and is involved in synaptic plasticity during adulthood (Rugarli and Ballabio, 1995; 

D'Arcangclo ct al., 1995; D'Arcangelo, 2001; Ilerz and Chen, 2006). Corresponding to 

its imperative role, Reelin concentrations are highest during embryonic 

neurodevelopment and early postnatal days (Bayer et al., 1999). Reelin is secreted by 

Cajal-Retzius cells embryonically and that role switches to GABAergic intemeurons in 

adulthood (Pesold et al., 1998). 

Animal studies show that Reel in's role in neuronal migration is necessary for 

proper neuronal migration to create the "inside out" pattern observed in human brains 

(Kubo ct al., 201 0). Reel in mRNA has been found to be decreased by 50% in SZ 

subjects, leading the field to focus on this molecule as a protein of interest (Impagnatiello 

et al., 1998; Costa et al., 2002). Misaligned neurons in the frontal cortex of SZ subjects 

imply neuronal migration abnormalities due to Reelin deficiencies (Akbarian et al., 1993, 

1996). 

Although gene environment interactions are widely acknowledged as legitimate 

impacting factors in the development of SZ, it is important to note that epigenetics may 

play a role in creating further susceptibility in individuals who have a genetic 

predisposition (Oh and Petronis, 2008; Ptak and Petronis, 201 0). In particular, DNA 

methylation may play a role in Reelin downregulation such that Reelin promoter has been 
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found to be hypermethylated in SZ (Grayson et al., 2005; Abdolmaleky et al., 2005) and 

may account for the significant reduction of Reelin observed in SZ subjects 

(lmpagnatiello et al., 1998; Fatemi et al., 2000). This study does not include particular 

involvement of epigenetic modalities, but instead focuses on the gene-environment 

interactions. We are interested in how prenatal environments can affect schizophrenia

related phenotypes in heterozygous reeler mice. Future studies will explore whether 

epigenetic modifications such as methylation or histone acetylation plays any role in the 

prenatal hypoxia-induced effects. 

Cerebral blood flow ami Vascular E11dotllelial Growth Factor (VEGF) i11 SZ 

VEGF is responsible for delivering oxygen, glucose, lactate and glycogen derived 

from astroglia to neurons (Pellerin et al., 200 I). Regulation of cerebral blood flow (CBF) 

is managed by astrocytic glial cells and capillary endothelium coupling (Pellerin et al., 

2001, Kurosinksi and Gotz, 2002; Haydon, 2001; Coyle and Schwarcz, 2000). Through 

this communication, astrocytes adjust blood flow based upon neuronal metabolic activity 

via VEGF regulation (Harder et al., 2002). Briefly, long term neuronal activation 

stimulates angiogenesis, resulting in increased capillary density and enhances local 

neuronal circuitry. Conversely, decrease in capillary density is likely to reduce the 

functional capacity of brain areas affected (llarder et al., 2002). Decreased capillary 

density, neuronal circuitry leading to reduced CBF, gives rise to the molecular grounding 

to the SZ phenotype of hypo frontal it}. This term hypofrontalit} comes from the 

hypoglutamatergic states in SZ, low metabolic turnover, and slower cognition during 
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tasks are evident in SZ subjects during PET scans (Williamson, 1987; Weinberger et al., 

1988). 

It has also been pointed out that the defects m the central nervous system 

microvascular regulation are crucial when discussing hypofrontality and blood flow 

regulation in SZ (Bachneff, 1996). There is consistent evidence showing reduced 

cerebral blood flow in brains of people with SZ especially to anterior regions such as the 

frontal cortex, a region whose function is highly disrupted in SZ. Decreased blood flow 

is observed in drug na"ive individuals with first episode onset (Andreasen et al., 1997; 

Barch et al., 200 l ). 

Neuroleptics can alter cerebral blood flow (Miller et al. , 1997; Vaiva et al., 2002 

psych res) although the effects appear to be regionally and drug specific (Lahti et al., 

2003; Miller ct al., 200 l ). Negative symptoms often correspond with decreased frontal 

cortex blood flow (Lahti et al. , 2001; Vaiva et al., 2002 bp). In addition to the frontal 

cortex, flow abnormalities in people with SZ have been noted in the cingulate cortex, 

thalamus, basal ganglia, parietal cortex and cerebellum (Lahti et al., 2001; Ashton et al., 

2000; Franck et al., 2002; Paradiso et al., 2003; Meyer-Lindberg et al., 2002). It is 

important to note that other studies have shown that CBF increased in SZ subjects 

(Franck et al., 2002; Andreasen et al., 1997). 

Thus, the field is moving toward a concept of dysfunctional circuits or inefficient 

dynamic modulation of cerebral metabolism (Andreasen et al., 1997; Callicott et al., 

2000). This shift has become apparent by supporting abnormal CBF during activation 

tasks (Paradiso et al., 2003; Sabri et al., 2003). While disturbed CBF is well documented 
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in SZ subjects, it is also reported to be altered in obsessive compulsive disorder and 

depression (Busatto et al., 2000; Lesser et al., 1994; Liotti et al., 2002). This again ties in 

the fact that there are often comorbid psychiatric disorders with SZ, and thus there may 

be overlapping physiological abnormalities, beginning at the molecular level. 

Thus, it is suggested that abnormalities in CBF lead to dysregulation of neuronal

glial function and sequentially to psychopathology observed in these disorders (Hanson 

and Gottesman, 2005). These alterations to VEGF and CBF observed in SZ may be 

responsible for the hypofrontality symptoms due to the lack of energy required to 

maintain functional signaling. 

VEGF has a total of seven subtypes to date (VEGF-A through F and placental 

growth factor) (Yamazaki and Morita, 2006). VEGF-A is the most common isoform, and 

is referred to as VEGF in this dissertation. VEGF has three tyrosine kinase receptors, 

including fms-like tyrosine kinase- I (VEGF receptor 1 I Fltl ), kinase insert domain

containing receptor (VEGF receptor 2/KDR/Flkl), and fms-like tyrosine kinase-4 (VEGF 

receptor 3/Flt4) (Yamazaki and Morita, 2006). One of the main, well-characterized 

pathways of VEGF involves Akt/mTOR (Shiojima and Walsh, 2002; Zhu, 2011) as 

depicted in Figure l . 





Figure 1. Demonstration of VEGF up-regulation during hypoxia. Hypoxia 

deactivates prolyl-4-hydroxylase enzymes (PHDs), inhibiting its binding to HIF-la., 

which normally sends it for proteasomal degradation. The colocalization of HIF-la. to 

HIF-1 P subunits form a stable heterocomplex, which binds to the HRE of the VEGF 

gene. This binding induces angiogenesis and neuroprotection by releasing VEGF. 
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Figure 1. 

VEGF is expressed in neurons, astrocytes, microglia, and endothelial cells 

(Storkebaum et al., 2004). VEGF's involvement in angiogenesis is well-known, with its 

first imperative role being neovascularization. Neovascularization involves forming new 

blood vessels during embryogenesis, while angiogenesis uses existing vessels to create 

new sources for blood flow and nutrients (Yamazaki and Morita, 2006). 

VEGF is known to be functionally important within the central nervous system, 

specifically upon gray matter, but its particular role on neurogenesis, neural guidance, 

and on neurons and glial cells is unclear (Marti and Risau, 1998). However, we do know 

that its receptor, Flkl, is the major regulator of vasculogenesis and angiogenesis 
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(Millauer et al., 1993). Significant decreases of YEGF-A (VEGF) mRNA levels in SZ 

subjects in frontal cortex were observed previously in our lab (Fulzele and Pillai, 2009). 

SZ subjects have smaller hippocampal volumes, resulting from loss of gray matter 

volume, abnormalities in myelination, and cell layer disorganization (Asami et al., 2012; 

Parlapani et at., 2009; Flynn et al., 2003). Bellon et al. (20 11) speculates that brain 

volume reduction and ventricular enlargement can possibly be explained by greater 

dendrite and axon loss. Recently, YEGF was proved to regulate the migration of 

oligodendrocyte precursor cells (Hayakawa et at., 2011 ). This ties YEGF to the 

imperative role in myelination of axons, a crucial component to proper neuronal 

connectivity and messaging. 

Meissirel et al. (20 11) found that VEGF modulates NMDA receptor activity and 

granule cell migration through activation of Src kinases by Flkl. As NMDA type 

glutamate receptors (NMDARs) are known to be involved in synaptogenesis and synaptic 

plasticity, this data forms a link between the importance of VEGF, NMDA activity, and 

synaptic plasticity- well known deficits in SZ. 

Obstetric complications, hypoxia and Schizophrenia 

As mentioned previously, obstetric complications are highly correlated with the 

development of SZ later in life. Obstetric complications interact with hypoxia regulated 

genes, increasing one's chance for developing SZ (Nicodemus et al., 2008). Meta

analyses of patient cohort data indicates that hypoxia is the most common factor in 

various obstetric complications and SZ (Demjaha et at., 2011; Clake et al., 2006; Boksa 
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2004; Van Erp et al., 2002). However, the role of hypoxia on the mechanistic 

development of the fetus is still unclear. A more recent study by Oliver and Davies 

(2009) used prenatal stress in mice to determine at which point alterations are detrimental 

to the fetus. The mice demonstrated anxiety-like behavior after exposure to prenatal 

stress. This group observed that prenatal stress in mice during mid to late gestation 

(E 11.5 to E 17 .5) corresponded to late first/early second trimester in humans, a time most 

susceptible to stress for fetal brain development. 

Miquerol et al. (2000), using over expressing VEGF mice, discovered that 

increased VEGF concentrations had lethal effects on the developing fetuses. Several 

studies suggest that slight alterations in VEGF concentrations in response to hypoxia can 

be detrimental (Miquerol et al., 2000; Ferrara et al., 1996; Carrneliet et al., 1996). 

Miquerol 's group speculated that a narrow window of VEGF concentration is imperative 

in utero for proper development. 

The effects of hypoxia are usually mediated by hypoxia-inducible factors (HIFs). 

More than one thousand target genes were reported to be regulated by HIFs to mediate 

the effects induced by hypoxia (Semenza, 20 12). I IIF 1-a. is controlled by proteosomal 

degradation. This process is controlled by the presence of proline hydroxylases (PHDs), 

which are only active in the presence of oxygen (Nakayama, 2009). When PHDs are 

deactivated during hypoxic conditions, circulating HIF 1-a. binds to ever-present HIF 1-P. 

This creates the stable HIFl transcription factor. which binds to the Hypoxia Response 

Element (HRE) of genes VEGF and/or erythropoietin (EPO) to further increase oxygen 

availability (Nakayama, 2009). Transcriptional and post-transcriptional processes under 



16 

hypoxic conditions control VEGF expression (Ikeda et al., 1995; Levy et al., 1996). The 

intricately designed mechanism of HIF 1 regulation allows normal homeostasis and 

neuroprotcction by VEGF, a role that is rapidly gaining strength of investigation in the 

psychiatric field. 

Hypoxia aud Stress: The two paths cross with VEGF regulation 

Several studies have demonstrated the importance of IIIFl during embryonic 

development, determining that without one of the subunits (IIIF1-a or HIFI-p), 

detrimental effects to the cardiovascular system occur and arc embryonically lethal. 

Studies by Semenza et al. (2006) found HIF 1-a knockout mice had developmental 

defects that involved their heart and blood vessels, concluding that HIFl regulates both 

acute and chronic responses to hypoxia. 

As Flk 1 is highly expressed in endothelial cells, and has been proven to have 

imperative roles in cellular responses to VEGF, it is necessary to discuss its role in 

hypoxia (Millaucr et al., 1993). Previous studies determined that hypoxia induces VEGF 

and Fltl expression in the brain, but not Flkl (Marti and Risau, 1998). Studies showed 

that Fltl is necessary for angiogenesis during early embryogenesis, possibly acting as a 

"dummy receptor" to trap VEGF (Shibuya, 2001 ). The receptor's role may be 

responsible for suppressing circulating levels of VEGF to an appropriate range, further 

supporting other studies that VEGF must be highly regulated during embryogenesis. 

VEGF signaling is imperative embryonically, and the regulation of its receptors may 

change rapidly to keep peripheral VEGF concentrations within range. While Fltl 
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sequesters VEGF to the site, Flkl, which has higher tyrosine kinase activity, could bind 

VEGF allowing cellular responses. 

Prenatal stress models in rodents have been found to develop phenotypes in the 

adult offspring relevant to SZ (Wilson and Terry, 2010). Reus et al. (2010) found that rats 

had decreased neurotrophic expression after undergoing maternal deprivation, and may 

contribute to a depressive disposition. Thus, it is safe to hypothesize that VEGF 

alterations onset by hypoxic situations (environmentally- or stress-induced) are 

detrimental to normal embryonic and fetal development. 

Recently, the role of VEGF/Flkl signaling in stress-related psychopathology has 

been investigated. Stress is known to downregulate Flk I expression (I leine et al., 2005) 

and pharmacological inhibition of Flk l signaling blocks the behavioral actions of 

fluoxetine in rats subjected to chronic stress (Greene et al., 2009). VEGF was also found 

to mediate neurogenic and behavioral changes in antidepressants, where Flkl was found 

to be necessary for antidepressant cell proliferation (Warner-Schmidt and Duman, 2007). 

A study by Sinclair et al. (20 11) found that glucocorticoid receptor (GR) 

expression in the frontal cortex of humans changes over the transition from neonate to 

adulthood suggesting that GR was lowest in neonates and peaked in young adulthood

when individuals typically have their first psychotic episode. This study suggests that 

both neonatal and late adolescence are vulnerable timeframes in which the PFC of an 

individual becomes more susceptible due to changes in their GR and thus, their body's 

ability to react to glucocorticoid (GC) during stressful situations. 
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These data collectively indicate that VEGF signaling is involved in the 

pathophysiological changes induced by stress. Based on previous studies and the strong 

correlation between obstetric complications and SZ, this project focused on the molecular 

effects of prenatal hypoxia and its correlation to the VEGF pathway. We hypothesize 

environmental stress such as prenatal hypoxia can alter VEGF and GC levels, known to 

be critical embryonically with a very narrow window of margin leading to behavioral and 

functional changes homologous to SZ. 

Project Rationale 

The main goal of this study was to test the hypothesis that in genetically 

vulnerable individuals (i.e. , those with reelin alterations), prenatal hypoxia, via its 

deleterious effects on VEGF, leads to structural, neurochemical, and behavioral 

alterations that are commonly observed in SZ. Unlike other neurotrophic factors (such as 

BDNF and NGF) which are studied extensively in psychiatric disorders, VEGF signaling 

plays a critical role in cellular energy metabolism and blood flow in addition to its 

neuroprotective role. Since a large and growing body of evidence indicate alterations in 

neuronal activity including changes in blood flow in psychiatric disorders, understanding 

the role of VEGF signaling in the pathophysiology of SZ is important and innovative. 





Table II. Homologies between Schizophrenia post mortem brains ami Heterozygous 

Reeler mice (HRM). This group justifies using HRM as a genetically susceptible model 

for Schizophrenia research due to these similarities. Costa et al., 2002. 
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Experimental model: Heterozygous Reeler Mice and Prenatal hypoxia 

As alterations in neuroplasticity arc central to most of the currently favored 

hypotheses regarding SZ pathobiology, genes that control these processes warrant further 

attention (I Iarrison and Weinberger, 2005). The reel in gene plays a central role in the in 

brain development and synaptic plasticity (Jossin 2004; Laviola et al., 2009; Nullmeier et 

al., 2011) and a significant reduction in reelin mRNA and protein expression has been 

reported in prefrontal cortex and hippocampus of SZ subjects (Impagnatiello et al., 1998; 

Fatemi et al., 2000). Mice with reel in haploinsufficiency (I IRM) have a variety of 

complex behavioral phenotypes homologous to S/ (Costa et al.. 2002. See Table 1 ). 

Interestingly, a recent study has shown that prenatal hypoxia decreases reelin expression 

in the hippocampus of adult offspring in wild-type mice (Golan et al., 2009). Thus, the 

well-established beha\ ioral phenotype of the reeler mice in combination with the well-

characterized synaptic deficit made this model an excellent candidate for examination of 

the role of prenatal hypoxia in the modulation of behavioral and functional changes 

related to SZ. 

Table 1 

Sunvna'l or neur~otaland nouroanatom<eal abnormahhos operato .. on tho braon of ~chozophrenl.l p.lltCnls and heterozygous 
IMler moe.. 

~Olcart•"lll....,..~•coo Sd>o:<>j>t- palloft•. Rel<'t.,.,... liS.: 'I R<··~~ 

GAo ,.,,..~ Oecn=xd 1321 
~"'P'OS$10., Ot~- 12.1.2128) t):o(r~1<1 IJ 1.321 

c.,..,eb!CII'I bel....,.., GAt\a and '"""" ~ 12ll ~ 1»1 

N • "PP ap~-. ~ (1!.1 Dec·~ P2l 
' · l'Vonat Pi!( ~ rog ~y lnae.!>e<! (1~1 lnum...., (32) 

0.MC.C spn, don1l! l ~ed 1161 RucM:cd 1321 

~ 01 1'1 'I)Pti(!Qphor•""f'f'O'""' «~'> Al:ert~J ISIJ """"" IJll 
I Cltrllcc.<t>t.~ -le; Od;Jreo 1111 NQt'fCI~ 

Table II. (Costa ct al., 2002) 
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The IIRM mice do not show PPI behavioral changes until after puberty (Costa et 

al, 2002). The literature show contradictory data on PPI deficits in HRM. The study by 

Tueting et al ( 1999) found alterations in PPI in HRM, but the above data was not 

replicated in other studies (Kutyianawalla et al., 20 12; Podhorna and Didriksen, 2004; 

Salinger et al., 2003). 

Other groups have also studied the cognitive behavioral tasks usually studied in 

SZ, but concluded that HRM may not be an appropriate model for the core prefrontal

dependent cognitive deficits (Krueger et al., 2006). Qiu et al. (2006) found a significant 

diminution of the force of a 120 dB startle response for HRM. These inconsistencies 

between data from different laboratories may result from differences in the age, 

behavioral training, rearing conditions, genetic background and interpretation, all of 

which can influence the outcome ofbehavioral tests (Wahlsten et al., 2003). 

This project was designed as a controlled model to test genetic versus 

environmental effects by comparing WT and HRM littermates who underwent normoxic 

or hypoxic (21% or 9% Oxygen) conditions in utero on E 17, a time period critical for 

fetal brain development. Our main goal was to determine molecular changes to the 

YEGF pathway, by controlling two insults at once: using mice that are 50% reduced in 

Reelin, as observed in SZ postmortem samples, and using a prenatal hypoxia paradigm 

that has been implicated in both SZ pathophysiology and Reelin regulation. The primary 

goal of the study was to determine whether prenatal hypoxia induces changes in VEGF 

signaling pathway in heterozygous reeler mice. The alterations in VEGF signaling might 

account for the reduced blood flow and decreased brain volumes in SZ. Another goal of 



21 

the study was to test if prenatal hypoxia would exacerbate behavioral and/or functional 

phenotype in heterozygous reeler mice. And finally, we hypothesized that decreases in 

peripheral VEGF levels would positively correlate with changes in brain volumes in SZ 

subjects. 





Figure 2 . Proposed Model of effects of VEGF Oil Reelill ill Scllizopltrellia. 

We propose that prenatal hypoxic stress induces alterations to the VEGF pathway, 

ultimately decreasing VEGF expression. Decreased VEGF leads to decreased 

angiogenesis, blood flow, and nutrient supply to the brain; this in turn leads to decreased 

neuroprotective activities by VEGF. We suspect these changes in VEGF mediate reelin, 

a protein that is involved in brain development and synaptic plasticity and shown to be 

decreased in schizophrenia. We believe that there is a synergistic effect of environment 

on genetic susceptibilities for Schizophrenia development, providing neurobiological 

insults in utero. We hypothesize that prenatal hypoxia exacerbates reelio 

haploinsufficiency-induced schizophrenic endophcnotypc in mice. 
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Abstract 

Objective: Stress and increased glucocorticoid levels are associated with many 

neuropsychiatric disorders including SZ and depression. Recently, the role of vascular 

endothelial factor receptor-2 (VEOFR2/Flk 1) signaling has been implicated in stress

mediated neuroplasticity. However, the mechanism of regulation ofVEOF/Flkl signaling 

under long-term continuous glucocorticoid exposure has not been elucidated. 

Material and Methods: We examined the possible effects of long-term continuous 

glucocorticoid exposure on VEOF/Flkl signaling in cultured cortical neurons in vitro, 

mouse frontal cortex in vivo, and in post mortem human prefrontal cortex of both control 

and SZ subjects. 

