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I.  INTRODUCTION: 

  Depression has a devastating impact on both the individual and society. The mechanisms 

that cause depression are unknown, despite recent advances in knowledge about brain 

development and function. Depression is usually treated with a chronic antidepressant, resulting 

in behavior modification that becomes apparent months after the beginning of therapy. The 

mechanisms behind the delayed behavioral response remain poorly understood. It is known, 

however, that antidepressants target rapid and acute responses to the function of neurons in the 

brain. Thus, it is thought that during this delay period, gradual changes in the brain are required 

for behavioral modification (Santarelli et al., 2003). Animal models have shown that one of the 

delayed responses induced by chronic antidepressant therapy is increased neurogenesis within 

the hippocampus (Malberg, 2004). It has been hypothesized that the enhanced neurogenesis is a 

causative factor in antidepressant-mediated behavioral modification, but has not been well 

proven.  

The molecular events that regulate neurogenesis are just beginning to be revealed. It is 

believed that these new newborn neurons can fully differentiate and integrate into existing adult 

neural networks and can participate in learning and memory. Damage to the hippocampus is 

often observed in numerous pathologies including Alzheimer’s disease, schizophrenia, 

epilepsy/seizures, stroke/ischemia, and after trauma to the brain (like motorcycle or other motor 

vehicle accidents). Better understanding of the molecules regulating cell-cell interactions and 

controlling stem/progenitor cell proliferation, migration and differentiation will provide 

important insight into the molecular basis of adult neurogenesis and its relationship with normal 

learning and memory, and the possible treatment of neurodegenerative diseases and affective 

disorders. 
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The source of the neurons for neurogenesis arises from neuronal stem cells. These stem 

cells are cells in the adult nervous system that can self-renew and differentiate into all types of 

cells, including neurons, astrocytes, and oligodendrocytes (Kempermann, 2002). The birth of 

new neurons from neural stem cells, also called progenitor cells, and their integration into the 

existing circuitry of the brain, called neurogenesis, occurs throughout life in the mammalian 

brain.  

 

Neurogenesis and the Hippocampus 

Neurogenesis primarily takes place in two locations: the subgranular zone in the dentate 

gyrus of the hippocampus and the subventricular zone of the lateral ventricles. Whether 

neurogenesis occurs in other areas of the brain is still up for debate (Gould et al., 1999). The 

hippocampus is an important anatomical structure in the brain and is located in the medial 

temporal lobe.  The hippocampus plays a crucial role in learning (Gould et al., 1999), as well as 

spatial and recognition memory, particularly declarative memory – the memory reserved for 

facts and events (Broadbent et al., 2004; Dupret et al., 2007; Squire et al., 2004). In order for 

cortical activity to be converted into long-term memory, the hippocampus must be activated at 

the time of learning.  The hippocampus is important for the acquisition of new facts and events, 

which can then be recalled later (Squire and Zola-Morgan, 1991).  The importance of the 

hippocampus in learning and memory can be seen in the case study of a patient named HM. In 

1953, HM underwent a surgery that would hopefully relieve the symptoms of his severe epileptic 

seizures by removing a large portion of his hippocampus. The procedure successfully controlled 

the seizures but also produced a severe memory deficit. He could no longer lay down conscious 
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memories and daily events remained in his mind for only seconds. His procedure showed how 

essential the hippocampus is for memory acquisition.  

The hippocampus is made up of two types of cells that form into layers: pyramidal 

neurons and granule cells. The pyramidal neurons are generated between days 10 through 18 in a 

postnatal mouse and originate in the ventricular germinal layers located below the ventricular 

wall along the CA1 area. They migrate a short distance to their target region. At birth, the 

pyramidal cell layer of the mouse hippocampus is a 6 to 10 cell body thick region with little 

organization. Newborn neurons in the subgranular zone migrate to the granule cell layer of the 

dentate gyrus to become granule cells. Two types of neural progenitors exist, each with different 

Figure 1. Adult neurogenesis in the adult hippocampus. The stage of neuronal 
development and the marker genes expressed in these various stages are shown 
above. As stem cells undergoing mitosis, neuronal progenitors express nestin. As 
they proliferate further they stop expressing nestin and express doublecortin (DCX). 
Cell maturation leads to the expression of neuronal nuclei protein (NeuN).  
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expression of proteins and differing morphologies. Progenitors that express nestin, Sox2, glial 

fibrillary acidic protein (GFAP), and have radial processes that span the entire length of the 

granule cell layer that branch out into the inner molecular layer are Type 1 hippocampal 

progenitors (Fukuda et al., 2003; Suh et al., 2007).  Type 2 progenitors express Sox2, but do not 

express GFAP, and have short, stumpy processes.  

