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ABSTRACT 

Introduction 

In the U.S. alone, it is estimated that each year 1 in 25 adults experience a serious 

mental illness. Despite this alarming statistic and the many recent medical advances, the exact 

pathogenesis of many psychiatry illnesses, such as schizophrenia, remains unknown making it 

the focus of ongoing research efforts.  

This study attemps to shed light on the pathogenesis of schizophrenia by investigating 

the interaction between one of the genes that has been linked to an increased risk of 

schizophrenia, the early growth response (Egr) 3 gene, and the serotonin 2a receptor (5HT2AR), 

encoded by the Htr2a gene. Since it is now known that schizophrenia is caused by a complex 

interaction between genetic and environmental factors, this study aims to specifically 

determine whether Egr3-/- mice, a mouse-model of schizophrenia, show decreased levels of 

Htr2a mRNA in the prefrontal cortex (PFC) region of the brain after sleep deprivation (SD), a 

form of stress, compared to wild type (WT) mice.  

Methods  

To answer this question, we used a cohort of age-matched pairs of C57BL/6 Egr3-/- and 

WT male mice. Of these, half underwent a SD protocol while the other half served as a control 

group. Htr2a mRNA in four different brain regions (anterior cortex (AC), prefrontal cortex (PFC), 

hippocampus (HC) and posterior cortex (PC)), was then quantified via densitometry after in-situ 

hybridizationm, and the data analyzed for statistical significance. Based on some of our recent 

data, which showed an approximate 70 percent decrease in 5HT2AR binding in the PFC of  

Egr3-/- mice compared to their WT littermates, and a decreased behavioral response to a 

5HT2AR agonist, we expect our data to show that Egr3-/- mice have decreased levels of Htr2a 

mRNA in the PFC region of the brain in response to SD.  

  



Results 

This study found that Egr3-/- mice show reduced levels of Htr2a mRNA after undergoing 

just 6 h of SD when compared to WT mice, but this was only observed in the AC and not in the 

PFC. In addition, Htr2a expression in response to stress seems to be dependent on Egr3 since 

WT mice showed an increase in Htr2a mRNA after 6 h of SD compared to WT controls and this 

effect was not observed in Egr3-/- mice. 

Conclusion 

 Our findings partially support our hypothesis that Egr3 is directly regulating expression 

of 5HT2AR via the Htr2a gene in response to SD, a form of stress. However, this was found to be 

true only in the AC region of the brain, and not in the PFC as we had originally predicted. In 

addition, the data show a statistically significant increase of Htr2a mRNA after 6h of SD in WT 

mice compared to Egr3-/- mice, which suggest that the Egr3 gene is required for successful 

transcription of the Htr2a gene into Htr2a mRNA and subsequently translated into the 

serotonin 2a receptor (5HT2AR). Together, these findings support Dr. Gallitano’s proposed 

biological pathway for schizophrenia risk, where both genetic and environmental factors (i.e. 

stress) interact to influence risk for developing schizophrenia over an individual’s lifetime. The 

elucidation of this intricate biological pathway could be one of the first steps toward identifying 

potential new targets for the design of more selective antipsychotics that result in fewer side 

effects for patients affected by this debilitating mental illness.  
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LIST OF FIGURES AND TABLES 

Figure 1  Representative images of Htr2a mRNA labeling in the A) anterior cortex (Bregma 

+2.96 to +2.10), prefrontal cortex (Bregma +2.10 to +0.14), and hippocampus and 

posterior cortex (Bregma +0.14 to -2.18).  

Figure 2  A) Egr3-/- mice show decreased expression of Htr2a mRNA in the anterior cortex of 

the brain compared to WT controls after 6 h of sleep deprivation. A two-way ANOVA 

showed a significant effect of genotype for the anterior cortex (F(1,17) = 8.391, 

p=0.01. Sidak multiple comparisons tests show SD increased Htr2a expression 

selectively in the anterior cortex of WT mice (t(t17) = 3.193, p<0.05), and that SD 

increased Htr2a expression in WT compared to Egr3-/- mice, (t(12)= 3.216, p<0.05), 

n=4-6 per group. B, C, D) Egr3-/- mice did not show any statistical significant 

decrease in Htr2a mRNA expression in the prefrontal cortex, hippocampus or 

posterior cortex.  
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RESEARCH QUESTION AND HYPOTHESIS 

The aim of my scholarly project will be to answer the following question: Do Egr3-/- 

mice, a mouse-model of schizophrenia, show decreased levels of Htr2a mRNA in the prefrontal 

cortex (PFC) region of the brain after sleep deprivation compared to wild type (WT) mice? We 

hypothesize that Egr3-/- mice will show reduced levels of Htr2a mRNA in the PFC after sleep 

deprivation compared to WT littermates.  
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INTRODUCTION, SIGNIFICANCE, RATIONALE AND PRELIMINARY INFORMATION 

 Schizophrenia is a debilitating brain disorder that affects approximately one percent of 

the global population (1). It is equally likely to occur in both men and women and does not 

discriminate among ethnic groups (1). People with schizophrenia often experience 

hallucinations, delusions, thought and movement disorders, and a lack of pleasure in everyday 

activities (1). Consequently, schizophrenia patients are likely to lead non-productive lives and 

require family members to care for them. Today, despite numerous scientific and medical 

advances, the underlying cause of schizophrenia remains unknown, which makes it difficult to 

prevent and treat this disease. 