Results: We found that long-term continuous exposure to corticosterone (CORT, a 

natural glucocorticoid) reduced Flkl protein levels both in vitro and in vivo. CORT 

treatment resulted in alterations in signaling molecules downstream to Flkl such as 

PTEN, Akt and mTOR. We demonstrated that CORT-induced changes in Flk l levels are 

mediated through glucocorticoid receptor (OR) and calcium. A significant reduction in 

Flk l -OR interaction was observed following CORT exposure. Interestingly, VEGF levels 

were increased in cortex, but decreased in serum following CORT treatment. Moreover, 

significant reductions in Flk l and OR protein levels were found in postmortem prefrontal 

cortex samples from SZ subjects. 

Conclusions: The alterations in VEOF/Flkl signaling following long-term continuous 

CORT exposure represents a molecular mechanism of the neurobiological effects of 

chronic stress. 
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Introduction 

Stress and elevated glucocorticoid levels are known to be associated with a 

number of neuropsychiatric disorders including depression and SZ. Although acute 

treatment with corticosteroid is shown to be neuroprotective (Jeanneteau et al., 2008) 

their chronic effects are deleterious to the structural and functional plasticity of adult 

brain (Roozendaal et al., 2009). Moreover, many of the effects of chronic stress are 

thought to be mediated by stress-induced increases in circulating levels of glucocorticoids 

(Conrad, 2006; Uno et al., 1989). Animal studies have shown a number of behavioral 

abnormalities similar to depression and anxiety following chronic administration of 

glucocorticoids (David et al., 2009; Ardayfio and Kim, 2006; Murray et al., 2008). 

However, the mechanism underlying long-term continuous glucocorticoid-induced 

alterations in neuroplasticity is still not clear. 

Vascular endothelial growth factor (VEGF) is a neuroprotective, angiogenic and 

neurotrophic molecule (Zachary, 2005). YEGF is known to mediate its biological 

functions via activation of the protein tyrosine kinase receptors, YEGF receptor 1 

(VEGFR-1/Fltl) and YEGFR-2 (KDR/Flkl) (Quinn et al., 1993). VEGF and its receptors 

are expressed on neurons and astrocytes, and YEGF induces neuronal outgrowth. 
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Flkl has been shown to mediate VEGF action in neuronal functions (Jin et al., 

2002; Cao et al. , 2004) and activation of Flk1 allows the receptors to associate with 

various downstream effector molecules including phosphatidylinositol 3-kinase (P13K) 

(Ferrara et al., 2003; G6ra-Kupilas and Josko, 2005). PI3KJ Akt signal transduction 

pathway has been identified as an important mediator VEGF signaling downstream of 

Flk 1 (Gerber et al., 1998). 

The prefrontal cortex (PFC) is a brain region involved in higher-order cognitive 

and affective processing, as well as executive function (Eisenberg and Berman, 201 0; 

Holmes and Wellman, 2009). The PFC is also a target region for glucocorticoid effects, 

as it has a rich population of glucocorticoid receptors (Chao et al., 1989; Barsegyan et al., 

201 0). High doses of glucocorticoids arc known to impair PFC-dependent working 

memory in rodents (Roozendaal et aJ., 2004; Arnsten and Goldman-Rakic, 1998) and 

humans (Lupien et al., 1999). Chronic corticosterone (CORT) treatment has also been 

shown to produce neuronal impairment in the PFC including the remodeling of pyramidal 

neurons, significantly reduced distal dendritic spines of neurons and neuronal loss 

(Wellman, 2001; Seib and Wellman, 2003; Cerqucira et al., 2005). VEGF signaling is 

known to play an important role in cognitive functions and neuroprotection (Jin et al., 

2002; Cao et aJ., 2004). 

A recent study has shown that pharmacological inhibition of Flk l signaling can 

block the behavioral actions of fluoxetine in rats subjected to chronic stress (Greene et 

al., 2009) indicating a possible role of FlJ...l signaling in stress-mediated behavioral 

changes. However, the effects of chronic glucocorticoid on VEGF signaling remain 
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unknown. Specifically it is not known whether long-term continuous glucocorticoid 

exposure can cause alterations in VEGF signaling pathway in PFC. tudies on the effect 

of glucocorticoids on VEGF signaling might provide valuable information on the 

molecular mechanism of the neurobiological effects of chronic glucocorticoid exposure. 

In the present article, we investigated the effects of long-term continuous CORT 

exposure on VEGF/Flk l signaling in cultured cortical neurons in vitro, mouse frontal 

cortex in vivo, and in post mortem human prefrontal cortex of both control and SZ 

subjects. 

Results 

Long-term Continuous CORT Treatment Does Not Change Neuro11al Cell Viability. 

Neuronal cell viability was measured at 48. 72 and 96 h exposure of cortical neurons by 

MIT assay. We did not find any significant change in neuronal cell viabi lity at any of the 

treatment point in CORT (I J..i.M) treated cells as compared to vehicle treated cells (data 

not shown). 

Long-term Continuous CORT Treatment Decreases Flkl Protein Levels in vitro and in 

vivo. Expression of Flk I was examined at 12, 24, 48 and 72h exposure of primary cortical 

neurons to CORT or vehicle by \vestem blot anal} sis using Flk 1 antibody. The 

densitometric values for Flk 1 were corrected for P-act in. o change in Flk 1 protein levels 

was found at 12 and 24 h following CORT treatment (data not shown). In 24 and 48 h 

treatment groups, data from two-way ANOVA revealed a significant time x treatment 
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interaction [F(l, 20)- 19.27, p < 0.01], but no significant mam effect of time 

(F(l ,20)=0.382, N.S.] or treatment [F(l, 20)=0.555, N.S.). Post hoc analysis by 

Bonferroni's Multiple Comparison test showed a significant decrease in Flkl protein 

levels at 48 h (t - 4.112, p < 0.05), which lasted up to at least 72 h (t - 3.977, p < 0.05) 

(Fig. lA). 

Next, we examined Flkl protein levels in mice treated with CORT for 7 weeks. 

Western blot analysis showed a significant decrease in Flk 1 protein levels in frontal 

cortex of mice treated with CORT for 7 weeks as compared to vehicle-treated mice (Fig. 

1B; t = 3.323, df -= 10, p = 0.0039). In addition, we found a significant decrease in serum 

Flk1 protein levels in mice treated with CORT for 7 weeks ( 11 3.18±9.55 ng/mL vs 

78.63±5.77 ng/mL (mean±SE); t = 2.702, df 8, p = 0.035) 

Long-term Continuous CORT Treatment Alters p-PTEN, p-Akt and p-mTOR Levels in 

Cortical Neurons: Several studies have reported PTEN/Akt/mTOR pathway as a key 

downstream signaling to Flkl (Gerber et al., 1998). To determine whether the changes in 

Flkl protein levels result in alterations in its downstream signaling pathway, the 

PTEN/Akt/mTOR pathway was investigated. Cortical neurons were exposed to CORT 

for 48 or 72 h, and equal amounts of lysates were separated by PAGE and immunoblotted 

using phosphospecific PTEN antibody. The two-way ANOV A revealed significant 

effects of treatment [F(l, 20)=5.7, p < 0.05], time [F(l , 20)- 5.77, p < 0.01) and timex 

treatment interaction [F(l ,20)=9.246, p < 0.05]. 
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Subsequent comparisons by Bonferroni's Multiple Comparison test indicated that 

CORT significantly stimulated the phosphorylation of PTEN at 48 h of exposure 

compared with the control group (Fig. 2A; t = 3.838, p < 0.05). However, a significant 

reduction in phospho-PTEN levels were found at 72 h as compared to levels at 48 h (t = 

4.833, p < 0.01), but no change as compared to vehicle-treated cells. 

Next, we examined the effect of CORT treatment on phospho-Akt levels m 

neurons. Data from two-way ANOV A showed a significant effect of treatment [F(1, 20)= 

30.43, p < 0.00 1], but no time x treatment interaction [F{l, 20)= 0.353, N.S.] or main 

effect of time [F( 1.20)=0.002, N.S.]. Post hoc analysis showed a significant reduction in 

phospho-Akt levels at 48 h following CORT treatment as measured by phosphorylation 

of serine 4 73 (Fig. 2B; t = 4.4 72, p < 0.0 l ). Also, a significant reduction in phospho Akt 

levels was observed when examined at 72 h following CORT treatment (t = 3.37, p < 

0.05). 

Since mTOR has a critical function in transducing signals from PBK/Akt 

cascade, we next investigated the activation status of mTOR in neurons following CORT 

treatment. We found significant effects of treatment [F(l , 20) 35.84, p < 0.001], time 

[F(1,20)=5.774, p < 0.05] and timex treatment interaction [F(l, 20)= 6.786, p < 0.05]. 

Post hoc analysis showed a significant reduction in phospho-mTOR levels at 48 h (t = 

7.238, p < 0.001) and 72 h (t = 3.581, p < 0.05) following CORT exposure (Fig. 2C). 
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Effects of Long-term Continuous CORT Treatment on VEGF Protein Levels in vitro 

and in vivo. To examine whether CORT treatment alters VEGF expression in cortex, we 

analysed VEGF protein levels in primary cortical neurons as well as in frontal cortex 

samples from mice treated with CORT for 7 weeks. In 24 and 48 h treatment groups, data 

from two-way ANOV A revealed a significant time x treatment interaction [F( I, 20)= 

28.37, p < O.OOI], main effect of time [F(1,20)- 52.42, p < O.OOI] and treatment [F(I, 

20)=21.656, p < 0.01). 

Post hoc analysis showed that VEGF level was dramatically increased by nearly 

56% when examined at 48 h of CORT exposure (Fig. 3A; t = 4.676, p < 0.05), which 

lasted up to at 72 h (t = 3.856, p < 0.05). We found a significant increase in VEGF 

protein levels in frontal cortex of mice treated with CORT for 7 weeks as compared to 

vehicle-treated mice (Fig. 3B; t = I 0.04, df = 8, p < 0.000 l ). In addition, we have 

examined VEGF levels in serum samples collected from mice treated with vehicle or 

CORT for 7 weeks. We found a significant decrease in serum VEGF levels following 

CORT treatment (Fig. 3C; t = 2.39, df= 9, p = 0.04). 

P/3K Signaling Is Not Involved i11 Long-term Continuous CORT-induced Increases in 

VEGF Protein Levels. Since PI3K signaling is also involved in the regulation of VEGF 

expression, we examined whether the changes in the above signaling molecules observed 

following CORT exposure are upstream to VEGF. 
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In the first set of experiments, we determined the role of PI3K signaling in the 

regulation of VEGF expression. Cortical neurons were treated with PI3K inhibitor, 

L Y294002 (L Y) and VEGF protein levels were determined by immunoblotting analysis. 

We found a significant reduction in VEGF protein levels in neurons treated with L Y for 

48 h indicating a possible role of PI3K in VEGF regulation (Fig. 4A; t = 6.975; df = 10, p 

= 0.002). 

Next, we examined whether L Y294002 can attenuate CORT-induced increases in 

VEGF protein levels. L Y failed to inhibit CORT-induccd increase in VEGF levels in 

neurons (Fig. 4B) indicating pathways other than PI3K might be involved in CORT

induced VEGF regulation. 

Long-term Continuous CORT-induced Flkl Regulation Is Mediated Through 

Calcium. CORT treatment can regulate concentration of intracellular calcium ions (Ca2+) 

by modulating extracellular Ca2
+ influx and intracellular Ca2+ pools (Kerr et al., 1992; 

Qiu et al., 2003; Sze and Iqbal, 1994). To assess whether Ca2
+ contributed to Flkl 

regulation by chronic CORT exposure, we treated neurons with the membrane-permeable 

chelator BAPTA-AM. Application ofBAPTA-AM abolished the decrease in Flkl protein 

levels observed in the presence ofCORT alone (Fig. SA; F(3, 16) = 19.02; p < 0.01). In 

addition, a significant increase in Flk1 expression was found in cells treated with 

BAPTA-AM alone as compared to vehicle-treated cells (p < 0.05). 
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The role of calcium in mediating CORT effects on Flkl protein levels was further 

studied by examining the protein levels of neuronal calcium sensor-1 (NCS-1) in primary 

cortical neurons as well as in mouse frontal cortex following CORT exposure. NCS-1 is 

the mammalian ortholog of frequenin, a calcium-binding protein implicated in mediating 

several aspects of neurotransmission, including ion channel regulation (Weiss et al., 

2000; Tsujimoto et al., 2002) and neurotransmitter release (Pan et al., 2002; Scalettar et 

al., 2002; Weiss et al., 201 0). 

We found a significant mcrease in NCS-1 protein levels in cortical neurons 

treated with CORT for 48 h (Fig. SB; t = 3.369; df - 8, p = 0.0281). A significant 

increase in NCS-1 protein levels was also found in the frontal cortex of mice treated with 

CORT for 7 weeks (Fig. SC; t = 6.145, df = 10, p = 0.0036). Our data suggest that the 

intracellular concentrations of Ca2
+ are regulated by CORT, and increased Ca2

+ may be 

involved in the downregulation ofFlkl by CORT. 

Long-term Continuous CORT Treatment Decreases Serum CORT Levels. CORT levels 

were analysed in the serum samples collected from mice treated with vehicle or CORT 

for 7 weeks. We found a significant reduction in serum CORT levels in CORT-treated 

mice [113.2±14.43 ng/mL vs 45.25±9.78 ng/mL (mean±SE); t = 3.659, df = 8, p = 

0.008). 
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GR Doumregulatio11 Is In volved i11 Lo11g-term Co11ti11uous CORT-i11duced 

Dow11regulatioll of F/kl. We examined the possible role of GR in chronic CORT

induced Flkl downregulation. We found a significant reduction in GR protein levels at 48 

h following CORT treatment in cortical neurons (Fig. 6A~ t 2.981, df = 8, p = 0.04). A 

significant reduction in GR was also observed in frontal cortex of mice treated with 

CORT for 7 weeks (Fig. 6B; t = 4.05, df - 8, p 0.0 15). 

Pretreatment with RU486 (a GR antagonist) prevented GR downregulation by 

CORT in neurons (Fig. 6C; F(3, 16) 12.70, p < 0.01). In addition, CORT-induced 

reduction in Flkl was not observed when neurons were treated with CORT and RU486 

(Fig. 6D; F(3, 16) = 8.616, p < 0.05). These results suggest that the downregulation of 

Flk1 following chronic CORT exposure is mediated through GR. 

Since we found a significant reduction in GR following CORT exposure, we 

examined the possible interaction between GR and Hk 1 in neurons. We found 

coprecipitated Flk1 following immunoprccipitation with anti-OR antibody (Fig.6E). 

Next, we examined coprecipitated GRafter immunoprecipitation with anti-Flkl antibody. 

We found significant coprecipitated GR in cortical neurons following 

immunoprecipitation with anti-Flkl antibody (Fig. 6F). Chronic CORT treatment 

significantly reduced the coprecipitated GR as compared to vehicle treatment (Fig. 6G; t 

2.92, df 6, p - 0.038). 
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Reduced Flkl and GR Protein Levels in Prefrontal Cortex of Schizophrenia Subjects. 

Studies were also carried out using postmortem prefrontal cortex samples from SZ and 

control subjects. Western blot analysis showed a significant reduction in Flkl protein 

levels in prefrontal cortex of SZ subjects as compared to controls (Fig. 7 A; t = 2.282, 

df=16, p = 0.0365). In addition, we found a significant reduction in GR protein levels in 

samples from SZ subjects (Fig. 7B; t = 3.795, df=16, p = 0.001). Collectively, these 

results extend our findings on Flk1-GR interaction in cortical neurons following CORT 

exposure. 

CORT Treatment Did Not Change Body Weight and Water Intake in Mice: There were 

no differences in relative body weight gain during the experiment or water intake in mice 

treated with vehicle or CORT (data not shown). 

Discussion 

Our data report the inhibitory effects of long-term continuous CORT treatment on 

Flk 1 expression in mouse frontal cortex. Chronic stress and exogenous glucocorticoid 

exposure are known to result in neurochemical and behavioral abnormalities in rodents. 

Our studies have used 1 ~M CORT in the in vitro studies and the above concentration has 

been shown to produce neuroprotective effects when the neurons are exposed to CORT 

for shorter time periods such as 5 to 15 min (Jeanneteau et al. , 2008). Although acute 

CORT treatment was found to be neuroprotective, the chronic treatment of CORT has 

been shown to cause adverse effects in central nervous system (Murray et al., 2008). 
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The dose and duration of CORT used (5 g/kg) in our in vivo study has previously 

been shown to cause anxiety and depression-like behavior in mice (David et al., 2009). 

Our studies show that long-term continuous CORT exposure dramatically reduces Flk1 

protein levels in cortical neurons in vitro, and frontal cortex and serum in vivo. Although 

we did not find any neuronal cell death even at 72 h following CORT exposure, the 

changes in Flk 1 protein levels observed in our study may have a direct impact on the 

neuronal cell proliferation. 

It is well known that Flk1 plays an important role in neurogenesis (Zachary, 

2005). A recent study has reported inhibition of neurogenesis following 5 mglkg CORT 

administration for 7 weeks (David et al., 2009). In the present study, we found a decrease 

in serum CORT levels in mice treated with CORT for 7 weeks. 

It is known that the circulating glucocorticoids exert 'feedback' to the HPA axis 

to turn off the glucocorticoid secretion and maintain the right range of glucocorticoids 

(Keller-Wood and Dallman, 1984). In addition, exogenous CORT treatment has been 

shown to flatten the diurnal CORT rhythm rather than an absolute increase in circulating 

CORT levels (Leitch et al., 2003). 

In the present study, the blood samples were collected between 3 p.m. and 4 p.m. 

It has been reported that CORT treatment inhibits the normal p.m. rise in peripheral 

CORT levels in rodents, whereas control animals demonstrate a normal circadian rhythm 

ofCORT (Young et al., 1995). 
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Because CORT significantly decreased Flkl protein levels in cortex, we 

investigated the effects of CORT on signaling proteins downstream of Flk-1. The binding 

ofVEGF to its tyrosine kinase receptors induces dimerization and autophosphorylation of 

the tyrosine residues (Shibuya, 2006). Two high affinity tyrosine kinase receptors of 

VEGF, Flt-1 and KDR/Flk-1, are expressed on the cell membrane of neurons (Jin et al., 

2002). Most of the VEGF effects on neuroplasticity including neurogenesis and cognition 

are mediated by interaction with KDR/Flk-1 (Cao et al., 2004). As the major downstream 

target of KDR/Flk-1, Akt signaling pathway is an important mediator of neuroplasticity 

(Gerber et al., 1998). Following treatment with CORT, a reduction in phosphoAkt 

(ser273) levels was found in cortical neurons. 

The changes in Akt signaling following CORT treatment was further confirmed 

by a significant reduction in phospho-mTOR levels, one of Akt's downstream effector 

molecules. We also found a significant increase in phospho-PTEN levels, an upstream 

regulator of PBK/Akt signaling. PTEN is one of the most studied regulators of Akt 

activity. PTEN regulates the PI3K/Akt signaling by controlling the levels of 

phosphatidylinositol-3,4,5-trisphosphate (PIP3). The balance between P13K and PTEN 

activity determines the intracellular levels of PIP3 and downstream activity of Akt. 

Activation of PTEN has been shown to result in the inhibition of Akt and other 

downstream targets including mTOR. This serine- threonine-kinase member of the PI3K

family recently gained major interest as therapeutic target due to its key regulatory role in 

various cellular functions (Sengupta et al., 20 I 0). Thus, long-term continuous CORT 

treatment inhibits a complex pathway comprised of PI3K, Akt and mTOR kinases, which 
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regulates a number of cellular functions in CNS (Swiech et al., 2008). Interestingly, a 

recent study has shown that the blockade of mTOR signaling completely blocked 

ketamine induction of synaptogenesis and behavioral responses in animal models of 

depression (Li et al., 201 0). 

Since we found a significant inhibitory effect of CORT on Flkl signaling in 

neurons, we next examined the mechanisms of Flk 1 regulation under long-term 

continuous CORT exposure. Our studies on YEGF protein levels found a significant 

increase in YEGF protein levels both in vivo and in vitro following CORT exposure in 

frontal cortex. 