The different morphologies and expression of different molecular molecules at different 

stages of development is useful in the identification of neural progenitors. Neural stem cells 

proliferating in the subgranular zone express the molecular marker nestin, which is a transiently 

expressed intermediate filament 

protein. The daughter cells that 

are born from this proliferation 

begin to differentiate into mature 

neurons. At this point, cells stop 

expressing nestin and start 

expressing doublecortin (see 

Figure 1), a microtubule-

associated protein. While 

differentiating, they also begin to 

migrate a short distance into the 

granule cell layer of the dentate 

gyrus (Guo-li Ming and Song, 

2005; Zhao et al., 2008) and send 

dendrites up through the granule 

Figure 2. Pathways of the hippocampus.  Inputs to the 
hippocampus arrive from the entorhinal cortex via the 
perforant pathway, and synapse on the granule cells of 
the dentate gyrus.  These neurons, in turn, synapse on 
the pyramidal cells of the CA3 region, which follow the 
Schaffer Collateral to the pyramidal neurons of the CA1 
region.  These cells then send their outputs through the 
fornix. 
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cell layer into the molecular layer.  They also send an axon into the CA3 region (Christie and 

Cameron, 2006). If the cell receives the necessary signals to allow it to integrate into the 

hippocampus, it turns off DCX and begins expressing the marker of mature neurons, Neuronal 

Nuclei protein (NeuN). The cells are then considered to be mature neurons (Abrous et al., 2005; 

Guo-li Ming and Song, 2005; Zhao et al., 2008).  However, not all of the neurons survive. Some 

of the neurons will die, while some will integrate into the existing circuitry of the hippocampus. 

This process takes approximately 21 days to complete in the mouse. 

Inputs to the hippocampus follow the perforant pathway. Cells from the entorhinal cortex 

input to the granule cells (see Figure 2). The axons of the granule cells, called mossy fibers, 

synapse on the CA3 pyramidal cells, which then synapse onto CA1 pyramidal cells via the 

Schaffer collaterals (Christie and Cameron, 2006).  Many types of inputs into the brain and 

hippocampus have been shown to influence neurogenesis. However, the self-renewal and 

maintenance of these stem cells is still unclear and being investigated and will be discusses later.  

 

Factors that Influence Neurogenesis 

It is known that rate of neurogenesis decreases with age concurrently with age-related 

memory decline and degeneration of these neurons in the hippocampus can lead to various 

dementias such as Alzheimer’s disease and Parkinson’s disease (Zhao et al., 2008). The 

progression of Alzheimer’s disease can be tracked by the rate of hippocampal atrophy (Barnes et 

al., 2009) and it has been well documented that the volume of the hippocampus is decreased in 

patients with neurodegenerative diseases and depression (Bremner, 1995). Interestingly, the 

affects of these diseases may be improved when neural stem cells are transplanted into the brain, 

at least as shown in rodents (Grigoryan et al., 2000)  
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Because 10% of adults above the age of 65 and almost half of adults over the age of 85 

suffer from dementia (Thompson et al., 2008), it is feared that the treatment of Alzheimer’s and 

other related dementias could bankrupt the healthcare system. Given the prevalence of 

neurologic disease in the growing aging population, it is crucial to understand the process of 

adult neurogenesis, and how these cells may be manipulated to find an effective treatment or 

possibly a cure for these diseases. Factors that are known to influence neurogenesis include 

neurotrophins, learning, antidepressants, neurotransmitters, stress and glucorticoids, and the 

neurogeneic niche. All of these factors play a role in neurogenesis and the self-renewal and 

maintenance of neural stem cells. These factors lay the groundwork for psychopharmacological 

drugs to hopefully, one day, promote neurogenesis in the treatment of disease.  

 

Stress, Adrenal Glucorticoids, and Neurotrophins 

Corticosterone treatment and stress has a great impact on the morphology of adult 

neurons. Both atrophy and reduced number of branch points of pyramidal neurons in the CA3 

region leads to reduced hippocampal volume and increased packing density which is reported in 

depressed patients (Sheline et al., 1996). Neurogenesis is in fact, decreased by stress 

(Kempermann et al., 2003). In response to stress, corticosteroids/glucocorticoids are released 

into the blood circulation following activation of the hypothalamo-pituitary-adrenal (HPA) axis. 