 Although we know that schizophrenia has a high hereditability, its complex genetic 

etiology has made it challenging to identify individual genes involved in its pathogenesis (2, 3). 

In addition, twin studies have strongly suggested that risk for schizophrenia is determined by 

interactions between genetic and environmental factors, such as prenatal exposure to infection 

and stress (3, 4). Over the last few decades, however, individual genes have been linked to risk 

for schizophrenia. In fact, recent postmortem brain studies in Japanese and Korean 

schizophrenic patients have identified the early growth response (Egr) 3 gene as a potential 

susceptibility gene for schizophrenia (2, 5).  

 These findings are supported by the fact that Egr3 is a gene that belongs to a family of 

immediate early gene transcription factors (IEG-TFs), which are rapidly activated in response to 

environmental factors such as novel stimuli and stress including electroconvulsive stimulation 

(ECS) (6, 7). Furthermore, mice lacking Egr3 (Egr3-/-) display characteristics that are often seen 

in schizophrenia animal models, such as failure to habituate to startle stimulus, hyperactivity 

and memory deficits (8). While Egr3-/- mice respond to the anti-aggressive effects of clozapine, 

an atypical antipsychotic, they demonstrate a relative resistance to its sedating effects 

compared to their WT littermates (8). Surprisingly, this tolerance to the sedating effects of 

clozapine is also seen in schizophrenia patients who are able to handle much greater doses of 

clozapine compared to healthy individuals (8).  
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 Although clozapine is one of the best antipsychotics and leads to fewer secondary 

effects compared to other antipsychotics, its mechanism of action has not been determined. 

This can be attributed, in part, to the fact that clozapine binds to many different receptors in 

the brain (9). Identifying a receptor subtype responsible for the sedating effects of clozapine in 

both the Egr3-/- schizophrenia mouse model and schizophrenia patients would help in the 

design of better antipsychotic medications with fewer side effects (9). As a result, patients with 

schizophrenia may be more likely to adhere to treatment thus improving their chances of 

having a better quality of life. In addition, this could reveal a new potential susceptibility gene 

for schizophrenia risk (9).  

 In Dr. Gallitano’s lab, we used the Egr3-/- schizophrenia mouse model as a tool to 

identify that serotonin 2A receptors (5HT2ARs) were responsible for the sedating effects of 

clozapine in WT mice. In fact, we saw an approximate 70 percent decrease in 5HT2AR binding in 

the PFC of Egr3-/- mice. In addition, we observed a decreased behavioral response to 1-(2,5-

dimethoxy 4-iodophe-nyl)-2-amino propane (DOI), a 5HT2AR agonist  (9). Our findings were 

studied by another research lab, who showed that mice lacking 5HT2AR  show the same 

behavioral response (10). This was certainly exciting since studies have reported that 

schizophrenia patients also show decreased levels of 5HT2ARs in the frontal cortex (11, 12).  

 Based on these findings, Dr. Gallitano has proposed a biological pathway for 

schizophrenia risk. In this pathway, Egr3, a transcription factor, is hypothesized to directly 

regulate Htr2a, a schizophrenia-linked gene encoding the 5HT2AR, in response to stress. This 

hypothesis would require that both proteins, Egr3 and 5HT2AR, are expressed in the same cells. 

In the lab, we have used fluorescence immunohistochemistry to confirm that the Egr3 and 

5HT2A R proteins are co-expressed in the PFC of WT mice. Because the Htr2a gene encodes the 

5HT2A R, we now want to determine whether Htr2a expression is affected in the absence of 

Egr3 at baseline and after sleep deprivation, a form of stress. If the absence of Egr3 does in fact 

result in a reduced expression of Htr2a mRNA in the PFC of Egr3-/- mice, our biological pathway 

for schizophrenia risk would be supported.   
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METHODS 

Animals. Egr3-/- mice have been backcrossed to C57BL/6 mice for more than 30 

generations (13). Experimental animals will be limited to adult (ages 2-8 months) male 

littermate progeny obtained from a large breeding colony of Egr3+/- mice. Animals will be 

housed on a 14/10 h light/dark schedule in an animal facility with ad libitum access to food and 

water (9). 