However, we found a significant reduction in serum YEGF protein levels in mice 

treated with CORT for 7 weeks. These data suggest that a feedback mechanism may 

operate to increase VEGF production in cortex in response to inhibition of the YEGF 

signaling pathway. However. the possibility of increase in VEGF in cortex as a response 

to reduction in peripheral YEGF protein levels fo llowing CORT treatment cannot be 

ruled out. Such an increase in VEGF in cortex could result in inhibition of Flk 1 signaling 

and reduction in Flkl levels in periphery. But, further studies arc warranted to understand 

the above possible mechanisms. 
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It is important to note that PI3K signaling also plays an important role on VEGF 

regulation (Jiang et al., 2000). To determine whether the changes observed in PI3K 

pathway following CORT exposure is upstream to VEGF we conducted studies using 

specific inhibitors of the above pathway in cortical neurons. Our results did not show any 

significant effect of PI3K inhibitor on VEGF protein levels in CORT-treated cells. These 

results suggest that PI3K signaling may not be involved in the regulation of VEGF 

expression under CORT exposure. 

Ca2
+ is an important intracellular messenger in neurons, regulating a variety of 

neuronal processes such as neurotransmission and signal transduction. At the cellular 

level, glucocorticoid-induced elevations in [Ca2 
] result in changes in synaptic plasticity 

and neuronal excitability (Elliott and Sapolsky, 1993; Ghosh and Greenberg, 1995). 

NCS-1 is one of the members of a large family of EF -hand Ca2 
.. -binding proteins, which 

may act as Ca2
+ sensors or Ca2

+ buffers in mediating the actions of Ca2
+ (Mallart et al., 

1991 ). 

The increased expression of NCS-1 protein as well as the inhibition of CORT

induced reduction in Flkl protein levels by BAPTA-AM in our study suggests that Ca2+ 

may be in involved in mediating CORT effects on Flk 1 expression. However, the caveat 

exists that the increased expression of NCS-1 may be in response to neuronal damages 

induced by CORT exposure. In accordance with this, we found little loss of cells in 

CORT-treated cortical neurons. This lack of cell death would be the result of the 

increased expression level of endogenous NCS-1 in the neurons. 
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Because evidence indicates that chronic stress leads to upregulation of multiple 

antiapoptotic molecules as an adaptive response (McEuen et al., 2008), it is possible that 

the neuronal insults induced by long-term continuous CORT exposure upregulates NCS-1 

expression and promotes cellular survival in neurons. Interestingly, an up-regulation of 

NCS-1 has also been reported in the cortex of schizophrenic and bipolar patients, 

demonstrating the involvement ofNCS-1 in neuropsychiatric disorders (Koh et al., 2003). 

Although the underlying mechanism of changes in NCS-1 expression in SZ and bipolar 

disorder is not known, it might be associated with the altered Ca2
+ signaling reported in 

these disorders (Bergson et al., 2003). 

A reduction in GR-Flk 1 interaction was found in cortical neurons following 

CORT exposure. The reduction in GR-Flk 1 interaction might be as a result of the 

downregulation of GR protein levels by CORT. Chronic glucocorticoid has been shown 

to downregulate the interaction of GR with TrkB, another tyrosine kinase receptor in 

neurons (Numakawa et al., 2009). 

The reduction in Flk1 protein levels following CORT was inhibited by GR 

antagonist, RU486. Flk 1 might be part of a protein complex with GR, and the reduction 

in GR following CORT exposure might result in the dissociation of Flk1 from GRand 

Flkl signaling is thus inhibited. Similar mechanisms have been suggested for GR-TrkB 

interaction in neurons (Numakawa et al., 2009) and GR-TCR interaction in T-cells 

(Lowenberg et al., 2006). Together, our data suggest the possible role of GR in mediating 

CORT effects on Flk1. 
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We found a significant reduction in Flk I and GR protein levels in prefrontal 

cortex samples from SZ subjects. Although the Sl and control subjects in our sample set 

are not well matched in their demographic variables we did not find any significant 

difference between controls and SZ subjects in any of the confounding variables, such 

age at death, PMI, brain weight, refrigeration interval, gender and duration of illness. In 

addition, no significant correlation was found between the protein levels of either GR or 

Flkl levels and the above confounding variables (data not shown). However, we cannot 

rule out the possible influence of pH on the above protein levels (Mexal et al., 2006). 

Unfortunately, the sample cohort used in the present study lack the information on pH. 

In conclusion, this study demonstrates altered Flk I expression in the frontal 

cortex in response to long-term continuous CORT treatment (Fig. 8). This could have 

relevance in understanding neurobiological effects of glucocorticoids and of chronic 

stress. 
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All in vivo experiments were conducted in adult male CD I mice (Charles River 

Laboratories, Wilmington, MA, USA). All CORT-treated mice were 7- 8 weeks old and 

weighed 25-30g at the beginning of the treatment. Mice were maintained on a 12-h light

dark cycle with the lights on at 0700 hours, and were housed four per cage. Food and 

water were provided ad libitum. All in vitro experiments were done in cerebral cortical 

neuronal cultures from embryonic day 16 mouse fetuses. Animal use procedures were 

performed after being reviewed and approved by Medical College of Georgia, Committee 

on Animal Use for Research and Veterans Affairs Medical Center Subcommittee on 

Animal Use. Procedures were consistent with the Association for Assessment and 

Accreditation of Laboratory Animal Care (AAALAC) guidelines as per Public Health 

Service Policy on Humane Care and Use of Laboratory Animals. 

Tissue sample preparation 

At the end of 7 week-treatment, mice were killed by decapitation, and the frontal cortex 

from experimental and control mice were separately dissected. The dissection level for 

the frontal cortex, 2.34 mm anterior to bregma, was chosen according to the mouse brain 

stereotaxic coordinates (Paxinos and Franklin, 200 I). The tissue samples were 

homogenized in radioimmune precipitation assay (RIPA) buffer (10 mM Tris-HCI, pH 

7.5, 150 mM NaCI, 0.1% sodium dodecyl sulfate (SDS), 1% Nonidet P-40, and 1% 

sodium deoxycholate) for western blotting. 
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RIPA buffer enables efficient cell lysis and protein solubilization while avoiding protein 

degradation and interference with immunoreactivity. This buffer was supplemented with 

a protease inhibitor cocktail (Sigma) containing 104 mM 4-(2-Aminoethyl) 

benzenesulfon} 1 fluoride hydrochloride (AEBSF), 0.08 mM aprotinin, 2 mM leupeptin, 4 

rnM bestatin, 1.5 mM pepstatin A and 1.4 mM E-64. After 15 min incubation on ice, the 

extracts were clarified by centrifugation at 1 5,000 g for 15 min at 4°C and stored at -

70°C. Protein concentration was determined by the bicinchoninic acid method (BCA 

Protein Assay Kit, Sigma). 

Cerebral Cortical Neuro11al Cultures 

Mouse cortical neurons were cultured as described previously (Paxinos and 

Franklin, 200 I). Briefly, cerebral cortices from CO-l murine embryos (El6) were 

aseptically dissected and plated at 3.5 x 105 cells per well on pol}ethyleneimine-coated 6-

well plates. Neurons were cultured in Neurobasal medium supplemented with B27, 2mM 

L-glutamine, and antibiotics (Invitrogen). On the third day in vitro (OIV3), media was 

replaced with Neurobasal supplemented with B27 minus antioxidants, glutamine, and 

antibiotics. Purified neuronal cultures were routinely >97% neurons, as assessed by 

MAP-2 immunostaining. Neurons were used for treatments between DIV 5 and 7. 

Following treatments in culture, cells were washed in Phosphate Buffered Saline (PBS) 

and collected in ice-cold RIP A buffer. Protein concentration was determined by the BCA 

method. 
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Drug Treatme11t 

In vivo studies: CORT ( 4-pregnen-11 b-diol-3 20-dione 21-hemisuccinate; Sigma, St 

Louis, MO, USA) was dissolved in vehicle (0.45% hydroxypropyl-P-cyclodextrin, 

Sigma, St Louis, MO, USA). CORT (35 flg/mL, equivalent to 5 mglkg/day) was 

delivered ad libitum in the drinking water. The dose and duration of CORT treatment in 

mice were selected based on an earlier study (David et al., 2009) where the above dose 

and duration of treatment with CORT induced anxiety and depression-like behaviors in 

mice. Control mice received 0.45% hydroxypropyl-P-cyclodextrin as vehicle. 

In vitro studies: Primary cortical neurons were treated with CORT (I !lM) or vehicle 

(DMSO). CORT concentration for in vitro study was selected based on an earlier study 

(Jeanneteau et al., 2008) where acute exposure with above dose was found 

neuroprotective in primary cortical neurons. The treatment was carried out with a single 

application of CORT or vehicle in 48 h treatment group whereas the solutions were 

replenished after 48 h in the 72 h treatment groups. Neuronal cell viability was assessed 

at 48, 72 and 96 h following CORT exposure and Flkl expression was examined at 12, 

24, 48 and 72 h after CORT treatment. The analyses of other proteins were carried out at 

48 and/or 72 h following CORT exposure. 
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Determination of neuronal cell viability i11 culture 

Neuronal cell viability in culture was assessed using the 3-( 4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazoliurn bromide (MIT) reduction assay (Platt et al., 2005). Briefly, 

following treatments, 3-(4,5-dirnethylthiazol-2-yl)-2,5-diphenyltetrazoliurn bromide [5 

mg/mL in phenol-red free Roswell Park Memorial Institute medium (RPMI)-1640] was 

added to each well for 4 h at 3 7°C. Following incubation, formazan salts were dissolved 

in acidic isopropanol and absorbance was measured using a VERSAmax microplate 

reader (Molecular Devices, Sunnyvale, CA, USA) at 540 nm using a reference 

wavelength of 690 nm. All readings were compared with the control treatment group. 

Western blot analysis 

Equal amounts of protein were resolved in SDS polyacrylamide gels and transferred 

electrophoretically onto a nitrocellulose membrane. The membrane was blocked for 1 h 

in PBS solution with the detergent Tween 20 (PBST; 3.2 mM Na2HP04, 0.5 mM 

KH2P04, 1.3 mM KCl, 135 mM NaCl, 0.05% Tween 20, pH 7.4.) and 5% non-fat milk 

or 5% BSA. The membranes were incubated overnight with the indicated primary 

antibodies. The primary antibodies used were anti-phospho- Akt, anti-Akt, anti-Flk-1, 

anti-phospho-mTOR, anti-mTOR, anti-phospho-PTEN, anti-PTEN (all antibodies were 

from Cell signaling, Beverly, MA. USA), anti-GR, anti-NCS-1 (both were from Santa 

Cruz Biotech, CA, USA) and anti-~-actin (Sigma, St Louis, MO, USA). The membranes 

were washed again with PBST then incubated with secondary antibody for 1 h. 
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Proteins were visualized by enhanced chemiluminescence. The fi lms were subsequently 

scanned, and band intensity was quantified b) densitometry sofuvare (Image J, NIH). 

The western blot data for Flk 1, GR and NCS-1 were corrected for corresponding P-actin 

values. The data for phosphorylated forms of proteins were corrected for corresponding 

total protein values. For VEGF, tissue or cell lysatcs were subjected to heparin beads 

(Sigma-Aldrich) as described previously (Platt et al., 2005). In brief, the beads were 

pelleted at 5000g for 1 min, washed in 400 mM NaCI and 20 mM Tris, and loaded onto a 

4 to 20% gradient Tris glycine precast gel (Bio-Rad Laboratories). After blocking, the 

membrane was incubated with VEGF primary antibody (Calbiochem, Gibbstown, NJ, 

USA). The band was visualized and quantified as described above. 

Serum VEGF assay 

Quantification of serum VEGF was performed with a DuoSet enzyme-linked 

immunosorbent assay (ELISA) (R&D Systems, Minneapolis, IN, USA) according to the 

manufacturer's specifications. 

Serum CORT assay 

At the end of 7 -week treatment, mice were killed by decapitation ( 1500-1600 h). Trunk 

blood was harvested and serum collected for CORT analyses. Serum was assayed for 

CORT using a quantitative competitive enzyme immunoassay kit (Cat# KA0468 V.04) 

from Abnova, Taipei according to manufacturer's instructions. 
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Intra-assay and inter-assay measures of variability were 4.8 % and 7.3% respectively. 

Serum concentrations were determined from a software generated standard curve and 

reported in ng/mL. 

Serum Flkl assay 

Serum samples were collected as described above and soluble Flk 1 protein levels were 

determined with a quantitative sand\>\ich en/) me immunoassa} kit (#MVR200B; R&D 

Systems) according to the manufacturer's specifications. 

Human prefrontal cortex samples 

The prefrontal cortex samples from SL and control subjects were obtained from the 

l luman Brain and Spinal Fluid Resource Center (Los Angeles, California, USA). A 

description on the demographic details is given in T able 1. No significant difference was 

found between controls and SZ subjects in any of the confounding variables, such age at 

death, PMI, brain weight, refrigeration interval, gender and duration of illness. The 

samples were shipped frozen and stored at 80 °C until analysis. Grey matter was 

removed from a 1.5- 2.0cm thick coronal slab of the frontal cortex anterior to the corpus 

callosum and the prefrontal cortex was dissected (Rajkowsk.a and Goldman-Rakic, 1995). 

Prefrontal cortex tissue was homogenized in a homogenizing buffer containing 20mM 

Tris HCl (pH 7.4), 2 mM EGTA, 5 mM EDTA, 1.5 mM pepstatin, 2 mM leupeptin, 

0.5 mM phenylmethylsulfonyl fluoride, 0.2 U/mL aprotinin, and 2 mM dithiothreitol, 

using a Polytron homogenizer. 
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The homogenate was centrifuged at 15,000 rpm for 15 min at 4 C. Protein concentration 

in the supernatant was determined with BCA Reagent. Flk 1 and GR protein levels were 

determined by western blot analysis as described above using P-actin as a loading control 

(Bauer et al., 2009). 

Statistical Analysis 

Data are expressed as mean±SE. Two-way ANOV A followed by post hoc one-way 

ANOVA with Bonferroni 's multiple comparison test was used in analyzing data from 

time dependent studies. Comparisons between multiple groups were done by one-way 

ANOV A. Individual comparisons between two groups were performed with Student's 

t test. Probability (P) values of less than 5°/o were considered significant. 
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Fig. 1. Long-term Continuous CORT treatment decreases Flkl protein levels in vitro 

and ill vivo. (A) CORT (CORT; I f..1M) was applied to mouse primary cortical neurons at 

DIV 5. Flkl protein levels were determined by western blotting analysis at 48 hand 72 h 

following CORT treatment. CON means DMSO treatment. Data represent mean±SE. (n = 

6) expressed as fold change in Flkl protein levels as compared to CON. ~-actin is the 

loading control. * P < 0.05 (Bonferroni's test). (B ) Flkl protein levels in frontal cortex of 

mice treated with CORT or vehicle control (CON; 0.45% hydroxypropyl-~-cyclodextrin) 

for 7 weeks. Data represent mean±SE (n = 6-8) expressed as fold change in Flk 1 protein 

levels as compared to CON.* P < 0.01 (t test). 
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Fig. 2. Long-term Continuous CORT treatment alters phospho PTEN, phospho Akt 

and phospho mTOR protein levels in cortical neurons. CORT (CORT; 1 J..I.M) was 

applied to mouse primary cortical neurons at DIY 5. Celllysates collected at 48 h or 72 h 

following CORT treatment were used for western blot analysis. CON means DMSO 

treatment. Data represent mean±SE (n = 6) expressed as fold change in (A) phospho 

PTEN to total PTEN ratio. 
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Fig. 2. Data represent mean±SE (n = 6) expressed as fold change in (B) phospho Akt to 

total Akt ratio and (C) phospho mTOR to total mTOR ratio as compared to CON. * P < 

0.01 versus CON;# P < 0.01 versus values at 48 h (Bonferroni's test). 
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Fig. 3. Long-term Continuous CORT treatment increases VEGF protein levels in vitro 

ami in vivo. (A) CORT (CORT; 1 J.!M) was applied to mouse primary cortical neurons at 

DIV 5. VEGF protein levels were determined by western blotting analysis at 48 hand 72 

h following CORT treatment. CON means DMSO treatment. Data represent mean±SE (n 

= 6) expressed as fold change in VEGF protein levels as compared to CON. * P < 0.05 

(Bonferroni's test). (B) VEGF protein levels in frontal cortex of mice treated with CORT 

(5 mglkg) or vehicle control (CON; 0.45% hydroxypropyl-P-cyclodextrin) for 7 weeks 

were determined by western blot analysis. Data represent mean±SE (n = 5) expressed as 

fold change in VEGF protein levels as compared to CON.* P < 0.01 (t test). 
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Fig. 3 (C) VEGF protein levels in serum samples collected from mice treated with CORT 

(CORT; 5 mglkg) or vehicle control (CON; 0.45% hydroxypropyl-P-cyclodextrin) for 7 

weeks were analysed by ELISA. Data represent mean±SE (n = 5-6) expressed as fold 

change in VEGF protein levels as compared to CON. • P < 0.01 (t test). 
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Fig. 4. P/3K signaling is not involved in long-term continuous CORT-induced 

increases in VEGF protein levels. (A) VEGF protein levels were determined by western 

blotting analysis in neuronal cell lysates treated with L Y294002 (L Y; 20 j.!M) for 48 h. 

CON means DMSO treatment. Data represent mean±SE (n - 6) expressed as fold change 

in VEGF protein levels as compared to CON. * P < 0.05 (Bonferroni's test). (B ) 

Pretreatment with LY did not prevent CORT-induced induction in VEGF protein levels 

in neurons. Cortical neurons at DIV 5 were treated with L Y (20 !-lM) for 30 min followed 

by CORT (1 j.!M) exposure for 48 h. VEGF protein levels were determined in celllysates 

by western blot analysis. CON means DMSO treatment. Data represent mean±SE (n = 6) 

expressed as fold change in VEGF protein levels as compared to CON. * P < 0.05 

(Bonferroni's test). 
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Fig. 5. Chronic CORT-induced Flkl regulation is mediated through calcium. (A) 

Calcium chelator BAPTA-AM blocked CORT (CORT)-induced reduction in Flkl protein 

levels. BAPTA-AM (50 ~M) was applied 30 min before CORT (1 ~M) treatment to 

cultured neurons at DIY 5. Cell lysates were collected at 48 h after CORT treatment and 

Flkl protein levels were determined by western blot analysis. CON means DMSO 

treatment. Data represent mean±SE (n 5) expressed as fold change in Flk 1 protein 

levels as compared to CON. * P < 0.01 versus CON; # P < 0.01 versus CORT 

(Bonferroni's test). (B ) Chronic CORT treatment increases NCS- 1 protein levels in 

neurons. CORT (CORT; 1 ~M) was applied to mouse primary cortical neurons at DIY 5. 

NCS-1 protein levels were determined by western blotting analysis at 48 h following 

CORT treatment. CON means DMSO treatment. Data represent mean±SE (n = 5) 

expressed as fold change in NCS-1 protein levels as compared to CON. * P < 0.0 I 

(Bonferroni's test). (C) Chronic CORT treatment increases NCS-1 protein levels in 

mouse frontal cortex. NCS-1 protein levels in frontal cortex of mice treated with CORT 

(5 mglkg) or vehicle control (CON; 0.45% hydroxypropyi-P-cyclodextrin) for 7 weeks 

were determined by western blot analysis. Data represent mean±SE (n 6) expressed as 

fold change in NCS-1 protein levels as compared to CON. P-actin is the loading control.* 

P < 0.05 (Bonferroni's test). 
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Fig. 6. GR downregulation is involved in chronic CORT-induced downregulation of 

Flkl. (A) GR downregulation following chronic CORT exposure in neurons. CORT 

(CORT; 1 ~-tM) was applied to mouse primary cortical neurons at DIY 5. GR protein 

levels were determined by western blotting analysis at 48 h following CORT treatment. 

CON means DMSO treatment. Data represent mean±SE (n = 5) expressed as fold change 

in GR protein levels as compared to CON. * P < 0.05 (t test). (B) Chronic CORT 

treatment increases GR protein levels in mouse frontal cortex. GR protein levels in 

frontal cortex of mice treated with CORT (5 mglkg) or vehicle control (CON; 0.45% 

hydroxypropyl-P-cyclodextrin) for 7 weeks were determined by western blot analysis. 

Data represent mean±SE (n = 5) expressed as fold change in GR protein levels as 

compared to CON. P-act in is the loading control.* P < 0.05 (t test). 
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Fig. 6. (C) RU486 (RU, a OR antagonist) blocked CORT-induced reduction in OR 

protein levels. RU (1 J..LM) was applied 30 min before CORT ( 1 J..LM) treatment to cultured 

neurons at DIV5. Cell lysates were collected at 48 h after CORT treatment and GR 

protein levels were determined by western blot analysis. CON means DMSO treatment. 