This release is regulated by a negative feedback loop through two receptors: mineralcorticoid 

(MR) and glucocorticoid (GR) receptors. Because both of these receptors are present in the 

dentate gyrus, it is thought that the stress-induced decrease in neurogenesis is due to activation of 

the HPA axis and elevation of glucorticoids. The binding of glucorticoids to the GR receptor is 

of low affinity so this receptor is only active when glucorticoid levels are high during periods of 
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stress. When this receptor is activated, it translocates to the nucleus to induce a change in gene 

expression that affects the structure and function of the cells (Lodish 2004). Because the 

hippocampus is rich in glucorticoid receptors, it is sensitive to stress and therefore may be a 

causative factor in the down regulation of neurogenesis. Exposure to corticosteroids has been 

shown to decrease neurogenesis and induce anxiety and a depressive-like state in rodents (David 

et al., 2009). In addition, removal of the adrenal gland eliminated the decrease in cell 

proliferation due to corticosteroid exposure (David et al., 2009).  

Other factors that contribute to the actions of stress are the decreased expression of brain 

derived neurotrophic factor (BDNF) and vascular endothelial growth factor (VEGF). VEGF 

influences angiogenesis, endothelial cell proliferation, and hippocampal neurogenesis, which 

have lead to a vascular niche hypothesis of depression (Palmer et al., 2000).  BDNF is the 

“survival signal” of proliferating neurons, although neurogenesis seems not be dependant on 

only this factor (Li et al., 2008).  It has been found that combining exercise and antidepressant 

therapy results in increased BDNF and neurogenesis (Cesar et al., 2007). Different neurotrophins 

and their corresponding receptors are required for neuron survival and for different classes of 

sensory neurons, which carry signals from peripheral sensory neurons to the brain. Trophic 

factors are crucial in cellular development. When neurons grow and make connections to other 

neurons, more cells will grow and eventually survive, while those that fail to connect will die. 

The neurotrophins include nerve growth factor, (NGF), brain-derived neurotrophic factor 

(BDNF) and neurotrophin 4 (NT-4). These neurotrophins bind to and activate a family of 

receptor tyrosine kinases called Trk’s. NGF binds to TrkA, BDNF to TrkB, and NT-3 to TrkC 

(Lodish, 2004). Binding of these factors to their receptors provides survival signals. For 

example, TrkB is a high affinity receptor for both BDNF and neurotrophin 4 (NT-4) and is a 
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requirement for maintaining proliferation and neurogenesis in the dentate gyrus. Knocking out 

the TrkB receptor results in mice that are insensitive to antidepressant treatment and exercise-

induced improvement in depression and anxiety-like behaviors (Li et al., 2008). Indicating the 

crucial role of TrkB in regulating neurogenesis and the behavioral response seen in 

antidepressant therapy. 

Interestingly, after severe central nervous system injury, increased neurogenesis is seen 

(Kuhn, 2001). This is due to the production BDNF and VEGF, which promote proliferation. 

However, this transient increase in neurogenesis is followed by a rapid decline due to other 

factors such as activation of the HPA axis and the influence of inflammatory cytokines, which 

are both detrimental to neurogenesis. 

 

The Neurogeneic Niche 

Within the hippocampus, progenitor cells are influenced by astrocytes and by the 

vasculature. The environment in which these neural stem cells reside also plays a significant role. 

Hippocampal progenitors in the subgranular zone sit against a dense layer consisting of granule 

cells containing both mature and immature neurons. This “neurogeneic niche” environment also 

includes astrocytes, and oligodendrocytes.  Astrocytes have been shown to promote neuronal 

differentiation and integration via the Wnt signaling pathway. Blocking the Wnt pathway inhibits 

neurogenesis (Lie et al., 2005).  

The affect of vascular endothelial growth factor (VEGF) on neurogenesis may provide a 

link between neurogenesis and the vasculature due to the fact that endothelial progenitor cells are 

located close to the blood vessels where neurogenesis occurs. VEGF has a neurotrophic affect on 

neuronal progenitor cells as well as a neuroprotective role (Meirer et al., 2002).  
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External Stimuli and Plasticity 

Providing an enriched environment to lab animals, such as toys and playmates, has been 

shown to increase neurogenesis (Williams et al., 2001), as does voluntary exercise. 