Sleep Deprivation. Eight aged-matched pairs of Egr3-/- and WT mice were single-

housed for 5 d before sleep deprivation (SD) for habituation. On the day of the study, mice from 

the experimental group were transferred to a procedure room at 8:00 A.M. were room lights 

were on and they were kept awake via olfactory and sensory stimuli (i.e., rolled paper towels 

were introduced to the animal cage, a paint brush was used to tap the outside of the cage) for 6 

h. Control mice undergoing a normal sleep cycle were kept in their home cages during this time 

period.  

Collection and Processing of Tissue Samples. Brains were collected from 8 aged-

matched pairs of Egr3-/- and WT mice that underwent sleep deprivation (SD) and from 8 age-

matched pairs of Egr3-/- and WT mice that served as controls. Each age-matched mice pair was 

anesthetized using isoflurane and sacrificed at the same time immediately following the 6 h SD 

period. Mouse brains were then quickly removed from the skull, flash frozen in isopentane and 

stored at -80°C until sectioned. Brains were coronally sectioned at 20µm using a cryostat and 

directly mounted on microscope slides. Coronal tissues sections were air-dried for 30 min. and 

stored at -20°C until processing.                                                                      

In situ Hybridization. In situ hybridization is a technique that allows for detection of 

gene expression in a histological section by using a complimentary nucleic strand to which a 

reporter molecule is attached.  

Riboprobe Labeling: A radioactive isotope, (35S; Perkin Elmer, Waltham, MA, USA) was 

used to label a riboprobe against target Htr2a mRNA. At room temperature (RT; 20-25°C), the 

following reagents were combined in an Eppendorf tube: 35S ATP, 35S  UTP, 10X Trans Buffer, 

0.1M DTT, linearized Htr2a DNA, H2O, 10mM GTP, 10mM CTP, RNAse inhibitor and T7 



5 
 

Polymerase. The reaction mix was incubated at 37°C for 1.5 h. DNAse was added to the 

reaction mix and incubated at RT for 15 min. The radioactively labeled probe was then 

separated from free 35S using a Micro Bio-Spin Chromatography Colum Kit (BioRad Laboratories, 

Hercules, CA, USA). The radioactively labeled probe was stored at -80°C until hybridization. 

Prehybridization: Tissue slides were removed from -80°C, placed into 4% buffered 

formaldehyde and incubated at RT for 1 h. Tissue slides were then washed 3 times in 2X SCC 

and incubated in 0.1M triethanolamine, pH 8.0 with 0.25% vol/vol acetic anhydride, at RT for 10 

min. Next, tissue slides were washed in H2O, dehydrated using graded alcohol solutions, and air 

dried. 

Hybridization: The Htr2a radioactively labeled probe was diluted using hybridization 

buffer. It was then added to each tissue slide and these were covered with a coverslip. Tissue 

slides were placed in a hybridization box lined with 50% formamide-soaked filter paper and 

incubated at 55°C overnight.  

Post-hybridization: Tissue slides were removed from 55°C and coverslips were removed 

by soaking in 2X SSC. Tissue slides were incubated in an RNase A solution at 37°C for 1 h. Tissue 

slides were washed with 2X SCC, 1X SSC and 0.5X SSC and incubated in 0.1X SSC at 60-70°C for 1 

h. Tissue slides were rinsed with H2O, dehydrated using graded alcohol solutions, and air dried. 

 Visualization of Radioactive Signal: Tissue slides were placed into a film cassette. In a 

dark room, an x-ray film was placed on top of the tissue slides, the cassette was closed, 

wrapped in aluminum foil and placed in a drawer for 24 h. The x-ray film was developed in 

standard developer and fixer. Hybridization signal showed up as shades of black on the film. 

Imaging and Quantification. The autoradiography film was scanned and Htr2a mRNA 

expression was quantified in tissue sections via densitometry using ImageJ, which is an open 

source image processing program developed at the National Institutes of Health (NIH). Htr2a 

mRNA was quantified in four different brain regions: anterior cortex (Bregma +2.96 to +2.10), 

prefrontal cortex (Bregma +2.10 to +0.14) and hippocampus and posterior cortex (Bregma 

+0.14 to -2.18). Researchers were blinded to the animals’ genotypes and experimental 

conditions during quantification. N=4-6 tissue sections per group. 
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Statistical Analysis. Htr2a mRNA expression in Egr3-/- and WT mice were analyzed using 

a two-way ANOVA and Sidak multiple comparisons tests.  

Resources. The resources utilized for the completion of this project are located in Dr. 