Data represent mean±SE (n 5) expressed as fo ld change in GR protein levels as 

compared to CON. • P < 0.01 versus CON; # P < 0.0 I versus COR r (Bonferroni's test). 

(D) RU486 (RU, a GR antagonist) blocked CORT-induccd reduction in Flk 1 protein 

levels. Data represent mean±SE (n = 5) expressed as fold change in Flk 1 protein levels as 

compared to CON. • P < 0.01 versus CON;# P < 0.01 versus CORT (Bonfcrroni's test). 
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Fig. 6. (E) Western blot analysis of Flkl protein expression after immunoprecipitation 

with OR antibody in lysates collected from DIV6 neurons. NoAb: no anti-OR antibody; 

total: I 0% input from total cell lysates. (F) Western blot analysis of OR protein 

expression after immunoprecipitation with Flkl antibody in lysates collected from DIV6 

neurons. NoAb: no anti-Flkl antibody. (G) Immunoprecipitation of Flkl in cell lysates 

from corticosterone (CORT) or vehicle control (CON; DMSO) treated for 48 h. Western 

blotting was performed with anti-OR and anti-Flk l antibodies. Data represent mean±SE 

(n = 4) expressed as fold change in GR protein levels (normalized to Flkl protein levels) 

as compared to CON.* P < 0.05 versus CON (I test). 
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Fig. 7. Reduced Flkl and GR protein levels in prefrontal cortex of schizophrenia 

subjects. (A) Reduced Flkl protein levels in prefrontal cortex samples from 

schizophrenia subjects. Flk 1 protein levels in the prefrontal cortex of schizophrenia (SZ; 

n= 1 0) and control (CON; n=8) subjects were determined by western blot analysis. Data 

represent mean±SE expressed as fold change in Flkl protein levels as compared to CON. 

* P < 0.05 versus CON (t test). (B) Reduced GR protein levels in prefrontal cortex 

samples from schizophrenia subjects (SZ; n= lO) as compared to control subjects (CON; 

n=8). Data represent mean±SE expressed as fold change in GR protein levels as 

compared to CON. * P < 0.05 versus CON (1 test). 
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Fig 8. Proposed model showing tlte effects of corticosterone on VEGF/Fikl signaling 

pathway in mouse frontal cortex. The signaling events induced by corticosterone 

(CORT) are mediated through the Glucocorticoid receptor (GR). The reduction in Flkl 

levels following long-term continuous CORT exposure results in the activation of PTEN, 

but inhibition of Akt and mTOR phosphorylation. The effects of CORT on Flkl are 

mediated through calcium (Ca2+). CORT exposure results in increased levels of VEGF in 

cortex. The role of VEGF in Flkl regulation (or vice versa) under CORT exposure 

remains unknown. Solid arrows represent activation, whereas dashed arrows represent 

inhibition of the pathways. 
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Table I. Demographic data for postmortem samples. 
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f-.--
Control Schizophrenia 

Aee (years, mean ± SE) 72.50 ± 2.26 69.00 ± 4.44 
~M..!Jyears, mean ± SE) 11.89 ± 0.58 17.05 ± 2.12 
f-- Gender (M/F) 7/1 5/5 

Brain Weight (g, mean ± 1225.00 ± 40.17 1 090.56 ± 72.58 

I-
SE) 

Duration of Illness (years, 0 37.86 ± 6.44 

f--
mean ± SE) 

Refrigeration Interval (h, 1.37 ± 0.18 2.15 ± 0.38 
mean~SE) 

Table I. 
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Introduction 

A history of maternal obstetric complications has been implicated in the 

development of schizophrenia (SZ) (Hauk. vik ct al., 20 l 0). Meta-analyses have shovm 

that hypoxia, or low oxygen, is the most highly correlated insult documented for birth 

complications in SZ (Oemjaha et al.. 2011; Clarke ct al., 2006; Boksa 2004; Van Erp et 

at., 2002). Moreover, the responses of blood vessels following hypoxia, which cause 

Ouctuations in cerebral blood flow and metabolic demand, have been suggested to 

contribute to the protection and vulnerability in the developing brain (Baburamani et at., 

2012). Studies in rodents ha\e shO\\n that chronic h}poxia leads to anatomical changes 

that strong!) resemble volume loss, decreased myelination, and enlarged ventricles often 

observed in pretern1 babies (Mayoral et al., 2009). lntcrcstingl), these same anatomical 

abnormalities arc observed in SZ subjects (Asami ct al., 20 12; Parlapani et al., 2009; 

Flynn ct al., 2003). SZ subjects have smaller hippocampal volumes, resulting from loss 

of gray matter volume, abnormalities in myelination, and cell layer disorganization 

(Asami ct al., 2011; Parlapani ct al., 2009; Flynn ct al., 2003). 
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ll}pO\.ia inducible factor-! (HIF-1) is the primary transcription factor that pla}S 

an integral role in the body's response to h) po·..ia (Semenza, 20 12). IIIF I is a key 

regulator responsible for the induction of genes that facilitate adaptation and survival of 

cells from normoxia (-21°/o 02) to h}poxia (- 1 ~/o 02) (Wang ct al., 1995:Semenza, 

1998). Although a large number of genes h:n e been sh0\\11 to be regulated b} hypO'\ia 

challenge, the 'ascular endothelial cell gro" th l~tchll (VI·Cil·) is the most potent IIII·-1 

regulated gene (I.e\) et al.. 1995: Bunn and Po) ton, 1996~ Fors}thc ct al., 1996; Berra ct 

al.. 2000; C i il)rdano and Johnson. 200 I). 

VI CIF is a ncuroprotecti\ c. angiogenic and neumtrophic molecule (Zachary. 

2005) \ I ,(' is kno\\ n to mediate its hinlogical functions \ i,t .tell\ at ion of the protein 

I) rosine kinase n.:ccptors. VI~Gf· receptor I (\'HI! R- 1/ rlt I) and \I (,J R-2 (KDR rtk I) 

(Quinn ct al.. 1993). VFGF and ib receptor-.. are expressed on neurons and astroc)1e ·.and 

\ J (,I induces neuronal outgnm th. l· lk I has h~cn shm\ n to mcdwte v} GJ action in 

nL·uronal functions {Jin ct al., 2002; C.to ct a) .. 2004 ). I ntcrcstingly, subjects with SZ ha\'e 

deficits in blood flow, altered regional brain volume, impaired myelination and reduced 

cortical VH1F mRNA levels (I Janson and Gottesman, 2005; Fulzelc and Pillai, 2009). 

In the present study, we investigated \\hcthcr prenatal h} poxia exacerbates 

neurochemical. functional and behavioral deficits in adolescence \\hen combined with a 

gcnctic risl.. !ltctor of /. We haH! used heterozygous reeler mice (HRM), \\hich ha\le 

mam behavioral and neurochemical deficit~ ~imilur to S/ (Costa et al.. 2002~ Pillai and 

Mahadik. 2008). Reel in pia) s a central role in brain dc\clopmcnt and synaptic plasticity 

(Jossin, 2004~ Laviola et al.. 2009; Nullmeier ct al., 20 I I) and a significant reduction in 
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Reelin mRNA and protein expression have been reported in prefrontal cortex and 

hippocampus (HIPP) of SZ subjects (Impagnatiello et al., 1998; Fatemi et al., 2000). 

Interestingly, a recent study has shown that prenatal hypoxia decreases Reelin expression 

in the hippocampus of adult offspring mice (Golan et al., 2009). 

We have examined the effect of prenatal hypoxia in HRM and littermate WT 

mice on neurochemical, behavioral and functional parameters related to SZ. We have 

analyzed the effect of prenatal hypoxia at E17 on behavioral paradigms such as prepulse 

inhibition, Y-maze and Open field tests. 

In functional studies. we have examined the effect of prenatal hypoxia on brain 

regional volume in frontal cortex (PFC) and HIPP as well as blood flow patterns. Both 

functional and behavioral studies were performed in mice at 3 months of age. In 

neurochemical studies, the protein levels of hypoxia-related proteins such as HIF-1 a, 

VEGF and VEGF receptor, Flk 1, were examined in frontal cortex and hippocampus at 

E18, 1 month and 3 months of age. In addition, the effects of prenatal hypoxia on 

glucocorticoid receptor and corticosterone levels were also examined. 

Results 

Effect of prenatal hypoxia on sensorimotor gating ill PPI: A three-way ANOV A 

showed significant increases in% PPI across decibels as expected (Fig l A). Further post

hoc analysis showed a significant increase in % PPI at 75 dB in hypoxia treated WT mice 

(p- 0.019; Fig l A). 
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We found increases in% PPI trending towards significance (p- 0.09) at 80 dB in both WT 

and I IRM following prenatal hypoxia as compared to normoxia treated WT mice (Fig 

18). Moreover, a marked increase in % PPI at 85 dB was found in HRM following 

prenatal h)'poxia as compared to normoxia treated I IRM. 

We found a significant diminution of the force of a 120 dB startle response for 

IIRM, which is in agreement with a previous report (Qiu et al., 2006) (Fig 18). 

Interestingly, prenatal hypoxia resulted in a significant reduction in startle amplitude in 

WT mice, whereas it normalized the reduction in startle amplitude observed in HRM (Fig 

18). 

Effect of prenatal hypoxia 011 worki11g memory i11 Y-maze: Training trials consisted of 4 

trials per day for 3 days using 30 second delays. Probe days allowed the mice 3 more 

training trials and then a probe/dela} trial of 7 minutes. The trials were pseudo

randomized, having each arm closed equally per da} and in different patterns from day to 

day. We found that prenatal hypoxia-treated WT and I lRM mice performed significantly 

better than the Normoxia treated WT mice in the 30 second interval (Fig 28). However, 

we did not find any significant difference in % correct choice between groups in the 7 

minute probe trial as a result of high standard error values, which could be due to the 

scoring scale of 0 or 100. (Fig 28 ). Though nonsignificant in results, it appears that 

prenatal hypoxia resulted in significant deficits in memory in WT mice in the 7 minute 

trial, whereas it normalized the memory deficits observed in HRM. 
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Effect of pre11atal hypoxia 011 anxiety-like behavior in ope11 field test: The open field 

behavioral tasks tests habituation of a novel environment and activities which can 

indicate anxiety-like behavior such as thigmotaxis (i.e. wall hugging behavior to avoid 

open spaces). Our protocol allowed the mice to free roam in the open field box for a 

duration time of 30 minutes, with the center Lone being defined as the center 6 inches. 

Open field test was performed in WT and I IRM at 3 months of age following prenatal 

hypoxia. Data collected were total distance traveled, % time spent in the center, as well as 

% distance traveled in the center. We did not find any significant difference in 

hyperactivit) (measured as total distance traveled) between WT and HRM at 3 months of 

age. II ow ever, a slight, but nonsignificant hyperacth it} (p=O.l 0) v.as observed in WT 

mice, but not in HRM following prenatal h}poxia (Fig 3). 

The center zone is often deemed a more susceptible place to be preyed upon; 

therefore more anxious animals will avoid this area. Anal}sis on the time spent and 

distance traveled in the center revealed treatment eiTects in the hypoxia groups. Both WT 

and I IRM hypoxia-treated mice spent significantly less time in the center than their 

corresponding normoxia treated mice (Fig 4A). We also observed that hypoxia treated 

mice traveled less distance in the center zone (Fig 4B). rhcse data suggest that prenatal 

hypoxia may induce an anxiet} beha\ ioral phenotype during late adolescent/early 

adulthood. 
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Effect of prenatal hypoxia on blood flow and brain region volume: No treatment or 

genotype effect in hippocampal or frontal cortex volume was observed between WT and 

HRM (Fig SA). I lowever, we found a significant reduction in hippocampal blood flow in 

both WT and HRM following prenatal hypoxia (Fig 58). 

Effect of prenatal hypoxia on reelin protein levels: Reelin protein levels were 

significantly lower in the frontal cortex and hippocampus of I IRM mice as compared to 

WT mice, which is in consistent with earlier reports (Costa et al., 2002). Prenatal hypoxia 

significantly reduced reelin protein levels in forebrain samples from HRM and WT mice 

at 24 h following h}poxia (Fig 6A). We found a significant decrease in reelin protein 

levels in the frontal cortex of WT mice fo llowing hypoxia at I month and 3 months of 

age (Fig 68 and 6C). However, no significant change was found in reelin protein levels 

in the frontal cortex of HRM mice at 1 month and 3 months of age following hypoxia as 

compared to 1 IRM normoxia group. A significant reduction in reel in protein levels was 

found in hippocampus of both WT and l lRM mice at I month of age, but not at 3 months 

of age (Fig 7). 

Effect of prenatal hypoxia on HIF-l a, VEGF and Flkl protein levels: We found a 

significant increase ofHIF-lu in the forebrain ofiiRM mice at El8 as compared to WT 

littermates. However, the above increase in I IIF -I levels was not found in the frontal 

cortex and hippocampus of HRM at l month and 3 months of age (Fig 8). 
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Next, we examined the effect of prenatal hypoxia on liiF-1 a protein levels in WT 

and HRM mice. Prenatal hypoxia significantly increased HIF-1 protein levels in the 

forebrain of WT mice at E 18, but not in HRM mice (Fig 8A). No significant change in 

IIIF-1 protein levels was found in frontal cortex ofWT and IIRM mice at 1 month and 3 

months of age following prenatal hypoxia (Fig 88,C). We found a small, but significant 

increase in HIF-1 levels in HIPP of I IRM mice at 1 month of age following prenatal 

hypoxia as compared to WT normoxia group (Fig 9A). No significance difference was 

found in HIF- levels between WT and HRM mice at 3 months of age following prenatal 

hypoxia (Fig 98). 

Data on VEGF protein levels as measured by immunoblot analysis showed 

changes similar to HIF-1 at El8. HRM have significantly higher VEGF levels in their 

forebrain as compared to WT littermates. Interestingly, the above increase in VEGF 

levels was not found in the PFC and HIPP of I IRM at 1 month and 3 months of age (Fig 

10, 11). Prenatal hypoxia significant!} increased VEGF protein levels in the forebrain of 

WT mice at E 18, but not in HRM (Fig lOA). No significant change in VEGF levels was 

found in PFC of WT and HRM mice at 1 month of age following prenatal hypoxia (Fig 

lOB). However, a marked, but nonsignificant (p 0.08) reduction in VEGF levels was 

found in PFC of WT mice at 3 months of age following prenatal hypoxia (Fig lOC). 

Prenatal hypoxia induced a significant reduction in VEGF levels in HIPP of HRM mice 

at l month of age (Fig llA). We found a significant increase in VEGF levels in HIPP of 

both WT and I IRM at 3 months of age as compared to age matched WT normoxia group 

(Fig 118). Next, we have examined serum VFGF levels in IIRM and WT mice at 3 
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months of age following prenatal hypoxia. We found a significant reduction in serum 

VEGF levels in both WT and HRM mice following prenatal hypoxia (Fig 12). 

No significant difference in Flk 1 protein levels was observed between WT and 

HRM. However, prenatal hypoxia induced a significant reduction in forebrain Flk1 levels 

at E 18 and frontal cortex Flk 1 levels at 3 months of age in HRM, but not in WT mice 

(Fig 13). A significant reduction in Flk l protein levels was also found in hippocampus of 

IIRM mice at 1 month of age (Fig 14A). 

Effect of pre11atal hypoxia 0 11 GR ami corticosterone levels: Since prenatal hypoxia is a 

know stress inducing factor during pregnancy, \\C have examined GRand corticosterone 

levels in WT and HRM following prenatal h}poxia We found a significant increase in 

GR protein levels in the forebrain at 1:.18, and frontal corte:\ and hippocampus of HRM at 

3 month of age (Fig 15). Moreover, prenatal hypo:\ia induced a significant increase in 

forebrain GR levels at E 18 and frontal cortex GR levels at 3 months of age in WT mice, 

but not in IIRM (Fig 15). However, increases in hippocampal GR levels were found in 

both WT and IIRM at 3 months of age following prenatal h}poxia (Fig 15C). These data 

indicate strain dependent differential effects of prenatal hypoxia on GR levels. We found 

a significant reduction in serum corticosterone le"cls in WT and I IRM at 3 months of age 

follov.-ing prenatal hypoxia indicating an imerse relation to the change in hippocampal 

GR levels at the same age (Fig 16). 
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Discussion 

The main findings of the present study are as follows: First, prenatal hypoxia 

induces anxiety-like behavior in both WT and IIRM, whereas it improves pre-pulse 

inhibition (PPI) or the .tcoustic startle r\!sponsc Second, a significant reduction in blood 

11m' ''as ohscn ed in hippocampus or hoth \\ I and II R \1 following prenatal h) poxia. 

l·inally. prenatal hypoxia induces brain region specific as well as age-dependent changes 

in the protein levels ofHIF-l, VEGF, Flkl and GR. 

llypoxia during pregnane) has been considered as a main emironmental risk 

tl1ctor for S/ (Dcmjaha ct al.. 20 II: Clark.c ct al.. 2006: Boksa. 2004: Van Erp et al.. 

2002). Moreo,·er. serious obstetric complications interacting with specific genetic risk 

factors may increase risk for SZ (Nicodemus et al.. 2008). We hypothesized that prenatal 

hypoxia would exacerbate a reelin haploinsufficienc}-induced SZ endophenotype in 

mice. Loss of normal PPI is widely accepted as an cndophenotype of SZ and considered 

indicative of disrupted sensorimotor gating (Braff et al., 1992). In the present study, we 

used a combination of auditory-evoked startle ( 120 dB) and three levels of prepulses (75, 

80, and 85 dB). We did not find any significant difference in PPl between WT and HRM. 

It should be noted that the literature show contradictor} data on PPI deficits in HRM. 

The study by Tueting et al ( 1999) found alterations in PPI in HRM, but the above data 

was not replicated in other studies (Kut} ianawalla et al., 2012: Podhoma and Oidriksen, 

2004; alinger et al.. 2003). These inconsistencies between data from different 

laboratories may result from differences in the age, behavioral training, rearing 

conditions, genetic background and interpretation. all of which can influence the outcome 



71 

of behavioral tests (Wahlsten et al., 2003). Although we did not find genotype effects on 

PPI, there appears to be a treatment effect of hypoxia on PPI indicating a significant 

increase in % PPI following prenatal hypoxia. Moreover, we observed a diminished 

startle in prenatal hypoxia-treated WT mice, similar to normoxia treated IIRM. 

Interestingly, startle is restored to normoxia treated Wl levels in the HRM following 

prenatal hypoxia. We found differential effects of prenatal hypoxia on %PPI and startle 

amplitude in WT and HRM. A difference in the nature of complexity in cellular 

mechanisms has been suggested between the startle response and PPI (Geyer et 

al., 2002). It has been shown that increased startle reactivity is not necessarily associated 

with decreased PPI (Paylor and Crawley, 1997). The difTerential regulation of startle 

amplitude and PPI has been reported m man) rodent studies (Acri et 

al., 1994; Schreiber et al., 2002; Duncan et al., 2003). Together, the above data suggest 

that there does not appear to be a predictable relationship between startle amplitude and 

PPI. 

Deficits in infants persist into childhood and are related to neurodevelopmental 

disorders in childhood and adolescence (Sun and Bu)'S, 20 12). A stud} by Par"- and 

Holzman ( 1992) determined that /., subjects have decreased representational processing, 

which is modalit) independent. 1 he} concluded that spatial working memory involves 

the dorsolateral prefrontal cortex in SZ. Our data indicate from Y maze that HRM have 

better spatial memory at shorter time dela)s. 1 he probe of 7 minutes did not show any 

significant difference in treatment or genotype. Interestingly, the above probe trial data is 

similar to the PPI startle profile. Our data indicate that prenatal hypoxia induces anxiet)'-
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like phenotype in both WT and HRM. Many studies have shown that the prevalence of 

anxiety symptoms in SZ patients is higher than in the general population. 

The hippocampus is sensitive to hypoxic insults and studies have shown 

additional reductions in hippocampal volume and/or brain abnormalities in subjects with 

SZ and their siblings who experienced obstetric complications as compared to controls 

(Cannon et at., 2002; Stefanis et at., 1999; Nicodemus et al., 2008). We found a 

significant decrease in hippocampal blood flow following prenatal hypoxia in both WT 

and HRM suggesting a potential impact of hypoxia during pregnancy on vascular 

function in adolescence. 