It is also known is that the number of neural progenitor cells in the subgranular zone decreases 

with age but neurogenesis can be enhanced to a certain level by voluntary exercise (van Praag et 

al., 1999). Exercise-induced increases in neurogenesis have been shown to protect the brain from 

neurodegeneration, in addition to increasing synaptic plasticity, a hallmark of learning (Cotman 

et al., 2007; Stranahan et al., 2007; Trejo et al., 2008; van Praag et al., 1999).  Synaptic plasticity 

is the molecular mechanism by which the brain is able to alter the strength and number of 

synapses.  Synapses in the hippocampus either increase or decrease in strength according to the 

information it is given.   

 

Neurotransmitters 

 The serotonin (5-HT) neurotransmitter system is also thought to influence neurogenesis.  

It known that this system influences the rate of neurogenesis in the adult hippocampus. In one 

study (Jacobs, 2002), the 5-HT system was lesioned and decreased neurogenesis was observed 

while administration of the drug fenfluramine, which increased the level of serotonin by 

disrupting vesicular storage and reversing transporter function, resulted in increased 

neurogenesis. In addition, the use a 5-HT 1A receptor antagonist resulted in inhibition of 

neurogenesis. This suggests that the 5-HT and 5-HT 1a receptor contributes to antidepressant-

caused neurogenesis.  
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Within the dentate gyrus, a thick neuronal network exists between granule cell neurons 

and interneurons. Dentate granule cells, which make up the majority of the cells in the dentate, 

receive excitatory glutamatergic inputs from the entorhinal cortex and GABAergic inputs from 

interneurons. Proliferating neurons go through different stages during development. During the 

first three weeks after birth, GABA interneuron inputs are excitatory followed by a switch to 

GABA inhibitory and glutamate excitatory inputs. Glutamate input correlates with the growth of 

dendritic spines and neuronal differentiation (Deisseroth et al., 2004). GABA inputs depolarize 

type 2 progenitors resulting in a calcium influx that increases expression of NeuroD, a neuronal 

differentiation factor. The use of a calcium channel antagonist resulted in decreased hippocampal 

neuronal differentiation and a calcium channel agonist resulted in increased differentiation 

(Deisseroth et al., 2004). Thus, it is thought that inputs utilizing GABA promote the 

differentiation of Type 2 progenitors. Another receptor subtype, the NMDA receptor, which is an 

excitatory receptor for glutamate, also plays an interesting role in neurogenesis. Cell proliferation 

does not seem to be dependant on the NMDA receptor, but NMDA receptor-dependent activity 

is inversely correlated with the level of hippocampal proliferation (Citri and Malenka, 2008). 

This reveals that more than one type of neurotransmitter and neurotransmitter receptor is 

involved in regulating neurogenesis. 

 

Learning  

Learning in and of itself induces proliferation, migration, differentiation, integration and 

survival of new neurons. How this occurs is rather complex. A great example is with the learning 

task performed in the Morris Water Maze. It is thought that this task allows animals to retain 

more newly developed neurons because they have several opportunities spaced out over time to 
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learn the task, rather than one massed session (Sisti et al., 2007). In the early phase, the 

maze/task has no effect on cell proliferation but during the late phase, cell proliferation and 

synapse pruning increases while memory acquisition increases (Dobrossy et al., 2003). This 

synapse pruning as well as apoptosis of newborn cells is part of the selective process for 

integrating cells into the hippocampal circuitry. Blocking these processes results in impaired 

performance in spatial learning tasks (Dobrossy et al., 2003).  

Recent studies suggest that neurogenesis does not play a unified role in learning and 

memory and that young dentate granule cells have a different function than mature granule cells 

(Saxe et al., 2007).  Some studies have shown that increasing neurogenesis has improved 

performances in delay-dependant working memory tasks but inhibiting neurogenesis led to an 

improvement in hippocampus-dependant working memory when the mice had to learn repetitive 

information in a single day (Saxe et al., 2007). 

 

Antidepressants 

 The majority of studies show that depressed individuals have a smaller hippocampus. 