Gallitano’s research laboratory at The University of Arizona College of Medicine – Phoenix 

Department of Basic Medical Sciences in the Arizona Collaborative Building (ABC) 1 and in the 

University Animal Care facilicy in the Phoenix Biomedical Campus and include:  

• C57BL/6 mice, housing supplies, sleep deprivation equipment, dissection tools, 

appropriate biohazard waste containers 

• Dry ice, cryostat, cryostat blade, microscope slides, slide coverslips, mounting media 

• RNAse-free laboratory space, freezers, fumehood, microcentrifuge, hot plates, water 

baths, incubators, oven for glass sterilization, autoclave 

• DNA oligonucleotide probes, ISHH reagents including antibodies 

• Light microscope, MBF Bioscience cell counting software (i.e, StereoInvestigaor) 

• All other resources that might be needed to complete this project.  

Compliance. This study was approved by The University of Arizona Office of Research.  
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RESULTS 

Htr2a mRNA was visualized as a shade of black on four different brain regions (Figure 1). 

Quantification of Htr2a mRNA expression levels in these four brain regions in Egr3-/- and WT 

mice are shown below (Figure 2). Statistical analysis showed decreased levels (p<0.01) of Htr2a 

mRNA expression in Egr3-/- mice after SD compred to WT mice, but only in the AC of the brain. 

There was not a statistically significant difference in Htr2a mRNA expression levels in the PFC, 

HC or PC of Egr3-/- mice after SD compared to WT mice. 
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Figure 1. Representative images of Htr2a mRNA labeling in the A) anterior cortex 
(Bregma +2.96 to +2.10), prefrontal cortex (Bregma +2.10 to +0.14), and 
hippocampus and posterior cortex (Bregma +0.14 to -2.18).  

A B C 
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Anterior Cortex A  Prefrontal Cortex B  

Figure 2: A) Egr3-/- mice show decreased expression of Htr2a mRNA in the anterior 
cortex of the brain compared to WT controls after 6 h of sleep deprivation. A two-way 
ANOVA showed a significant effect of genotype for the anterior cortex (F(1,17) = 
8.391, p=0.01. Sidak multiple comparisons tests show SD increased Htr2a 
expression selectively in the anterior cortex of WT mice (t(t17) = 3.193, p<0.05), and 
that SD increased Htr2a expression in WT compared to Egr3-/- mice, (t(12)= 3.216, 
p<0.05), n=4-6 per group. B, C, D) Egr3-/- mice did not show any statistical 
significant decrease in Htr2a mRNA expression in the prefrontal cortex, hippocampus 
or posterior cortex.  

Hippocampus C  Posterior D 
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DISCUSSION 

In this study, we successfully show that Egr3-/- mice show reduced levels of Htr2a 

mRNA after undergoing just 6 h of SD, a form of stress, when compared to WT mice. This 

finding, however, appears to only hold true in the anterior cortex of the brain, but not in the 

prefrontal cortex as we had originally hypotheseized based on the results of some of our 

previous studies. Furthermore, we observed a statistically significant increase in Htr2a mRNA 

after SD in WT mice when compared to Egr3-/- mice suggesting that the Egr3 gene is required 

for successful transcription of the Htr2a gene into Htr2a mRNA. 

Our findings support Dr. Gallitano’s proposed biological pathway where Egr3 serves as 

an upstream regulator of Htr2a and where different forms of environmental stress (i.e., sleep 

deprivation) appear to trigger a transcriptional cascade. Additionally, this study has given us 

insight into how and to what extent a simple environmental stressor such as sleep deprivation 

can affect the interaction between genes that have been linked to influence risk for 

schizophrenia.  

Although our data only partially support our initial hypothesis, our findings provide new 

information about the expression pattern of Htr2a in this particular mouse model of 

schizophrenia. It also raises the question of whether Egr3 regulation of Htr2a is occurring via 

differenet pathways in these two different brain regions and thus creates opportunities for 

future studies, which in addition to answering this question could also help us identify more 

components of this biological pathway for schizophrenia risk, and potentially lead to the design 

of better treatment drugs.  

Currently, the first-line treatment of schizophrenia consists of second-generation 

(atypical) antipsychotics of which clozapine has proven to be the most efficacious in reducing 

some of the most common symptoms. Nonetheless, most of these antipsychotics are not very 

selective and bind to many different receptor proteins, which in turn results in unwanted and 

often dangerous side effects such as weight gain, increasing the risk of metabolic syndrome, 

cardiac arrhythmias, seizures and sedation. As a result, it is common for patients to become 

non-adherent to their treatment and thus fail to see improvement in their symptoms. Given the 
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extent to which schizophrenia can impact an individual’s quality of life, it is important for 

reseach efforts to continue to focus on elucidating its exact pathogenesis. Doing so, will allow 

for the design of better treatment drugs with less side effects and promote better patient 

adherence to medical treatment.    
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