To find out the possible biological mediators of prenatal hypoxia-induced changes 

in behavior and blood flov., we examined the profile of molecules associated with 

hypoxia in frontal cortex and hippocampus. I IIF-1 is considered as the main regulatory 

protein of YEGF. We found a significant increase in both I IIF-1 and VEGF levels in 

I IRM at E 18 as compared to WT. Moreover, prenatal hypoxia resulted in significant 

increases in I IIF-la. and VEGF levels in WT mice at El8. A significant interaction 

between putative hypoxia regulated genes and serious obstetric complications has been 

found to influence the risk for SZ (Nicodemus et al., 2008). Although we did not find any 

significant effect of prenatal h}poxia on IIIF-1 and YFGF levels in PFC of WT and 

HRM mice at I month and 3 months of age. HRM with prenatal hypoxia insult showed 

robust deficits in HIPP VEGF levels at 1 month of age. llowcvcr. the above reduction in 

YEGF levels did not last for 3 months of age. Instead, there was a significant increase in 
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I IIPP VEGF levels in HRM at 3 months of age following prenatal hypoxia. A similar 

change was also observed in the HIPP levels of VEGF receptor, Flkl at 1 month and 3 

months of age. 

The above data indicate that prenatal hypoxia induces a reduction in HIPP VEGF 

signaling pathway in adolescence stage when combined with a genetic risk. However, the 

above effect does not lead to a long-lasting change in adulthood. It is important to note 

that prenatal hypoxia induced a significant reduction in serum VEGF levels at 3 months 

of age. Moreover, we found a similar trend in changes in both serum VEGF and 

hippocampal blood flow following prenatal hypoxia. \ l Gl is an angiogenetic factor 

im oh cd in the regulation of blood flo,, and has neurotrophic and neuroprotecti\e 

properties (Greenberg and Jin. 2005). \1orco' cr. changes in brain cellular energ) 

mctaboti..,m and blood flm, arc abo obsel\ed in S/ subjects (llanson and Gotte man. 

2005). Studies h,l\ e found that the ,·arious positl\e .md ncgati\ e S) mptom dimensions 

ohscr\cd in subjects '' ith Sl are associated "ith speci lie patterns of the regional blood 

llo\\ (Andreasen ct a!., 1997 and Wiser et al.. 199X). 

Although data on peripheral VI (JI· lc,cJs in S/ arc lacJ..ing. one stud) has found 

a signi licant reduction in VEGF mRNA in prefrontal cortex of SZ subjects (Fulzele and 

Pillai, 2009). Our earlier stud) has found a signi licant increase in \ l Cd protein lc' cis in 

frontal cortex. hut reduction in serum VFG F le\ cis ft)lltm ing chronic corticosterone 

exposure ( ll(mcll ct al.. 20 II). 1 ogcthcr. these data suggest that a fccdbacJ.. mechanism 

nl.l) opaate to increase \ ' I GF production in ( '" 111 rcsp(lnse to inhibition of the Vr GI 

signaling patlmay. II0\\1!\Cr. the possibility of incn:ase 111 \I Cd ' in IIIPP as a respon~e 
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to reduction in peripheral YEGF protein IC\t!ls foliO\\ing prenatal hypoxia cannot be 

ruled out. But, further studies are \\arran ted to understand the abo\ e possible 

mechanisms. 

A number of studies have suggested that corticosteroids are involved in the 

anxiety-like features (de Kloet et al., 2005). We found a significant increase in GR levels 

following prenatal hypoxia in both WT and I IRM. Moreover, studies have shown that 

chronic corticosteroid exposure, but not acute exposure manifests an anxiety-like 

phenotype in rodents (David et al., 2009: Kutiyanawalla ct al., 20 12). It would be 

important to study whether blocking GR function could restore prenatal hypoxia-induced 

changes in anxiety-like behavior and hippocampal blood flow in mice. It has been shown 

that short-term use of Mifepristone, a GR antagonist (RU38486) is effective in the 

treatment of psychotic major depression via re-regulating the HP A axis (Flores et al., 

2006). 

In summary, the data from our studies indicate that prenatal hypoxia has 

differential effects on different domains of behavioral parameters related to SZ. 

Specifically, prenatal hypoxia induces anxiety-like behavior, whereas it improves PPI and 

spatial memory. Moreover, the above behavioral changes following prenatal hypoxia do 

not seem to be influenced by reelin deficiency suggesting that gene-environment 

interaction for increasing risk for SZ depends on the specificity of the gene. Our studies 

indicate that corticosterone may be a possible mediator of prenatal hypoxia-induced 

changes in behavioral and/or functional changes. Our on-going studies will explore the 

role of GR in mediating prenatal hypoxia-induced changes in anxiety-like phenotype and 
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hippocampal blood flow in mice. Our data also have broader implications for finding 

association bet\.veen the peripheral marker and functional changes in SZ. Further studies 

should explore the possibility whether peripheral VEGF can correlate with changes in 

hippocampal blood flow in SZ subjects. 

Materials a11d Methods 

Animals: All animal experiments were performed in accordance to Georgia Regents 

University's Committee on Animal Use for Research. fwo original mating pairs of 

lleteroz}gous Reeler Mice (HRM) were obtained from Jackson Laboratories (Bar Habor, 

ME, USA), and an in-house HRM colon) was created in accordance to IUCAC 

guidelines. Pregnant dams exposed to hypoxia were not used for subsequent breeding. 

Serum Collection from mice 

Mice were killed by decapitation in the early afternoon, and trunk blood was harvested 

and serum collected for analyses. If animals were moved from one location to another, 

the animals were not disturbed for at least 30 minutes before sacrifice to prevent 

alterations in their cortisolle\'els from the transport. 
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Mouse Serum Cortisol Assay 

Serum was assayed for CORT using a quantitative competitive enzyme immunoassay kit 

(KGE008, R&D Systems) according to manufacturer's instructions. The reading 

absorbance was 450nm and corrected at 570nm, with a minimal detectable dose of 0.071 

ng/mL. The intra/inter-assay variation was 5.4%-21.2%. 

Mouse Serum VEGF 

Serum samples were collected as described above, and soluble VEGF protein levels were 

determined using a quantitative sandwich en.l}me immunoassay (ELISA) kit (MMVOO, 

R&D ystems). The reading absorbance was 450nm, and corrected at 570nm with a 

minimal detectable dose of3 pg/mL. The intra/inter-assay variation was 4.3%-8.4%. 

Genotyping 

Animals were genotyped using the DNA extraction liOT SI lOT method (Truett et al., 

2000). The following Reelin primers used were: Wildtypc Rcelin RP 5'ACA GTT GAC 

ATA CCT TAA TC 3'; Reelin FP 5'TAA TCT GTC CTC ACT CTG CC 3'; Reelin RP 

5'TGC ATT AAT GTG CAG TGT TG 3'. Samples were analyzed by PCR 

(communication from Dr. Dennis Grayson laboratory) and run on a 2% agarose gel for 

UV determination of bands using ethidium bromide. 
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/11 Vivo Hypoxia Experiments 

Timed pregnant mice were allowed to gestate to E I 7, at which time the pregnant dams 

underwent exposure to a controlled 9% Oxygen environment in a hypoxia chamber 

(BioSpherix, NY, USA) for two hours. The normoxia groups were allowed to gestate 

undisturbed until delivery. The offspring was tested for behavioral, imaging and 

molecular studies. Behavioral, MRI imaging, and molecular analysis was performed at 3 

months of age, whereas only molecular studies v.ere carried out at El8 and 1 month. 

Frontal Cortex and Hippocampus samples were collected at different time points for 

protein analyses. 

Protein ample Preparation 

RIPA buffer (Tek.nova, Cat #R3792) contained additives such as EDTA-Free Halt 

Protease Inhibitor Cocktail (Thermo, Cat #78245; 1 OOuL/1 OmL), sodium fluoride 

(200mM; 250uL/10mL), sodium orthovanadate (200mM; IOOuLIIOmL) and 

Phenylmethylsulfonyl fluoride (PMSF) (Sigma, P-7626, 1 OOmM in ethanol; 

I OOuL/1 OmL). Cell lysate collection took place after shaking for I 5 min on ice, and 

homogenization took place using the BioSpec mini-beadbeater 16. The extracts were 

then clarified b) centrifugation at 13,000 rpm for I 5 min at 4 °C and supernatent stored at 

- 70°C. Protein concentrations were determined b.> the bicinchoninic acid method (BCA 

Protein Assa) Kit, Sigma, USA). 
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Western Blotting 

Equal amounts of protein were resolved in SDS-polyacrylamide gels and transferred 

electrophoretically onto a 0.45-micron nitrocellulose membrane (Bio-Rad). Membranes 

were blocked for l h in TBST (10 mM Tris HCl, pll 8.0, 138 mM NaCl, 2.7 mM KCl, 

and 0.05% Tween-20) and 5% non-fat milk or bovine serum albumin (BSA) and 

incubated overnight with the indicated antibodies. After washing with TBST, the 

membranes were incubated for I h with horseradish peroxidase-conjugated anti-rabbit or 

anti-mouse secondary antibodies in TBST and 5% non-fat milk. Secondary antibodies 

were washed off with TBST, and proteins were visualized by enhanced 

chemiluminescence. The densitometric values for the proteins of interest were corrected 

using ~-actin or ~-tubulin. Image J software (Wa}ne Rasband, NIH, USA) was used for 

densitometric analysis. The primary antibodies used in this study were: Reelin 

(MAB5364), VEGF (ABS82) (both were from Millipore, Billerica, MA, USA); Flk1 

(SC-504), IIIFI-n (SC-10790) and GR (SC-1003) (Santa Cruz, Santa Cruz, CA, USA);~

actin (A4 700; Sigma, St Louis, MO, USA) and ~-tubulin (CS2146, Cell Signaling, 

Danvers, MA, USA). The secondary antibodies used were anti-Rabbit IgG (SC-2317; 

Santa Cruz) and anti-Mouse IgG (CS7076; Cell Signaling). 
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Behavioral Studies 

All protocols followed were obtained from and apprO\Cd by the Small Animal Behavior 

Core at Georgia Regents Universit}. Animals were placed in the testing room and 

allowed to remain undisturbed for approximately 30 minutes before behavior testing 

began on each day of analysis. All equipment was cleaned with a vinegar solution 

between mice to prevent olfactory stimulation, which could create anxiety in the subjects. 

Behavioral studies were performed in four groups of mice at 3 months of age: WT

normoxia, WT-hypoxia, HRM-normoxia and fiRM-hypoxia. 

Pre-pulse Inhibition (PPI) 

Mice at 3 months of age (n- 8-18 group) were tested for PPI deficits according to 

previous protocol (Terry et al, 2011 ). Animals undenvent three days of testing. On the 

first day, mice were allowed to habituate to the testing chamber apparatus (San Diego 

Instruments, San Diego, CA) for 20 minutes. rhe second day consisted of the mice being 

exposed to the various frequency auditory stimuli, randomiJ"ed for a total of 24 trials. 

The third day the mice underwent testing for a total of 60 trials. The nulstim background 

noise was 70 dB with a duration of 40ms. Pre-pulse values were 75, 80, and 85 dB at 

20ms durations. A startle amplitude of 120 dB at 40ms was used. 
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Open Field (OF) 

Mice at 3 months of age (n 9-14/group) were tested for habituation, anxiety and 

hyperactivity behaviors using the Open Field apparatus (10.75" X 10.75" X 8", Med 

Associates, St Albans, VT). Briefly, the mice were allowed to freely roam for 30 

minutes. The center zone was defined as the center 6 inches. Movement was 

determined by laser beam breaks on horizontal and vertical axes. Data of interest 

included total distance traveled, distances traveled in the center zone, as well as time 

spent in the center zone. Total distance traveled gave an indication for hyperactivity. 

Mice who spent more time in the center zone were considered less anxious than those 

who spent the majorit} of their testing time in the peripheral zone. 

Y -maze memory task 

Mice at 3 months of age (n= 9-14/group) ""ere tested for memory deficits using a food 

reward-based task. The mice were tested sequentially so that each mouse underwent the 

testing at equal time lapses (i.e. mice were not tested repeatedly for the total number of 

trials before moving to the next mouse). The mice were allowed to feed fo r 3 hours/day 

for two days before habituation trials began. ubsequent rood deprivation days allowed 

the mice to feed for I hour after training trials were complete. The mice were allowed to 

habituate to the testing apparatus (Y-maze) for a total of 3 trials, 2 minutes each, for two 

da)S (total of 6 exploration trials). Training trials consisted or 4 trials per day for 3 days. 

Probe da) s allowed the mice 3 more training trials and then a probe/delay trial. The trials 

were pseudo-randomized, having each arm closed equally per day. 
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The protocol followed is as described: The subject was held at the base of the Y in a box 

for 30 seconds. Habituation trials had both arms baited and open. During training and 

testing trials, both arms are baited, however one arm was blocked, forcing the subject to 

explore and retrieve the reward in the open arm. The subject was then coerced back to 

the base of the maze and held again for 30 seconds, during which both arms are opened 

and baited. The subject was then released and allowed to choose which arm to explore. 

llowevcr, if the mouse went down the incorrect arm (the one previously visited), it was 

stopped before reaching the reward. If the mouse failed to complete the task in the 

allotted time (2 minutes), it was removed from the Y ma7e apparatus. The mice were 

scored on a 0 (incorrect choice or failure to complete task) or I 00 (correct choice) basis. 

MRl imaging on mice 

MRI imaging was performed at the Core for Imaging for Small Animals at Georgia 

Regents University. All images were acquired on a 7.0 T, 20 em bore MRI Spectrometer 

with a micro-gradient insert (950 mT/m) and a 35 mm volume coil to transmit and 

receive at 
1
II frequency. The T1-weighter images were generated using a MDEFT pulse 

sequence: matrix 128 x 182; TE/TR 3.5/3500 ms; slice thid.ness - 0.45 mm; FOV = 

1.8 x 1.8 em; NA- 2. The perfusion images were generate using a FAIR-RARE pulse 

sequence: matrix 96 x 96; TEITR - 35.8. 1200 ms; FOV 1.92 x 1.92 em; NA = 4. The 

perfusion images were analyzed with arterial spin labeling macro in the ParaVision 5.1 

sofh\are package. Volumetric analysis was obtained using Image 1 software. n= 3-

4/group 
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Statistical Analysis 

Data are expressed as mean ± SE. A Two-way ANOVA, with Bonferroni's multiple 

comparison procedure, was used for statistical analysis. Comparisons between multiple 

groups were done by one-way ANOV A. Individual comparisons between two groups 

were performed with a Student's t-test. A three-way ANOV A was used for the PPI 

analysis. Probability (P) values of less than 5% were considered significant. 
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Figure l. Effect of prenatal hypoxia on sensorimotor gating in PPI. (A) Hypoxia 

groups are showing a trending increase in percent PPI at 80. (B) A diminished startle is 

seen in IIRM Normoxia with the WT Hypoxia group diminishing to equivalent 

amplitude. Interestingly, startle is restored to WT Normoxia levels in HRM hypoxia 

group. (# p- 0.09; *p<O.OS) 
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Figure 2. Effect of prenatal hypoxia 011 working memory in Y-maze. (A) Training 

Trials represented for 3 days of 4 trials per day using 30 second delay times. (B) Both 

HRM groups performed significantly better than the Normoxia treated WT mice in the 30 

second interval. Probe data represent three 30 second trials followed by one 7 min delay 

probe trial. No significant was observed in the 7 min probe trial, likely due to high SEM. 

*p<0.05 
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Figure 3. Effect of prenatal hypoxia Oil a!lxiety-like behavior in open field test. No 

genotype behavioral deficits are observed, but WT Hypoxia mice are slightly higher in 

distance traveled compared to WT Normoxia (p=O.l 0). 
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Figure 4. Prenatal hypoxia creates an anxiety-like phenotype i11 both WT and HRM at 

3 months (A) A treatment effect observed in both groups, with decreased time spent in 

the center compared to their respective age-matched normoxia mice. (B) Treatment effect 

is seen in WT for distance in center zone in HRM groups. IIRM hypoxia group shows a 

decreased distance traveled in the center zone as compared to I IRM normoxia, but does 

not reach significance except to WT normoxia mice. *p<0.05 
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Figure 5. Effect of prenatal hypoxia on brain volume and blood flow. (A ) No genotype 

or treatment effects were observed in HIPP or PFC brain volumes based on MRI analysis 

at 3 months. (B) HIPP blood flow shows significant decrease in WT Hypoxia with 

denoted decreases in IIRM. *p<0.05 
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Figure 6. Prenatal hypoxia reduces Reelin expression in WT mice to HRM levels in 

PFC (A) Treatment effect observed at E18 with significant decreases to Reelin in both 

WT and HRM forebrains. (B) Treatment effect in WT mice shows decreased Reelin 

similar to HRM levels at 1 month. (C) Treatment effect lasts into adulthood in the WT 

group, with trending significant decreases in Reelin (# p=0.05). *p<0.05 
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Figure 7. Prenatal hypox ia reduces Reelin expression in HIPP during adolescence but 

normalizes by adulthood. (A ) Reelin protein expression is decreased by prenatal 

hypoxia in hippocampus of WT and HRM mice. WT Hypoxia shows decreases similar 

to Reelin levels in HRM. A treatment effect was observed in I IRM Hypoxia mice. (B) 

Reelin expression in hypoxia groups normalized to their perspective normoxia levels in 

both WT and HRM groups with no significant changes at 3 months. *p<O.OS 
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Figure 8. HIFJ-o. is acutely respo11sive to hypoxia at £ 18 WT with HRM ltavi11g 

significantly higher baselille levels of HIFJ-o.. (A) Treatment and genotype effects of 

HIF 1-a observed at E 18 in the forebrain. All groups are significantly higher than the WT 

Normoxia group. (B) No change is observed in expression at I month. (C) No change in 

HIFl-a expression at 3 months in PFC. *p<0.05 
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Figure 9. HRM groups show increased H/Fl-a HIPP expression. (A ) The HRM 

Hypoxia group reached significant HIF1-a activation compared to both WT groups at 1 

month. Regional differences are observed seeing that no increases were found in 1 mo 

PFC expression (Fig 8B) (B) No expression changes observed in 3 month HIPP. *p<O.OS 
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Figure 10. Effect of prenatal hypox ia 011 VEGF signaling through HIFJ-a in PFC. 