Hippocampal size is correlated with depression (Malberg, 2004) time but a causal link has yet to 

be defined. Chronic antidepressants have also been shown to increase neurogenesis, and can 

even reverse the depressing effect caused by stress (Malberg, 2004; Santarelli et al., 2003). The 

role of “antidepressant” activities such as enriched environment, exercise, and drug 

administration on neurogenesis and behavior has been ambiguous. One reason hippocampal 

neurons may influence behavior and mood is because of the ventral hippocampus’s connectivity 

with limbic structures such as the prefrontal cortex, nucleus accumbens, and amygdala (Malberg, 

2004). There have been several hypotheses that attempt to explain depression and the therapeutic 
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actions of antidepressants. If depression were caused by a deficit in some neurotransmitter, 

treating someone with an antidepressant would increase synaptic levels of neurotransmitters in 

the synaptic cleft by blocking the metabolism or reuptake of monoamines. The actual behavior 

and therapeutic affects of chronic antidepressant therapy is not seen for some time after treatment 

begins, which has led to a cellular-based theory of depression.  

 One type of antidepressant therapy works by inhibiting serotonin and norepinephrine 

reuptake or breakdown, depending on the type of antidepressant. The drug Rolipram functions to 

increase levels of cAMP, while selective-serotonin-reuptake inhibitors (SSRI’s), like Fluoxetine, 

function to prevent reuptake of serotonin in the synaptic cleft. In response to chronic 

antidepressant therapy, post-receptor adaptations occur that will ultimately change the level of 

gene expression resulting in increased and sustained neurogenesis. It has been thought that 

neurogenesis may even be a requirement to achieve the behavioral effects of antidepressants, 

however the exact mechanism with which this occurs is not well understood (Santarelli et al., 

2003). Of the 14 known 5-HT receptors, the 5-HT 1a subtype receptors has been definitively 

shown to play a role in the behavioral changes seen with antidepressant treatment and the 

associated increase in neurogenesis (Santarelli et al., 2003). 

 Antidepressant treatment is known to upregulate the cAMP-CREB pathway. This 

interaction is part of a second messenger pathway that results in changes of gene expression and 

altered neurogenesis. This can occur in several ways. Increased coupling of the stimulatory GTP-

binding proteins, with adenylyl cyclase occurs (Bear et al., 2007). This interaction increases 

levels of protein kinase A (PKA) and increases expression of cAMP response element binding 

protein, or CREB. CREB can also be regulated by calcium-dependant or microtubule-associated 

protein kinases (MAP).  In response to antidepressant therapy, CREB is phosphorylated and co-
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localized with polysialic acid neural cell adhesion molecular (PS-NCAM), which is present on 

maturing, remodeling neurons.  This colocalization only occurs in newborn cells during the 

period of maturation when neurogenesis is required for hippocampus-dependant learning (Shors 

et al., 2002). The influence of the cAMP-CREB pathway on neurogenesis can be seen with 

administration of Rolipram, which inhibits cAMP from being broken down, and results in 

increased the proliferation and survival of neurons in the hippocampus (Nakagawa et al., 2002). 

If the function of CREB is genetically inhibited, a decrease in neurogenesis is also seen 

(Nakagawa et al., 2002). One important target gene regulated by the cAMP-CREB interactions is 

BDNF. BDNF levels increase with chronic AD therapy and cause AD-like responses in behavior 

(Shirayama et al. 2002). This may contribute to the neurotrophic effects of antidepressants and 

thus, the regulation of neurogenesis. It also increases synaptic remodeling and increases neuronal 

survival.  

 

II. Hypothesis 

This project focused on neurogenesis in the dentate gyrus of the hippocampus, how 

different drugs can influence neurogenesis in this area, and the potential significance 

neurogenesis may have in memory, depression, and neurodegenerative disorders like Parkinson’s 

and Alzheimer’s. We hypothesized that an increase in hippocampal neurogenesis would correlate 

with better performance in hippocampus-dependant learning tasks and decreased anxious 

behavior in hippocampus-independent tasks that test general anxiety and motor ability.  

We used a transgenic mouse designed to inhibit neurogenesis when given the antiviral 

drug Ganciclovir (Yu et al., 2008).  The transgene contains a herpes simplex virus thymidine 

kinase driven by a Nestin promoter (Figure 3).  Expression of this viral gene has no effect on 
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stem cells that generate new neurons in the normal adult mouse (Yu et al., 2008) except when the 

antiviral drug Ganciclovir is administered. The thymidine kinase phosphorylates Ganciclovir, a 

thymidine analog, allowing it to be incorporated into replicating DNA, thereby stopping mitosis. 