(A ) Treatment and genotype effect observed atE 18, with VEGF regulation under HIFl-a 

regulation (see Fig 9A). Significant treatment effect of VEGF expression in WT 

forebrain. HRM have elevated baseline VEGF at E 18, with no further treatment effect by 

hypoxia. (B) No changes were observed in VEGF expression at l month. (C) No 

significant reductions were observed, but a reduction in VEGF levels was found in PFC 

ofWT mice at 3 months of age following prenatal hypoxia (p=0.08). *p<O.OS 
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Figure 11. VEGF expression in HIPP at 1 and 3 months. (A) A treatment effect is seen 

in HRM with decreased VEGF by hypoxia. (B) Significant increases in both hypoxia 

groups at 3 months compared to age matched WT normoxia mice. *p<O.OS 
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Figure 12. VEGF serum is decreased by hypoxia treatment into adulthood. Peripheral 

VEGF is significantly decreased in hypoxia groups, indicating treatment effects in both 

genotypes. *p<0.05 
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Figure 13. Flkl expression in Frontal Cortex (A) IIRM hypoxia have significantly low 

forebrain Flkl expression at E18 compared to a11 other groups. (B) No significant 

difference in Flkl expression at 1 month. (C) A genotype and treatment effect is observed 

at 3 months. I IRM Normoxia is significantly higher compared to WT Normoxia. A 

treatment effect is seen in HRM mice as Flkl levels are significantly decreased in HRM 

hypoxia group as compared its' normoxia group. *p<O.OS 
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Figure 14. F/kl expressioll at 1 alld 3 month (A ) A treatment effect is seen in HRM 

groups in Flkl in the HIPP at 1 month. (B) No significant treatment or genotype effects 

on Flkl are seen in the HIPP at 3 months. *p<0.05 
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Figure 15. Strain dependent differential expression of Glucocorticoid receptor (GR) 

(A) HRM display higher GR baseline expression compared to WT Normoxia mice, with 

WT Hypoxia mice expressing up regulation equivalent to I IRM. (B) Prenatal hypoxia 

causes GR frontal cortex increases at 3 months. (C) HIPP GR expression shows 

treatment and genotype effects. All groups are significantly higher than WT Normoxia 

mice. 
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Figure 16. Hypoxia treated mice have down regulated corticosteroid levels Treatment 

effect observed with both hypoxia groups having significantly lower cortisol than WT 

Normoxia mice. *p<0.05 
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Table I. Detailed statistical analysis for £18 forebrain molecular data. Graphs that did 

not show significance are not represented here. 
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GROliP p E 18 ANOVA 
Forebrain 

AxB t 3.947 df 6 0.0076 - 1--
AxC t- 9.182df 5 0.0003 

Reel in Treatment 
AxD t·- 11.22 df 5 <0.0001 

1-- - - Genotype 
C xD t- 4.258 df 4 0.0131 -
BxD t= l4.36 df 5 <0.0001 

GROUP 
AxB t= 1.094 df-6 0.3158 

1--
t- 0.5528 df 6-

-
Ax C 0.6004 

1-- - Flkl Interaction 
AxD t=2.954 df=5 0.0317 

1--
t-3.291 df 5 

- Genotype 
C xD 0.0217 

1---
t-5.812 df 5 

-
BxD 0.0021 

GROUP 
AxB t 3.383 df ~ 0.0196 - 1--
Ax C t 6.485 df 4 0.0029 -

1-- t -4.242 df 4 0.0132 VEGF Interaction 
AxD 

t 0.8202 df 4 0.4582 
- Genotype 

f-- C xD 

~G!~Zp t o.3902 df 5 Co.7 t24 

AxB t 5.211 df ~ 0.0034 -
Ax C t 4.960 df 4 0.0077 

GR 
Interaction -

r- t 5.938 df 4 0.0040-AxD Genotype 
1-

t 0.8060 df 4-~4 Cx D Treatment 
1--

BxD t 0.4163 df 5 0.6945 
~ 

GROUI> 
AxB t-2.373 df 5 0.0637 - 1--
Ax C t- 6.307 df 4 0.0032 

AxD t-3.485 df 4 0.0252 
HIFl-a 

Treatment 
1-- -

C xD t 0.0390 I df 4 0.9708 -
.._ BxD t 1.590 df 5 0.1726 

1---

Key for Tables 1-V: Table I 

A= \VT ormo~ia C= HRM 1ormo'-ia 

B= WT llypo~ia D= HRM Hypoxia 





Table II. Detailed statistical analysis for 1 month data. Graphs that did not show 

significance are not represented here. 
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r-
GROUP p 1 month ANOVA 

HIPP 
AxB t- 2.381 df 4 0.0759 
Ax C t 3.361 df 4 0.0283 

Reel in Treatment AxD t5.751df5 0.0022 

1----c x n t4.715df5 0.0053 
Genotype 

BxD t 3.508 df 5 0.0171 
~ 

GROUP -
AxB t- 0.7578 df 4 0.4908 -
AxC t=0.4715 df 4 0.6618 

Flkl AxD t=2.124 df 5 0.0871 Treatment ---
C xD t3.16Jdf5 0.0251 ---
BxD t 1.237 df 5 0.2712 

G ROUP - --
--

AxB t=0.4627 df 4 0.6676 

Axe t 0.4691 df 4 0.6634-
YFGF AxD t 2.633 df 5 0.0464- Treatment -

t 4.685 df 5 0.0054 C xD 
'--

0.1002-BxD t 2.013 df 5 - .___ 
GROt.;P 

AxB t 0.3320 df 4 0.7565 
AxC t 2.424 df 4 -0.0724-

f-- AxD t 3.489 df 5 0.0175- HII 1-a 
Genotype 

C xD 
- r-; 0.2748 df 5 0.7945 -

r---
BxD t=7.014 df 5 r -o.ooo9 -

G ROUP 1 month PFC ANOVA --
AxB t 5.581 df 4 0.0051 

AxC l 5.992 df 4 0.001~ 
Reel in 

Interaction - f- -AAD t 6.667 df 5 0.0011 Treatment r-
C xD l · 1.569 df 5 0.1774 Genotype - - --
BxD t=-0.6539 df 5 0.5420 

GROUP 
-1--

AxB ~ 1 .246df~ 0.2807 
AA C - 0.1246 -t 1.939 df 4 

Hkl - r-. r- -AxD t 3.788 df 5 0.0128 Genotype 
f-- CxD - t-t I 104 df S t- 0.3198 -

BxD t 2.256 df 5 0.0737-

Table II 





Table Ill. Detailed statistical analysis for 3 month frontal cortex data. Graphs that did 

not show significance are not represented here. 
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GROUP p 3 month PFC ANOVA 
AxB t 2.704 dr4 0.0539 - - -AxC t 5.262 dr4 0.0062 
AxD 

- r-
t 4.743 df=4 0.0090 

- Reel in 
Genotype - -CxD t 0.3669 df 4 0.7323 -BxD t 2.696 dr4 0.0543 

GROUP - -
AxB l 0.9770 df 4 0.3839 

1-
Axe l 3.553 df 4 0.0237 

AxD l 0.9265 df=4 0.4066 
- Flkl 

Treatment ·-CxD t 3.786 dr4 0.0193 

BxD -
l 0.1352df4 [ 0.8990 

r--- GROUP 
r-
f-

AxB t 2.3 10df-4 0.0820 
AxC l 0.1841 df 4 0.8629 -- -

t 1.556 df 5 0.1803 - VEGF AxD Genotype - -~ - '-
CxD t 1.444 df 5 0.2084 - - -BxD t 2.655 df 5 0.0451 

GROUP 
AxB t3.183df=4 0.0334 - r-

l 1.358 df 4 I 0.2460 -AxC - r- -- - GR AxD l 5.101 df 5 0.0038 Treatment 
f--· -

r-l 0.6422 df 5 ·- -CxD 0.5490 
f-- -BxD t 1.493 df 5 0.1957 ...._ 

Table Ill 





Table IV. Detailed statistical analysis for 3 month hippocampal data. Graphs that did 

not show significance are not represented here. 
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GROUP p 3 month ANOVA 
1--- HIPP 
f-- A X B t=0.04784 df I 0 0.9628 

f-- A XC t=3.186df=IO 0.0097 
-

- Reel in AxD t-2.906 df=IO 0.0157 Genotype 
1--

0.8167 -CxD t 0.2380 df=l 0 
1--- - - 0.0370 -BxD _ 1'""2.404 df=IO 

1- '-
..__GROUP 

AxB 1'""1.313 df=4 0.2594 1--- -r- -Axe t=l.038 df=4 0.3577 1--- - Flkl AxD t'""2.3 II df~-A 0.0819 Genotype 
1-- -CxD t-- 1.213 df-4 0.2919 
1-- -BxD t=2.706 df=4 0.0538 

GROLP 
1---A A B t=3.136 df=4 0 0350 

- -
1---A X c t= l .330 df=4 0.2543 - VEGF AxD t=3.549 df=5 0 0164 Treatment r-- - -C xD t=2.067 df=5 0.0936 
r-- - -BxD r-:- 1.425 dF-5 0.2135 

r--GROUP 
AxB t=7.038 dr4 0.0021 -

0.0193 AxC t 3.787 dr4 
GR - Treatment 

r-- AxD t=8.768 df=5 0.0003 - - Genotype CxD t 6.149df=5 0.0017 
1--- -BxD t 0.9103 df 5 0.4044 - L-

Table IV 





Table V. Detailed statistical mzalysis for 3 month blood flow and serum analyses. 

Graphs that did not show significance are not represented here. 
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GROUP I) ANOVA 
AxB t=2.768 df=5 0.0394 -
Ax C t=0.6056 df=5 0.57 12 - I liPP blood Treatment AxD t=1.748 df=5 0.1409 

1-- - flow 3 mo effect C xD t= 1.287 df=4 0.2676 
1- -BxD t=2.216 df=4 0.0910 
:_GROUP 
r---AxB t J.533 df=l6 0.0028 

t- 0.0707 df=l3 
-Ax C 0.9447 Treatment -

r- t '2.895 d0D - VEGF serum AxD 0.0125 effect, both - 3mo CxD t ·2.645 df-10 0.0245 groups 
1-

t· 0.3416df 13-
f- -BxD 0.7381 

f.-
GROUP 

AAB t~3.845 df'-6 0.0085 -
t 0.8122 df=6 0.4477 Ax C 

,___ AxD t- 4.753 df-6 0.0031 Cortisol 
Treatment 

f.-- c X D 11.955 dP"6 0 0983 - 3 mo 
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111froductio11 

Schizophrenia (SZ) develops during late adolescence or early adulthood (Jones, 

2013). It \\'aS once believed to be an age related disease due to the severity of symptoms 

increasing with age (Mirzakhanian et al.. 20 13 ). llowevcr, recent studies have suggested 

the ncurodevelopmental origin of SL pathophysiology. The neurodevelopmental 

hypothesis states that the etiology of SZ may involve alterations caused by both genetic 

and environmental factors, that begin before the brain approaches its adult anatomical 

state in adolescence (reviewed by Fatemi and Folsom, 2009). These changes influence 

early synaptic development and function, causing abnom1alities long before the 

emergence of the S}mptoms leading to diagnosis (Rapoport et al., 2005). 

Correspondingly, a large number of studies in rodents have shown that in addition 

to the type of environmental stressor, the timing and duration of stressors can generate a 

wide variety of postnatal behavioral outcomes (Chung et at., 2005; Tazumi et al., 2005). 

It is now known that hypoxia is the most high!} correlated insult documented for birth 

complications in , /. (Dcmjaha ct at.. 20 II: Clarke ct a!.. 2006: Boksa 2004: Van Erp ct 

al.. 2002). In addition, h}pO\.ia treatment in rodents results in anatomical changes in the 

adult oOspring rcle\.mt to l (Ma~oral et al.. 2009: Asami et al.. 2012: Parlapani et al., 

2009: Fl}nn ct al.. 2003). 

A better undcr ... tanding of the role of' gene-em ironment interactions. especially 

between genetic risk factors and obstetric complications, m S/ "ould be to stud) the 

cf1cct of prenatal h)pO:>..ia in an animal preparation v.ith defect in a gene known to be 
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associated v.ith the disorder. Our earlier stud] has imcstigated the effect of prenatal 

h}po:\ia in wild-t]pe (WT) and hcterO/) gous reeler mice (IIRM) at 3 months of age. 

IIRM haploinsutlicient for reelin exhibit man} bcha\ ioral and neurochemical deficits 

similar to Sl (Costa et al., 2002: Pillai and \1ahadi". 2008). Reelin pla)s a critical role in 

neuronal migration, development and synaptic plasticity (Jossin, 2004; Laviola et al., 

2009; Null meier et al., 2011 ). A significant reduction in reel in mRNA and protein 

expression has been reported in prefrontal cortex and hippocampus of SZ subjects 

(Impagnatiello et al., 1998; Fatemi et al., 2000). Moreover, a recent stud) has shovm that 

prenatal hypoxia decreases reelin expression in the hippocampus of adult offspring mice 

(Golan et at., 2009). Our studies in mice at 3 months of age found that prenatal hypoxia 

induces anxiety-like behavior in both Vv I and IIRM, whereas it improves PPI of the 

acoustic startle response. Moreover, a significant reduction in blood flow was observed in 

hippocampus of both WT and HRM follo"-.ing prenatal hypoxia. The above changes in 

behavior and blood flow were accompanied by significant alterations in proteins 

associated with hypoxia and stress such as IIIF-1, YEGF, Flk l, corticosterone and GR. 

Though the above findings are important, additional studies arc necessary to understand 

the long-term effects of prenatal h) po:xia on behavior, neurochemical and imaging 

patterns in HRM. Specifically, SZ tends to first develop (or at least become evident) 

bet\\een adolescence and young adulthood. and the risk of Z declines \\ith age (Beratis 

ct at., 1994 ). 
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In the present study, we have examined the effect of prenatal hypoxia in HRM 

and litterrnate WT mice at 6 months of age on neurochemical, behavioral and functional 

parameters related to SZ. We have analyzed the effect of prenatal hypoxia at E17 on 

behavioral paradigms such as prepulse inhibition, Y-maze and Open field tests. In 

functional studies, we have examined the effect of prenatal hypoxia on brain regional 

volume and blood flow in frontal cortex and hippocampus. Neurochemical analyses 

included protein levels of hypoxia-related proteins such as I IIF -1 a, VEGF and Flk 1 in 

frontal cortex (PFC) and hippocampus (IIIPP). We have also examined the effects of 

prenatal hypoxia on glucocorticoid receptor expression and corticosterone concentrations 

in serum. 
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Results and Discussion 

In behavior studies, a three-way ANOV A on the PPI data showed increases across 

decibels as expected, but no significant differences in % PPI was found between 

treatment groups (Fig l A). However, we found a significant diminution of the force of a 

120 dB startle response for HRM (Fig 1 B). Moreover, prenatal hypoxia resulted in a 

significant reduction in startle amplitude in WT mice, whereas it normalized the 

reduction in startle amplitude observed in HRM (Fig 1 B). 

In the Y maze memory task, the training trials consisted of 4 trials per day for 4 

days using 30 second delays. Probe da}S allowed the mice 3 more training trials and then 

a probe trial of 7 or 3 minutes for two da}s. As we did not find memory deficits in our 

previous stud} at 3 months of age at 7 minutes, we decided to incorporate a shorter delay 

of 3 minutes in the present study. The trials were pseudo-randomized, having each arm 

closed equally per day and in different patterns from day to day. I lowever, we did not 

find any significant change in spatial memory between the treatment groups (Fig 2B). 

In addition, no significant difference in anxiety-like behavior was found between 

WT and IIRM following normoxia or hypoxia in the open field test (Fig 3,4). We have 

also examined the effect of prenatal h)pO\.ia on regional brain volume and blood flow in 

WT and HRM mice. Although no significant diOcrcncc in hippocampal volume was 

found between the treatment groups, prenatal h}poxia induced an increase in frontal 

cortex volume in the WT mice (Fig 5). llov.ever, frontal cortex volume was significantly 
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reduced in HRM following prenatal h}poxia. We did not find any change in blood flow 

in frontal cortex and hippocampus between any of the treatment groups (Fig 5). 

Next, we examined whether the data on bcha\ ior and imaging patterns in WT and 

IIRM follo~ing prenatal norrnoxia or hypoxia arc correlated with the levels of molecules 

associated with hypoxia and stress in the above treatment groups. As expected, we found 

a significant decrease in reelin protein levels in the frontal cortex and hippocampus of 

I IRM as compared to WT (Fig 6). ln addition, prenatal hypoxia induced a significant 

decrease in reel in levels in frontal cortex of both W rand I IRM as compared to norrnoxia 

treated WT mice. Moreover, a significant difference in reelin levels was observed 

between hypoxia treated WT and HRM. A significant decrease in reelin levels was found 

following prenatal hypoxia in hippocampus of I IRM as compared to norrnoxia treated 

WTmice. 

To investigate whether prenatal hypoxia has long lasting effects on VEGF 

signaling, we tested HIF 1-a, VEGF, and Flk I protein levels in the PFC and HIPP at 6 

months. We did not find any significant change in I IIF-1 a protein levels in fronta l 

cortex between I IRM and WT mice following normoxia or hypoxia (Fig 7 A). However, 

IIRM mice showed increase in VEGF levels in their frontal cortex as compared to 

normoxia treated WT mice (Fig 7B). But. no change in the levels of VEGF receptor, Flk 1 

leveb was found between I IRM and WT mice (Fig 7C). 
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We found a significant reduction in I IIF-1 levels in the hippocampus of IIRM 

following prenatal hypoxia (Fig SA). No change in YEGF and Flk1 levels were found in 

the hippocampus of I IRM as compared to WT following normoxia or hypoxia (Fig 88, 

C). We found a significant increase in serum YEGF levels in HRM mice following 

prenatal hypoxia as compared to normoxia treated WT mice (Fig 9). 

Next, we have examined GR and corticosterone levels in WT and IIRM following 

prenatal h}poxia. We found a significant increase in GR protein levels in IIIPP, but not in 

PFC of HRM (Fig 10). Moreover, prenatal hypoxia induced a significant decrease in GR 

levels in the frontal cortex of IIRM as compared to normoxia treated HRM (Fig 1 08). 

We found a significant reduction in serum corticosterone levels in WT mice following 

prenatal hypoxia (Fig 11 ). 

Our data on the effect of prenatal h}poxia on behavior, imaging and 

neurochemical patterns in WT and HRM at 6 months of age were found different as 

compared to our previous stud} in mice at 3 months of age. Specificall}, prenatal h)poxia 

did not result in any alterations in %PPI, spatial memory and anxiety-like behavior in WT 

and HRM at 6 months of age, whereas significant increases in anxiety-like behavior and 

% PPI were found in WT and I IRM mice at 3 months of age following prenatal hypoxia. 

These results indicate that the prenatal hypoxia-induced changes in behavior related to SZ 

arc declined with age of the animals. The above data also support clinical observations 

that Z tends to first develop bet~een adolescence and young adulthood, and the risk of 

SL declines with age (Beratis et al., 1994 ). 
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It is important to note that anxiet} was the onl} behavior from our studies at 3 

months of age, which was in agreement with the clinical data on the role of prenatal 

hypoxia as a risk factor in SZ. On the other hand, either increase or no change was found 

in spatial memory and 0/oPPI in IIRM and WT following prenatal hypoxia. Similarly, the 

lack of changes in blood flow in frontal cortex and hippocampus of mice at 6 months of 

age fo llowing hypoxia further indicate that the adolescence or early adulthood changes in 

behavior and blood flow following prenatal hypo,ia are not long-lasting effects. 

I IIF-1 is considered as the key transcription factor for VEGF (Levy ct al., 1995). 

However, we found a significant increase in VEGF levels without any change in I IIF-1 

levels following prenatal hypo,ia. The above data suggest whether VEGF expression is 

regulated by prenatal hypoxia via HIF-1 independent pathway. A recent study has 

indicated that PGC-1 a (peroxisome-proliferator-activatcd receptor-gamma coactivator-

1 alpha) regulates VEGF expression via IIIF-1 independent pathway (Aran} et al., 2008). 

Further studies need to be performed to understand the role of PGC-1 alpha in VEGF 

regulation following prenatal hypoxia. 

It is known that glucocorticoid and its r\!ceptor, GR, play important roles in 

mediating anxiety-like phenot)'pe in mice (Da"id et al., 2009; Kutiyanawalla et al., 

2012). Our data in mice at 3 months of age found a significant increase in GR levels in 

PFC and IIIPP following prenatal hypo:\ta. Moreover, we found a significant decrease in 

serum corticosterone levels in the above treatment groups. Although we found a 

significant decrease in serum co11icosteronc levels following hypoxia in WT at 6 months, 

no anxiety-like behavior ""as observed Stress has been shown to be higher prior to the 
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onset of psychosis when lower cortisol levels were observed (Pruessner et al., 2013). It 

has been suggested that the reduction in cortisol may be in response due to stress 

induction and could indicate a desensitization of the hypothalamic-pituitary-adrenal axis 

(Pruessner et al., 20 13). Together, the above data indicate that prenatal hypoxia induced

changes in the levels of proteins associated with h) poxia and stress are time dependent, 

with more deleterious effects in early adulthood. 

In summar), our data indicate that prenatal h) poxia at E 17 failed to induce any 

significant changes in % PPI, spatial memory, anxiety-like behavior, and blood flow in 

frontal cortex and hippocampus in mice at 6 months of age. Moreover, reelin deficiency 

did not play an) role in mediating prenatal h) poxia-induced effects on behavior and 

blood flow patterns in mice. Though some significant changes in the levels of proteins 

associated with hypoxia and stress were observed following prenatal hypoxia, those 

alterations were region specific and did not correlate with behavior or blood flow data. 

These findings suggest that future studies to understand the gene-environment 

interaction, the hypothesized mechanism for increasing risk for SZ may consider the age

dependent effects of the environmental factor, in addition to the specificity of the gene of 

interest. 
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Materials and Methods 

Animal 

All animal experiments were performed in accordance to Georgia Regents University's 

Committee on Animal Use for Research. Two original mating pairs of Heterozygous 

Reeler Mice (I IRM) were obtained from Jackson Laboratories (Bar I labor, ME, USA), 

and an in-house 1-IRM colony was created in accordance to IUCAC guidelines. Pregnant 

dams exposed to hypoxia were not used for subsequent breeding. 

erum Collection from mice 

Mice were killed b} decapitation in the early afternoon, and trunk blood was harvested 

and serum collected for analyses. If animals were moved from one location to another, 

the animals \\ere not disturbed for at least 30 minutes before sacrifice to prevent 

alterations in their cortisol levels from the transport. 

Mouse erum Cortisol Assay 

erum was assayed for CORT using a quantitative competitive enzyme immunoassay kit 

(KGE008, R&D S}stems) according to manufacturer's instructions. The reading 

absorbance was 450nm and corrected at 570nm, \\ith a minimal detectable dose of0.071 

ng/mL. The intra/inter-assay variation was 5.4°/o-21.2°/o. 
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Mouse erum VEGF 

erum samples were collected as described above. and soluble VEGF protein levels were 

determined using a quantitative sandwich eru)me immunoassa) (ELISA) kit (MMVOO, 

R&D Systems). The reading absorbance was 450nm, and corrected at 570nm with a 

minimal detectable dose of3 pg/mL. The intra/inter-assay variation was 4.3%-8.4%. 

Genotyping 

Animals were gcnotyped using the DNA extraction I lOT SI lOT method (Truett et al., 

2000). fhc follov.,ing Reelin primers used were: Wildtype Reelin RP S'ACA GIT GAC 

ATA CCT TAA TC 3'; Reelin FP S'TAA TCT G IC CTC ACT CTG CC 3'; Reelin RP 

5'TGC A IT AA T GTG CAG TOT 1 G 3 '. amples ""'ere analyzed by PCR 

(communication from Dr. Dennis Grayson laboratory) and run on a 2°/o agarose gel for 

UV determination of bands using ethidium bromide. 

In Vivo Hypoxia Experiments 

Timed pregnant mice were allowed to gestate to F 17, at which time the pregnant dams 

underwent exposure to a controlled 9°'o Oxygen em ironment in a hypoxia chamber 

(Bio pherix. Y. USA) for two hours. I he normo\.ia groups were allowed to gestate 

undisturbed until deli"ef). The offspring was tested for behavioral, imaging and 

molecular studies. Beha"ioral, MRI imaging. and molecular anal)sis was performed at 6 

months of age. Frontal Cortex and I Iippocan1pus samples \-.ere collected for protein 

analyses. 
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Protein ample Preparation 

RIPA buffer (Teknova, Cat #R3792) contained additives such as EDTA-Free Halt 

Protease Inhibitor Cocktail (Thermo, Cat #78245; I OOuUl OmL), sodium fluoride 

(200mM; 250uL/l OmL), sodium orthovanadate (200mM; l OOuL/1 OmL) and 

Phenylmethylsulfonyl fluoride (PMSF) (Sigma, P-7626, 1 OOmM in ethanol; 

1 OOuL/1 OmL). Cell lysate collection took place after shaking for 15 min on ice, and 

homogenization took place using the BioSpec mini-beadbeater 16. The extracts were 

then clarified by centrifugation at 13,000 rpm for 15 min at4 °C and supernatent stored at 

- 70°C. Protein concentrations were determined b} the bicinchoninic acid method (BCA 

Protein Assay Kit, Sigma, USA). 

Western Blotting 

Equal amounts of protein were resolved in SDS-polyacrylamide gels and transferred 

electrophoretically onto a 0.45-micron nitrocellulose membrane (Bio-Rad). Membranes 

were blocked for l h in TBST (10 mM Tris IICI, pll 8.0, 138 mM NaCI, 2.7 mM KCI, 

and 0.05% Tween-20) and 5% non-fat milk or bovine serum albumin (BSA) and 

incubated overnight with the indicated antibodies. After \\ashing \\>ith TBST, the 

membranes \\ere incubated for l h with horseradish peroxidase-conjugated anti-rabbit or 

anti-mouse secondary antibodies in TB I and 5°/o non-fat milk. econdary antibodies 

were washed off with TB T. and proteins were \lisualized by enhanced 

chemiluminescence. The densitometric \alues for the proteins of interest were corrected 
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using P-actin or P-tubulin. Image J softv.are (Wa}ne Rasband, NIB, USA) was used for 

densitometric analysis. The primary antibodies used in this study were: Reelin 

(MAB5364), VEGF (ABS82) (both were from Millipore, Billerica, MA, USA); Flkl 

( C-504), HIFI-a (SC-10790) and GR (SC-1003) ( anta Cruz, Santa Cruz, CA, USA); P

actio (A4700; Sigma, St Louis, MO, USA) and B-tubulin (CS2146, Cell Signaling, 

Danvers, MA, USA). The secondary antibodies used were anti-Rabbit IgG (SC-2317; 

Santa Cruz) and anti-Mouse IgG (CS7076; Cell Signaling). 

Behavioral tudies 

All protocols followed were obtained from and approved b} the Small Animal Behavior 

Core at Georgia Regents University. Animals \\ere placed in the testing room and 

allowed to remain undisturbed for approximate!} 30 minutes before behavior testing 

began on each day of analysis. All equipment was cleaned with a vinegar solution 

between mice to prevent olfactory stimulation, which could create anxiety in the subjects. 

Behavioral studies were performed in four groups of mice at 6 months of age: WT

nonnoxia, WT-hypoxia, HRM-normoxia and IIRM-hypoxia. 

Prc-pul c Inhibition (PPI) 

Mice at 6 months of age (n=S-10 group) were tested for PPI deficits according to 

previous protocol (Terry et al, 20 II). Animals undement three days of testing. On the 

first day, mice \\Cre allowed to habituate to the testing chamber apparatus (San Diego 

Instruments, an Diego, CA) for 20 minutes. I'hc second day consisted of the mice being 
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exposed to the various frequency auditor} stimuli, randomized for a total of 24 trials. 

The third day the mice underwent testing for a total of 60 trials. The nulstim background 

noise was 70 dB with a duration of 40ms. Pre-pulse values were 75, 80, and 85 dB at 

20ms durations. A startle amplitude of 120 dB at 40ms was used. 

Open Field (OF) 

Mice at 6 months of age (n=9-14/group) were tested for habituation, anxiety and 

hyperactivity behaviors using the Open Field apparatus (10.75" X 10.75" X 8", Med 

Associates, St Albans, VT). Briefl), the mice were allowed to freely roam for 30 

minutes. The center zone was defined as the center 6 inches. Movement was 

determined by laser beam breaks on hori.wntal and vertical axes. Data of interest 

included total distance traveled, distances traveled in the center zone, as well as time 

spent in the center zone. Total distance traveled gave an indication for hyperactivity. 

Mice which spent more time in the center Lone were considered less anxious than those 

who spent the majority of their testing time in the peripheral zone. 

Y -maze memory task 

Mice at 6 months of age (n=8-ll /group) were tested for memor} deficits using a food 

reward-based tasl-... The mice \vere tested sequentiall) so that each mouse underwent the 

testing at equal time lapses (i.e. mice were not tested repeatedly for the total number of 

trials before mo\ ing to the next mouse). I' he mice \\ere allO\\ed to feed for 3 hours/day 

for two days before habituation trials began. Subsequent food deprivation days allowed 
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the mice to feed for 1 hour after training trials were complete. The mice were allowed to 

habituate to the testing apparatus (Y -maze) for a total of 3 trials, 2 minutes each, for n.vo 

days (total of 6 exploration trials). Training trials consisted of 4 trials per day for 3 days. 

Probe days allowed the mice 3 more training trials and then a probe/delay trial. The trials 

were pseudo-randomized, having each arm closed equally per day. 

The protocol followed is as described: The subject was held at the base of the Y 

in a box for 30 seconds. Habituation trials had both anns baited and open. During 

training and testing trials, both arms are baited, however one arm was blocked, forcing 

the subject to explore and retrie\e the reward in the open arm. The subject was then 

coerced back to the base of the maze and held again for 30 seconds, during which both 

arms arc opened and baited. The subject was then released and allowed to choose which 

arm to explore. Hov.ever, if the mouse went d0\\11 the incorrect arm (the one previously 

visited), it was stopped before reaching the reward. [f the mouse failed to complete the 

task in the allotted time (2 minutes), it was rcmoYcd from the Y maze apparatus. The 

mice were scored on a 0 (incorrect choice or failure to complete task) or 100 (correct 

choice) basis. 

Along these lines, training days of 30 second delay trials were used. Two days of 

three, 30 second trials followed by a 7 minute dela} were tested. And lastly, two days of 

three, 30 second trials follov.·ed b} a 3 minute delay \\as used. The 3 minute probe trial 

days were added to determine if the dela} of 7 minutes was too long for the mice to 

remember their previously explored ann. 
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MIU imaging on mice 

MRI imaging was performed at the Core for Imaging for Small Animals at Georgia 

Regents University. All images were acquired on a 7.0 T, 20 em bore MRI Spectrometer 

with a micro-gradient insert (950 mT m) and a 35 mm volume coil to transmit and 

receive at 
1
H frequency. The T1-weighter images were generated using a MDEFT pulse 

sequence: matrix - 128 x 182; TEffR 3.5/3500 ms; slice thickness = 0.45 mrn; FOV = 

1.8 x 1.8 em; NA - 2. The perfusion images were generate using a FAIR-RARE pulse 

sequence: matrix 96 x 96; TEffR 35.8/ 1200 ms; FOV 1.92 x 1.92 em; NA = 4. The 

perfusion images were analyzed with arterial spin labeling macro in the Para Vision 5.1 

software package. Volumetric analysis \\-aS obtained using Image J software. 

tatistical Anal) sis 

Data arc expressed as mean ± SE. A Two-way ANOVA, with Bonferroni's multiple 

comparison procedure, was used for statistical analysis. Comparisons between multiple 

groups were done by one-way ANOV A. Individual comparisons between two groups 

were performed with a Student's t-test. A three-way ANOVA was used for the PPI 

analysis. Probability (P) values of less than 5°/o were considered significant. 
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Figure 1. Startle amplitude is disrupted in WT Hypoxia mice and corrected in HRM 

Hypoxia (A) WT Hypoxia mice have decreased startle down to HRM Normoxia levels. 

Due to high variability, it is insignificant to WT Normoxia mice. Hypoxia reverses the 

startle response in HRM Hypoxia mice, compared to I IRM Normoxia and WT Hypoxia 

groups. (B) Three way ANOV A analysis showed increases with amplitude but no 

significance between groups per amplitude. *p<O.OS; # p=O.OS 
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Figure 2. No memory deficits found in Y-maze testing in adulthood. (A) Training trials 

consisted of four days, four trials/day using a 30 second delay. (B) No significant 

treatment or genotype effects on memory is observed at 30 seconds, 3 minutes, or 7 

minute delay times. 
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Figure 3. Open Field activity for total distance traveler/. No significant changes in total 

distance traveled although HRM Hypoxia mice are slightly decreased. 
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Figure 4. No anxiety-like behavior in Open Field activity for center zone at 6 months 

old. (A) No differences in percent time spent in the center. (B) No differences in 

percent distance traveled in center. 
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Figure 5. Prenatal hypoxia has regional and opposite treatment effects according to 

genotype at 6 months of age in PFC. (A) No HIPP volume loss is observed between 

groups. WT Hypoxia group trends towards significance with increased PFC volume 

while HRM Hypoxia mice have significant reductions in PFC volume following prenatal 

hypoxia. (B) No change in HIPP blood flow was observed. (C) No changes in PFC 

blood flow were significant. *p<O.O 1; # p=0.06 
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Figure 6. Prenatal hypoxia reduces Reeli11 expressio11 at 6 molltlls of age (A) HRM 

Hypoxia group is significantly lower than both WT groups. (B) Hypoxia treatment 

effect observed in WT with significant decreases to Reclin in PFC. IIRM hypoxia group 

is significantly decreased compared to WT Normoxia mice. *p<0.05; # p=0.056 
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Figure 7. VEGF signaling explored in PFC at 6 molltlts (A) No significant changes to 

PFC IIIFl-a expression. (B) Genotype effect observed with trending higher VEGF in 

HRM Norrnoxia and significant increases in HRM llypoxia compared to WT Normoxia. 

*p<0.05 
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Figure 8. HIFJ-a expression is lowest in HRM Hypoxia HIPP at 6 months (A ) HRM 

Hypoxia show reduced HIFl-a.. (B) No change is observed in VEGF expression. (C) 

Flkl is reduced but insignificant in HRM Hypoxia group. *p<O.OS; # p=0.06 
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Figure 9. HRM ltave i11creased p eripheral VEGF. Genotype effect is observed due to 

increased VEGF in HRM Hypoxia mice compared to WT Normoxia. 
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Figure 10. Prenatal hypoxia has long lasting effects HIPP GR expression in HRM 

mice. (A) No significant changes in PFC GR expression. (B) HRM normoxia have 

trending increases in GR expression in HIPP compared to WT mice. A significant 

decrease was observed in HRM hypoxia treated mice, with a GR downregulation 

compared to HRM Normoxia mice. 

*p<0.05; # p 0.06 
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Figure 11. Pre11atal hypoxia has lo11g lasting effects 011 cortisol levels in WT mice 

Treatment effect observed in WT mice with cortisol decreased by hypoxia. HRM 

Hypoxia mice are significantly higher than WT Hypoxia mice. 
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Table I. Detailed statistical analysis f or 6 month data. Graphs that did not show 

significance are not represented here. 
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GROUP p 6 month ANOVA 
HIPP 

AxB t: 0.5052 df=4 0.6400 - 0.1072 -AxC t=2.071 df=4 
t= I 1.21 df=4 0.0004 

- Reel in Genotype AxD -CxD t 1.626 df=4 0.1792 -BxD t=2.666 df=4 0.0560 

GROUP ANOVA 
AxB t- 0.150 I df=4 0.8879 -

0.3492 AxC t~ 1.059 df=4 
HIFl-a -AxD t 4.475 df=4 0.0110 Genotype -CxD t 1.262 df=4 0.2756 - -

BxD t 2.492 df 4 0.0673 

GROUP ANOVA 
AxB t= 1.764 df=4 0.1524 -AxC t 2.606 df=4 0.0597 - -AxD t 1.873 df=4 0.1344 OR Interaction -CxD t 6.245 df=4 0.0034 -BxD t 5.270 df=4 0.0062 - 1---

GROliJ> 6 month PFC ANOVA 
AxB t=5.947 df=3 0.0095 -
AxC l"-2.816 df=4 0.0480 

Reel in - Genotype AxD t= 13.44 df=4 0.0002 

CxD t- 1.269 df=4 0.2733 
- Treatment 
-BxD t 8.1 88 df=3 0.0038 

GROUP ANOVA 
AxB t= l.373 df=4 0.2417 

AxC t 2.586 df=4 0.0609 VEGF 

I 
-
f- 0.0101 - Genotype AxD l-'4.592 df=4 -CxD t 0.1703 df=4 0.8730 -BxD t 0.8987 df=4 0.4196 

Key for Tables 1-2: Table I 

A= WT Normo~ia C= IIRM ormoxia 

B= WT Hypoxia D= IIRM Hypoxia 





Table II. Detailed statistical analysis for 6 month serum analyses. Graphs that did not 

show significance are not represented here. 
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-
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t=0.03865 df=6 
t=0.3145 df-6 
t=0.4531 df-6 
t=3.056 df=6 

t 0.0800 I df- 6 
t 1.857 df=ll 
t=2.392 df=9 - - r--

t-"0.7438 df= I 0 
t= 1.594 df=5 
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0.0199 -
0.9704 
0.7638 

- Cortisol Treatment 

0.6664 - 6mo Genotype 

0.0223 -

0.9388 
0.0903 - - VFGF serum 
0.0405 Genotype - 6mo 
0.4741 -
0.1718 

Table II 
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Introduction 

A large body of evidence from clinical studies have shown that the brain regional 

cellular energy metabolism and blood flow are altered in SZ (Buchsbaum et al., 

1992, Miller et al., 1997, Miller et al., 2001, Bartlett et al., 1998; McClure et al., 1998). 

Furthennore, several studies have reported that the various positive and negative 

symptom dimensions observed in subjects with SZ arc often associated with specific 

patterns of the regional blood flow (Andreasen et al., 1997, Weinberger et al., 1988, 

Wiser et al., 1998). 

It is k.no\.vn that the impairments in cellular metabolic activity will change the 

demand for oxygen and glucose, v.hich could stimulate the compensatory changes in 

blood flow via acute vasodilation and overtime angiogenesis. Among the different 

angiogenic factors that have been identified in the central nervous system, vascular 

endothelial growth factor (VEGF) is generally accepted as the major factor involved in 

the process of angiogenesis and blood flow. VEGF and its receptors are expressed on 

neurons and astrocytes, and VEGF induces neuronal outgrowth (Starkebaum et al., 

2004). We have recently reported a significant decrease in VEGF mRNA in the 

dorsolateral prefrontal cortex of SZ subjects (FuiLele and Pillai, 2009). However, it is not 

known whether the peripheral levels of Vr.Gr arc altered in Z. 

In the present study \.\e examined serum VI'GI· levels in SZ and age-matched 

control subjects. We have also examined '"hcther the changes in peripheral VEGF levels 

correlate to changes in regional brain volume in S/. 
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Results 

The patients participated in the present study were both SZ and schizoaffective 

subjects. The combined patient population of Sl. and schizoaffective subjects will be 

referred hereafter as SZ spectrum subjects. The control and SZ spectrum groups were 

comparable in terms of age (p=0.866) and education (p 0.691 ). However, significant 

differences in right hemi rostralmiddle frontal volume (p 0.0 14), right hemi superior 

frontal volume (p 0.005), left hemi rostral middle frontal volume (p=O.OO 1 ), left hemi 

superior frontal volume (p=0.002). left hippocampus (p 0.0 17) and cortex volume 

(p 0.001) were found between control and I spectrum groups. Specifically, SZ 

spectrum subjects had lower volumes in the above brain regions as compared to age 

matched controls. No difference was obsened in right hippocampus volume between the 

above study groups. 

We have also compared the abO\ e variables between SZ and schizoaffective 

subjects. Significant differences in right hcmi rostralmiddle frontal volume (p=0.035), 

right hemi superior frontal volume (p 0.047), left hemi rostralmiddle frontal volume 

(p 0.022), left hippocampus (p 0.002). right hippocampus (p 0.000), cortex volume 

(p 0.038) and BMI (p=0.023) were found bet\.\.een S/ and schizoaffective subjects. 

Interestingl), no significant differences were observed in an) of PANSS scores studied 

betv.een the above study groups. 
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We found a significant increase in serum YEGF protein levels (p=0.031) in 

subjects with SZ spectrum disorders compared to controls (Fig. 1). Next, we did separate 

analyses in SZ and schizoaffective subjects for YEGF levels. We found a significant 

increase in VEGF levels (p=0.020) in the schizoafTective subjects as compared to 

controls. Moreover, SZ subjects also showed an increase in YEGF levels though the 

values were not significant as compared to controls (p 0.09). 

To determine the association between serum YFGF levels and potential variables, 

correlation analyses were performed in controls, L spectrum subjects, and the combined 

group of control and SZ spectrum subjects. A significant, positive correlation between 

serum YEGF levels and gender was found in the combined group of subjects (r=0.063; 

p 0.045). erum YEGF levels were significant!} correlated with age (r=0.259; p=0.033) 

and education (r=-0.245; 0.044) in controls but not in the other groups. Interestingly, a 

significant negative association was obser\led between VEGF levels and right hemi 

rostralmiddle frontal volume in both SL spectrum (r -0.300; p- 0.032) and the combined 

group of control and SZ spectrum subjects (r -0.245; p 0.0 13). Correlations were also 

examined between serum YEGF and psychopathology scores. However, no significant 

association was found between VEGF and PAN scores. 
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Discussion 

The ke) findings from the present stud) arc as follows: ( l) schizophrenia 

spectrum subjects had lower volumes in right hcmi rostralmiddle frontal gyrus, right 

hemi superior frontal frontal gyrus, left hemi rostralmiddle frontal frontal gyrus, left 

hemi superior frontal frontal gyrus, ten hippocampus and cortex as compared to age 

matched controls; (2) the group of patients v.ith schi1.oaffcctivc disorder had the highest 

serum VEGF levels, followed by the group with SZ, and then the group with matched 

healthy controls; and (3) serum VEGr showed a significant negative association with 

right hemi rostralmiddle frontal volume in Sl spectrum subjects. The data from the 

present study supports previous reports of regional abnom1alities in the structure of the 

prefrontal cortex of individuals with I (Goldstein ct at.. 1999; Buchanan et al., 1998; 

Yamasue et al., 2004; Buchanan et at., 2004; uzuki et al., 2005; Crespo-Facorro et al., 

2000; llarms et al., 201 0). 