Thus, Ganciclovir stops mitosis and inhibits the production of new neurons. It is important to 

note that blocking the production of new neurons does not affect other cells, and is not a 

permanent state (Yu et al., 2008). Terminating drug administration allows neurogenesis to 

continue normally. Beyond blocking neurogenesis, the transgene also allows us to identify new 

neuronal cells based on their expression of bacterial green fluorescent proteins (GFP). GFP is 

under the control of the same nestin promoter and its second intron regulatory element (Yu et al., 

2008). Because the HSV-TK portion of the transgene contains a stop codon at the end of the 

sequence, an internal ribosomal entry site (IRES) was engineered to precede the eGFP coding 

sequence, thus allowing cotranslation of both coding sequences. Thus, early neural progenitor 

cells expressing nestin will also express GFP.  With this mouse model, we were able to block 

neurogenesis, and also detect GFP expression to identify new neural stem cells. Our transgene, 

Figure 3. Nestin-GFP transgene construct. The Nestin promoter is used to drive expression 
of Herpes Simplex Virus thymidine kinase (HSV-TK) gene, which does not affect this 
study. However after an internal ribosomal entry site (IRES) cotranslation of an enhanced 
green fluorescent protein (eGFP) allows for the expression of a marker in all neural stem 
cells. Mouse model complements of Dr. Steven Kernie, MD (University of Texas 
Southwestern Medical Center, Dallas, TX) 
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functioning to block cell proliferation, was highly expressed only in neuronal progenitor cells 

due to the second intronic regulatory element, which itself is specifically active in these cells. 

Using a two-by-two experimental design (Figure 4) we were able to test the effects of 

both drug, Ganciclovir versus saline, and treatment, Fluoxetine versus saline, on neurogenesis-

dependant learning and behavior.  To block neurogenesis, we administered the drug Ganciclovir. 

To increase neurogenesis we treated animals with Fluoxetine. To see if both Ganciclovir and 

Fluoxetine worked as expected, it is necessary to stain tissue sections with antibodies against 

proteins expressed by progenitor neurons. 

We hypothesized that blocking neurogenesis with Ganciclovir would result in decreased 

learning in hippocampus-dependant learning task such as shuttlebox. If the new neurons 

produced by stem cells in the hippocampus play a role in learning and play a role in the 

behavioral changes seen with antidepressant therapy/treatment, then an increase in hippocampal 

neurogenesis will correlate with performance in hippocampus-dependant learning tasks and 

decreased anxious behavior in hippocampus-independent tasks that test general anxiety. Thus, 

we expected Saline/Fluoxetine mice to exhibit less anxious behavior and perform the best in 

Shuttlebox task, and we expected Ganciclovir/Saline mice to exhibit anxious behavior and will 

learn the Shuttlebox task significantly less than the other groups. 
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III. Methods and Procedures 

Animals 

 All animal experiments were approved by Texas Christian University’s Institutional Animal 

Care and Use Committee. Animals were housed and cared for in the Texas Christian University 

Vivarium and were checked daily to ensure health while all cages were weekly changed and 

cleaned. All mice were given free access to food and water on a 12-hour light/dark cycle. Male 

C57BL/6J mice, which have been genetically engineered to block the generation of new neurons 

in the presence of the anti-viral drug ganciclovir, were bred and used in this experiment (a kind 

gift of Dr. Steven Kernie, University of Texas Southwestern Medical Center, Dallas, TX). To 

determine which offspring carried the necessary genetic elements, a 0.5cm tip of tail was 

excised, DNA extracted, followed by a genotyping procedure at 3 weeks of age. The male 

experimental mice with the desired transgene were placed in standard housing conditions with 1 

to 3 cage mates. 

 

Surgery (Day 1, 14, and 28) 

 At 12 weeks of age, experimental animals were anesthetized by Isoflourane inhalation. The 

timeline of procedures is shown in Figure 5. A small subcutaneous opening was made between 

the scapulae where an Alzet mini-pump (Durect Corp. Cupertino, CA. Model 2002) loaded with 

either ganciclovir, kindly provided by Dr. Steve Kernie (UT Southwestern Medical Center, 

Dallas, TX) or saline, was inserted into a formed pocket between the connective tissue, and 

stapled closed. The pump delivered 100ng/kg/day of ganciclovir for 2 weeks and was then 
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replaced by a second pump for an additional 2 weeks of drug delivery. Pumps were removed 3 

days prior to cognitive and behavioral testing in order to prevent inhibition of performance due 

to the physical presence of the pump.  

 

Fluoxetine Treatment (Days 7-35) 

After surgeries, animals recovered for 7 days and then received daily intraperitoneal (i.p.) 

injections of Fluoxetine (10mg/kg/day) or saline for 28 total consecutive days. After 21 total 

days of these injections, experimental animals began a battery of cognitive and behavioral tests. 

 

 Behavioral Tests (Days 28-35)  

 Open Field 

 The Open Field task is designed to measure motor activity and anxiety. Individual animals 

were placed into a plexiglass box (Med Associates, Inc., St. Albans, VT) surrounded by infrared 

sensors in an encasing outer box that measured and recorded movements in the X, Y, and Z 

planes (Activity Monitor, St. Albans, VT). Anxious animals tend to spend more time stationary 

Figure 5. Timeline of procedures 
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and against a wall while less anxious animals will spend more time away from the walls 

exploring. Experimental mice were tested for twenty minutes each and allowed to roam freely 

while the computer program recorded the activity. Boxes were cleaned with odormute between 

subjects.  

 

 Elevated Zero 

 The Elevated Zero test is a hippocampus independent test that is also designed to measure 

anxiety and emotionality and was performed following the Open Field test. The Elevated Zero 

apparatus consists of an elevated, circular plastic platform measuring approximately 60cm in 

diameter. The circle is divided into two alternating quadrants of enclosed and open regions. This 

test explores the conflict between exploration of a new environment and avoidance of the 

aversive feature, the open region. Each animal was tested once for 5 minutes beginning in the 

same starting position. A camera mounted on the ceiling tracked and analyzed the animals 

movements using EZ Video Software (Accusan Instruments, Columbus, OH). Measurements 

recorded and analyzed include entries into open regions number of entries into closed regions, 

time spent in closed regions, time spent in open arms, total distance traveled, and distance 

traveled in each open and enclosed arm. The platform was cleaned with Odormute after each 

test. 

 

 Forced Swim 

 The Forced Swim Test was used to tests anxiety. Each mouse was placed in a large beaker of 

room temperature for 5 minutes. Activity was recorded using a video camera and watched later 

to record time-spent swimming. This is a widely used test to examine the affects of 
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antidepressants on behavior. Since mice have the ability to both swim and float in water, a 

depressed mouse will tend to swim less than a normal mouse (Dulawa et al., 2004). In a 

depressed mouse model, the administration of an antidepressant will increase the amount of 

time-spent swimming. However, in some strains of mice, like the C57/BL6 mice used in this 

study, antidepressant administration has been shown to lower the amount of time spent 

swimming (Cesar et al., 2007).  Thus, results depend on mouse strain, drug administration, and 

whether the mice are anxious or depressed.  

 

 Shuttlebox 

 The 2-way active avoidance task measures learning and memory as well as memory 

consolidation. Avoidance learning was evaluated using eight Gemini II shuttlebox units by San 

Diego Instruments (San Diego, CA). The apparatus consists of 2 boxes that are connected by a 

doorway. The floor consists of metal wires that can deliver a mild foot shock to the subject. Over 

the course of 5 days, the mice learn to associate the unconditioned stimulus, the light, with the 

conditioned stimulus, the foot shock. Over the course of 5 days, the mice could learn to avoid the 

footshock by crossing to the opposite compartment as soon as the light is turned on.  

 Mice were placed in a chamber for a total of 30 minutes each day on Days 1 through 5. The 

lights were turned off in the experiment room and white noise generator was used to minimize 

disturbing noises. The first 5 minutes of each day consisted of an acclimation phase where the 

mouse was free to explore and become familiar with the new environment. The remaining time 

consisted of 52 trials where the light turned on for 10 seconds followed by a 5 second footshock 

(0.4mA). Each footshock was followed by a 20 second intertrial interval (ITI). During the ITI, 

the subject could move freely between each compartment. Movement and activity of the mice 
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was detected by infrared light beams and recorded on the computer. Each trial was recorded as 

an avoidance response (crossing to the other side before the footshock began), an escape 

response (crossing to the other side after the footshock began), or a null response (remaining in 

the original compartment and receiving 5 seconds of footshock). Latency was also recorded with 

the avoidance and escape responses. Examining the latency measures with the escape and 

avoidance responses allowed us to evaluated freezing behavior, motor deficiencies, or decreased 

motivation. Non-cued random crossing activity, or ITI crossings, were also measured. 