To best of our knowledge, this is the first report on the peripheral levels of VEGF 

tn Z subjects. In addition, the present stud) extends our findings in serum VEGF levels 

by measuring the regional brain volumes in the same study population. It has been shown 

that the rostral middle frontal g) rus most likely to represent the dorsolateral frontal cortex 

(DLPFC) region of the brain (Kikinis ct at.. 201 0) DI PIC plays an important role in SZ 

pathophysiology (Lewis and Mimics. 2006). It has been shown that the deficits in the 

activation of Dl PFC during working memory tasks predict the severity of cogniti-..e 

impairments in Z (Perlstein et at.. 200 I) ~mce workmg memory deficits appear to be a 

core feature of L, identifying peripheral marker that contributes to the alterations in 



139 

DLPFC function would be helpful to understand the underlying disease process as well as 

treatment management in SZ. The correlation of serum VEGF levels to changes in right 

hemi rostraJmiddle frontal volume indicates that serum VEGF levels can be useful for 

understanding the parallel changes in structural abnormalities in right hemi rostralmiddle 

frontal gyrus. 

A large body of evidence from neuroimaging and neurobchavioraJ studies 

supports the neurodevelopmental origin of SZ pathophysiology (Kcshavan et al. 2004; 

Wright et al. 2000). Moreover, data from post-mortem studies have provided evidence for 

neuropathological abnormalities that appear to have neurodevelopmental origin (Heckers, 

1997; Jarskog, 2006; Selemon et al. 1995). Together, the above studies suggest altered 

neuroplasticity, delayed myelination and synaptic deficits in SZ. In this context, VEGF 

has been shown to play an important role in neurodevelopment, neurogenesis, and 

cognitive functions (reviewed by Carmen Ruiz de Almodovar et al., 2009). We have 

reported a significant decrease in VEGF mRNA in the DLPFC of SZ subjects (Fulzele 

and Pillai, 2009). I lowever, our present study found a significant increase in serum 

VEGF levels in SZ. Since VEGF does not cross blood-brain barrier, the increase in serum 

VEGF could be due to increased release of VFGr from circulating platelets (Verheul et 

al., 1997). Since platelet count is knov.n to significantly influence the release of VEGF 

(Hormbrey et al., 2002), measurements of VEGF in plasma or normalizing serum VEGF 

levels to platelet count may provide additional information on the release mechanism on 

VEGF in periphery. Moreover, a feedbad .. mechanism may operate to increase the release 

of VEGF in periphery in response to tnh1b1tion of the VrGF signaling pathway in the 
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CNS. However, the possibility of decrease in VEGF in DLPFC as a response to increase 

in peripheral VEGF protein levels cannot be ruled out. But, further studies are warranted 

to understand the above possible mechanisms. 

Hypoxia is a well-known stimulus for angiogenesis and leads to an upregulation 

of VEGF (Semenza, 2002). Interestingly, studies have shown additional reductions in 

brain abnormalities in subjects with SZ and their siblings who experienced obstetric 

complications as compared to controls suggesting a possible role of hypoxia in the 

pathophysiology of SZ (Cannon et al., 2002; Stefanis et al., 1999; McNeil et al., 2000; 

Nicodemus et al., 2008). Although hypoxia can be one factor of elevated levels of VEGF, 

other factors such as inflammatory molecules such as cytokines might also result in 

VEGF elevation (Di Nicola et al.. 2013; Arrode-Bruses and Bruses, 2012). There is 

growing evidence on the role of inflammation in S/ (Miller BJ, 2011 ). The change in 

VEGF levels found in SZ subjects could be part of the disease pathology or due to the 

neuroleptic treatment. In particular, our earlier study in rodents has found differential 

effects of ncuroleptics on VEGF levels (Pillai and Mahadik, 2006). However, we did not 

find any significant correlation between VFGF levels and antipsychotic use in the present 

study. Other studies have shown activation of VEGF by Risperidone and Haloperidol to 

promote stem cell survival in rat hippocampus (Keilhoff ct at., 2009). Interestingly, 

VEGF has been found to contribute to hippocampus morphology variations in humans 

(Blumberg ct at., 2008) 
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In conclusion, the findings of this stud} indicate that subjects with SZ have 

increased serum VEGF levels, and these levels show a significant correlation with rostral 

middle frontal volume. Since the protective effects of VEGF indeed result from the 

combined effect on vessels, neuronal and nonneuronal cells, VEGF could be a 

particularly suitable and promising candidate for therapeutic studies in SZ. 

Materials am/ Methods 

Serum VEGF assay 

Quantification of serum VEGF was performed with a DuoSet enzyme-linked 

immunosorbent assay (ELISA) (SVI· OO, R&D Systems, Minneapolis, IN, USA) 

according to the manufacturer's specifications. 

Statistical Analysis 

Data arc e\.prcsscd as mean 1: Sl· . A I \\O-v.a~ \ OVA, \\ith Bonfcrroni's multiple 

comparison procedure, was used for statistical anal) sis. Comparisons between multiple 

groups were done by one-way ANOVA. lndi\ idual comparisons between two groups 

were performed with a Student's Hcst. Probabilit)' (P) \alues of less than 5% were 

considered significant. Pearson's corrdations \\en.! performed using PSS softv.-are 

(IBM). Cohen's d \\aS calculated to dl.!tcrmmc the ef'lcct si1c of the correlations. 
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Table I. Correlations betwee11 Co11trol and Scltizopltrenia subjects. ANOVA Analysis 

was performed on control versus schizophrenia/schizoaffcctive subjects to uncover 

significant differences in all brain regions except the right hippocampus. Schizophrenia 

spectrum subjects have significantly decreased volumes compared to controls. *p<0.05 



Table I. Correlatio11s betwee11 Control a11d Schizophrenia subjects 

Control Schizophrenia spectrum 

Variable Mean (±SE) II Mean(±SE) II p 
Age (yr) 3 J .862 (0.886) 87 35.722 (0.85 1) 97 0.866 

Education (yr) 14.563 (0.250) 87 12.474 (0.243) 97 0.691 

Right hemi rostralmiddle frontal 17.618 (0.333) so 16.478 (0.309) 51 0.014* 
volume (mL) 

Right hemi superior frontal volu me 23.972 (0.403) so 22.242 (0.440) 51 0.005* 
(mL) 

Left hemi rostralmiddle frontal 16.873 (0.304) so 15.419 (0.295) 51 0.001* 
\Oiume (mL) 

Left hemi superior frontal volume 24.872 (0.40 I) so 23.037 (0.404) 5 1 0.002* 
(mL) 

Left hippocampus (mL) 4.481 (0.055) so 4.281 (0.060) 51 0.017* 

Right hippocampus (mL) 4.459 (0.05 I) so 4.348 (0.060) 51 0.165 

Cortex volume (mL) 508.223 (7.096) so 473.131 (7.637) 51 0.001 * 

*significant (p<O.OS) 
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Table II. Scltizopltrenia versus Scltizoaffective subjects. ANOV A Analysis was 

performed on control versus schizophrenia/schizoaffective subjects to uncover significant 

differences in all brain regions except the left hemi superior frontal. Schizoaffective 

subjects have significantly decreased volumes compared to Schizophrenia subjects. 

Schizoaffective subjects had higher BMI than Schizophrenia. Cohen's d was performed 

to see the magnitude of effect size of significance. *p<0.05 



Table II. Correlations between Scltizopltrenia and Sc/tizoa/fective subjects 

Variable Schizophrenia Schizoaffective Effect size 

Mean(:!: E) n Mean (:!:SE) n p 
Cohen's d 

Right hemi rostralmiddle frontal 16.745 (.370) 37 I 5.232 (0.435) 12 0.035* 0.805 
volume (mL) 
Right hemi s uperio r frontal 22.771 (0.542) 37 20.673 (0.659) 12 0.047* 0.75 1 
volume (mL) 
Left hemi rostralmiddle frontal 15.790 (0.371) 37 14.172 (0.316) 12 0.022* 0.964 
volume (mL) 
Left hemi superio r frontal 23.468 (0.5 I 0) 37 21.765 (.0567) 12 0.081 0.672 
volume (mL) 
Left hippocampus (mL) 4.388 (0.072) 37 3.958 (0.066) 12 0.002* 1.285 
Ri~ht hippocampus (mL) 4.496 (0.067) 37 3.923 (0.058) 12 0.000* 1.881 
Corte\. volume (mL) 482.7 17 (9.804) 37 444.700 (7.266) 12 0.038* 0.896 
Duration of illness (yr) 12.47 (1.012) 55 14.45 (1.503) 20 0.304 -0.278 
CPZ (mg) 547.58 (66.697) 54 5 14.06 (96.65) 20 0.788 0.073 
B'\11 29.90 (0.888) 48 33.81 (1.263) 17 0.023* -0.688 
PA"'iSSpos 14.746 (0.596) 55 13.55 (1.139) 20 0.324 0.251 
PAI\1 neg 14.818 (0.890) 55 11.85 (1.091) 20 0.071 0.5 17 
PA!'iS gen 29.636 (1.228) 55 30.30 (1.619) 20 0.770 -0.081 
PA Stota l 59.20 (2.368) 55 55.70 (3.115) 20 0.425 0.222 

*significant (p<O.OS) 
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Table III. VEGF Correlations. Correlation analysis ofYEGF to different variables were 

performed. Correlation (r) was performed in three groups: Controls alone, Schizophrenia 

spectrum alone, and full sample (Control + Schizophrenia). Age and education was 

significantly correlated in controls, but not in other groups. The right hemi rostralmiddle 

frontal volume was significant in the full sample and spectrum set, with a negative r 

value. However, upon analysis ofVEGF in serum, it is observed that YEGF is highest in 

Clinical subjects over controls. Therefore, YEGF peripheral concentrations may 

inversely indicate brain volume loss. 



Table III. VEGF correlations 

Variable Controls Schizophrenia spectrum Control + Schizophrenia 
r n r n r n 

Gender 0.029 0.816 68 0.115 0.318 77 0.063 0.045 * 145 
Age 0.259 0.033* 68 -0.005 0.965 77 0.136 0.103 145 
Education -0.245 0.044* 68 0.009 0.941 77 -0.147 0.078 145 
Race I o.o68 0.582 68 0.131 0.256 77 0.096 0.252 145 
Right hemi rostralmiddle frontal \Oiume -0.056 0.698 so -0.300 0.032* 51 -0.245 0.013 * 101 
Right hemi superior frontal volume 0.034 0.813 so -0.2 11 0.137 51 -0.181 0.068 101 
Left hemi rostralmiddle frontal volume 0.142 0.324 so -0.243 0.086 51 -0.167 0.095 101 
Left hemi superior frontal volume 0.063 0.665 so -0. 145 0.311 51 -0. 135 0.177 101 
Left hippocampus 0.080 0.581 so -0.140 0.326 51 -0.116 0.246 101 
Right hippocampus 0.010 0.953 so -0.219 0.123 51 -0. 171 0.087 101 
Cortex volume 0.06 0.680 so -0.171 0.227 51 -0.158 0.114 101 
Duration of illness -0. 112 0.331 77 
CPZ 0.090 0.467 67 
BMI 0. 133 0.253 76 
PA~SSpos -0.036 0.754 77 

~NSSn<g -0.058 0.613 77 
ANSSgen -0.077 0.503 77 
ANSStotal -0.072 0.535 77 

*significant (p<O.OS) 
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Figure 1. VEGF serum concentrations in Control versus Schizophrenia Spectrum. 

VEGF concentrations in serum were analyzed via ELISA. Interestingly, control subjects 

had the lowest concentration ofVEGF. When compared to controls, the schizophrenia 

spectrum group was significantly higher (p=0.031 ). When separated to decipher the 

driving force of significance, the schizoaffective patients had the highest VEGF levels 

(0.020), followed by schizophrenia (p=0.09). 



Figure 1. VEGF serum concentrations in Control versus Schizophrenia Spectrum 
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DI C\J 10 

According to the neurodevelopmental model of SZ, polygenetic and 

environmental factors combine to influence early synaptic development and function, 

causing abnormalities long before the emergence of the symptoms leading to diagnosis 

(Rapoport et al., 2005). Correspondingly, a large number of studies in rodents have 

shown that in addition to the type of en\ ironmental stressor, the timing and duration of 

stressors can generate a wide variety of postnatal bcha\ioral outcomes (Chung et al., 

2005; Tazurni et al., 2005). Data from cliniL.ll studies suggest that the fetal brain is highly 

sensitive to insults throughout pregnane) (van Os ct al., 1998: Kofman, 2002). Moreover, 

maternal stress during the first and second trimester appears to have the greatest influence 

on an increased risk of SZ, as evidenced b:r studies of prenatal exposure to influenza 

(Mednick et al., 1988), war (van Os et a!. , I 998) and adverse life events (Khashan et al., 

2008). 

Meta-analyses have shown that hypoxia, or low oxygen, is the most highly 

correlated insult documented for birth complications in , I (Demjaha et al., 2011: Clarke 

et al., 2006: Boksa, 2004: Van Erp et al., 2002). rhe main goal of this study was to test 

the hypothesis that in geneticall:r \ ulnerable individuals (i.e., those with reel in 

alterations), prenatal hypoxia causes levels of stress that become deleterious to VEGF 

signaling. 
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We wanted to see if this impact leads to structural, neurochemical, and behavioral 

alterations that are commonly obsen ed in Z. Although alterations in blood flow and 

metabolism, under control of VEGF (a h)'poxia-rcgulated molecule), are often disrupted 

in SZ, VEGF's role in SZ has not been thoroughly explored. 

To understand the role of stress on hypoxia-related SZ endophenotypes in mice, 

we first examined whether chronic stress alters VEGF signaling in mice. In Aim 1, we 

found that long-term C\.posurc to corticosh..·nHll' (COR I. a natural glucocorticoid) in mice 

n:duc.:ed VI Gl receptor (rlk.l) prott•in k•,ds both in l'itroand in \'im. We obsened 

alterations tn signaling molecules do\\nsllc.nn to llkl such as PH'\. Ak.t and miOR 

l<.lllO\\ ing (OR I c\.posure. lntcrcstJngl~. COR !'-induced c.:hangcs in Flk.l le\ cis arc 

mediated through glucocorticoid rcceptnr {<IR) and calcium. A significant reduction in 

Flk.l-(.1~ mtcraction ''as also obscn cd l(,llo\\ ing (OR I C:\posurc. VI GI- lc\cls \\ere 

mcreased in corte'\. but decreased in sctum (()Ill)\\ ing COR I tn:Jtmcnt. Morem cr. 

signilicanl reductions in rtk.l and (,R pwtein k\ cis \\Cre l(lund in postmortem prefrontal 

corte'\ samples from S/ subjects. 

I he alterations in \l GF/l·lkl signaling l(llhming long-term continuous COR! 

C'\posure reprc-.cnts a molecular mcchrmism ol' the neurobiological effects of chronic 

stress. It is plausible that people v.ith subjects \\ith S/ have altered hypothalamic 

pituitary adrenal (HPA) axes and cannot respond to stress appropriately. This inability 

to respond could cause a higher baseline of cortisol. causing further downregulation of 

GR to protect the brain from stress. Thus. modulating GR function may be a possible 
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way to manage the disease progress in stress-related neuropsychiatric disorders such as 

sz. 

In Aim 2 and 3, we determined the effects of prenatal hypoxia on VEGF 

signaling, behavioral activities, blood flo". and brain volume in heterozygous reeler mice 

during early adulthood. Our study confirmed previous data indicating prenatal hypoxia 

decreases Reelin expression in CNS (Golan et al., 2009). Prenatal hypoxia induced 

anxiety-like behavior in both wild-type (W r) and heterozygous reeler mice (HRM) at 3 

months of age, whereas it imprO\ ed pre-pulse inhibition (PPI) of the acoustic startle 

response in the above mice. Significant reductions in hippocampal blood flow and serum 

VEGF levels were observed in both WT and 1-lRM following prenatal hypoxia. The 

above observations were interesting because we expected an exacerbation of SZ

endophenotype, in particular %PPI and spatial memory in HRM. 

In addition, these results suggest that prenatal hypoxia at E 17 have differential 

effects on behavioral paradigms related to S/. Although the stress during pregnancy in 

rodents is a well-established method for modeling the influence of environmental factors 

on behavior, repeated or prolonged stress paradigms has been shown to cause habituation 

to the stressful conditions and limit the effectiveness of the experiment due to 

desensitization of the HPA response. In Aim 3, \ve found that the changes observed in 

behavior and blood flow at 3 months of age following hypoxia were not long-lasting as 

we did not find any significant change in the above parameters at 6 months of age. 

Moreover. rcclin deficiency did not pia) an) role in mediating prenatal hypoxia-induced 

effects on behavior and blood flow patterns in mice. Although \\'C found significant 
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increases in h} poxia/stress related molecules such as HIF-1, VEGF and GR in CNS at 3 

months of age following hypoxia. additional studies are warranted to determine whether 

the above proteins are involved in mediating any of the behavioral or functional changes. 

Thus, combining reeler deficiency with a controlled prenatal stress paradigm 

produces both modified and completely new phenotypes relevant to the study of 

psychiatric disease. Our data on the anxiety-like behavior observed in mice following 

prenatal hypoxia may have clinical relevance. Importantly, the pre-existing anxiety 

behavior due to prenatal insults, could turn into a more severe disorder after the "second 

hit" occurs during this vulnerable time period. 

ince our studies in animals found a significant effect of hypoxia on serum VEGF 

levels. we next examined serum VEGF le\ els in , L and age-matched control subjects 

(Aim 4). We ha"e also examined v.hcther the changes in peripheral VEGF levels 

correlate to changes in regional brain volume in /. We found that Z spectrum subjects 

had lower volumes in right hemi rostralmiddle frontal gyrus, right hemi superior frontal 

frontal gyrus, left hemi rostralmiddle frontal frontal gyrus, left hemi superior frontal 

frontal gyrus, left hippocampus and cortex as compared to age matched controls. The 

group of patients with schizoaffective disorder had the highest serum VEGF levels, 

followed by the group with SZ. and then the group with matched healthy controls. This is 

the first report on the peripheral levels of Vl Gl inS/ subjects. 

lnterestingl). serum VEGF sho\\cd a significant negative association with right 

hemi rostral middle frontal volume in I spectrum subjects. Earlier studies have shown 

additional reductions in brain abnormalities in subjects \vith SZ and their siblings who 
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experienced obstetric complications as compared to controls, suggesting a possible role 

of hypoxia in the pathophysiology of SL (Cannon et at., 2002; Stefanis et al., 1999; 

McNeil et al., 2000; Nicodemus et al., 2008). ince hypoxia is a key regulator of VEGF, 

our findings from animal studies on the effect of hypoxia on VEGF, and clinical data on 

the changes in serum VEGF in SZ subjects suggest that VEGF plays an important role in 

the pathophysiology of SZ. The above observations were supported by our earlier finding 

in postmortem brain samples showing decrease in VEGF mRNA in the DLPFC of SZ 

subjects (Fulzele and Pillai, 2009). 

In conclusion, understanding the pathophysiology of complex 

neurodevelopmental disorders like Z \\ill require consideration of environmental as well 

as multiple genetic factors. Our data indicate some concerns in the above consensus 

whether the Sl-like endophenot)'pe (either modified or new) could be achieved by any 

candidate gene of SZ in combination with an environmental stressor. Though reelin is a 

well studied gene in the pathophysiolog) of SL, the findings from our study did not show 

any behavioral or functional deficits in these mice relevant to SZ. Similarly, a recent 

study by Niwa et al, 2013 did not find any behavioral deficits relevant to SZ in a mouse 

preparation with putative dominant-ncgati\e 01 C I, though DISC-1 is a popular 

candidate gene in SZ. However, the)' found bcha\ ioral deficits \\hen the above mice were 

e>.posed to 3-week isolation stress. Thus. further studies should im estigate the effect of 

postnatal stress on the behavioral and functional paradigms in IIRM. 



LMMARY 

I. Prenatal hypoxia induces anxiety-like behavior in early adulthood through 

changes to the VEGF pathway, mediated through glucocorticoid receptors (GR). 

These changes diminish with age, but cause a susceptibility factor possibly 

through for prenatal h> poxia in fiRM that may alter the HPA axis such that 

further stress during adolescence may serve as the "second hit" to lead to 

psychoses. 

2. Alterations to the VEGF pathv. ay, in particular downregulation of Flk 1 ,is 

mediated through GR. Thus, modulating GR function may be a possible way to 

manage the disease progress in stress-related neuropsychiatric disorders such as 

schizophrenia. 

3. VEGF expression is negatively correlated with decreased brain volumes in 

Schizophrenia, particular!> right hemi rostral middle fronta l volume. VEGF 

serum in middle aged subjects is highest in clinical samples compared to control. 

As this data has not been reported before. further cohort analyses are warranted 

to detennine \\hat this data trul} means. 
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