After each mouse, the apparatus was cleaned with Odormute (Ryter Corp., Madelia, MN). 

 

Euthanasia and Tissue Processing 

 Animals were anesthetized with ketamine (100mg/kg) with xylazine (5mg/kg) by i.p. 

injection following the last day of behavioral testing. They were then transcardially perfused 

with phosphate buffer saline (PBS) followed by 4% paraformadlehyde (PFA). The brains were 

isolated and stored in 4% PFA until processed. Brains were then set in 3% agarose cubes and 50-

micrometer coronal sections were made on a vibratome (LeicaVT1000S, Leica Microsystems, 

Bannockburn, IL). The sections were stored individually in 1% PFA with sodium azide. 

 

Immunohistochemistry  

 Four sections were sampled from each brain and stained for DCX expression. First, sections 

were washed in 1x PBS 3 times for ten minutes each. Sections were blocked in donkey serum 

overnight at 4 degrees Celcius. The following day the primary goat anti-DCX antibody (Santa 

Cruz Biotechnology, Santa Cruz, CA) was added and allowed to incubate overnight at 4 degrees 

Celcius. After washing 6 times with PBST for 10 minutes each, the secondary antibody, HRP 
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conjugated donkey anti-goat, (Jackson Immunoresearch, West Grove, PA) was added and 

allowed to incubate overnight at 4 degrees Celcius. The following day, the sections were washed 

in PBST five times for ten minutes each and then washed for ten minutes in PBS. The DAB 

substrate (Invitrogen, Carlsbad, CA) was mixed as per manufactures recommendation and added 

to the sections. The DAB stain was washed off with 1x PBS three times for ten minutes each. 

Sections were then placed on gelatin-coated slides and allowed to dry overnight. Slides were 

then dehydrated and cover-slipped. 

 

IV. RESULTS: 

Immunohistochemistry 

Staining of brain tissue sections for DCX expression revealed that Ganciclovir effectively 

diminished neurogenesis in the dentate gyrus of the hippocampus (Figure 6). Ganciclovir 

Figure 6. Immunohistochemistry to detect neurogenesis.  
Hippocampus sections were treated with antibody to detect neuronal 
progenitor cells.  Ganciclovir treatment blocks the development of 
neuronal progenitor cells.  Only one arm of the dentate gyrus is 
shown. 
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animals had some DCX positive cells but these cells did not have projections, indicating that the 

cells where dying and therefore not integrating in to the existing circuitry. Saline-treated animals 

had ample neurogenesis with many stained cells having a vast web of dendritic projections. 6 

animals receiving Ganciclovir exhibited DCX positive cells and thus were excluded from 

behavioral analysis.  

 

Open Field 

Total distance traveled, total percent of time spent in central zone, and total ambulatory 

times were examined between all groups with a two-way analysis of variance (Figure 7).  In this 

test, there was an overall main affect of treatment group (Fluoxetine versus saline, p< 0.002), for 

graphs A, B, and C, but not a drug affect (Ganciclovir versus saline, p>0.267) for graphs A, B, 

and C. Significant differences were found in total distance traveled (Figure 7A) between Gan/Flo 

and Sal/Sal (p= 0.005), Gan/Flo and Gan/Sal (p= 0.012), and Sal/Flo and Sal/Sal (p=0.041). 

From this data, we begin to speculate that because the distance traveled was greater in groups 

Gan/Sal and Sal/Sal, this might be an indicator of less anxiety. 

A significant difference was also found in percent time in center (Figure 7B), which can 

be used as a measure of behavioral anxiety, between Gan/Flo and Sal/Sal (p= 0.013), Gan/Flo 

and Gan/Sal (p= 0.004), Gan/Sal and Sal/Flo (p=0.028).   

A significant difference was found in total ambulatory time (Figure 7C), data that shows 

amount of time spent moving in the open field apparatus. This can be used a measure of both 

anxiety and motor ability. Significance was found between the following groups: Gan/Flo and 

Sal/Sal (p= 0.007), Gan/Flo and Gan/Sal (p= 0.014), and Sal/Flo and Sal/Sal (p=0.042). This 
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data may indicate more movement in Gan/Sal and Sal/Sal, which could indicate less anxiety in 

these animal groups. 

 

 

 

Elevated Zero 

Results were analyzed using a two-way analysis of variance.  Total distance traveled 

(Figure 8A and B) and time spent in an open arm (Figure 8C) of the elevated zero maze are 

indicators of anxious and explorative behavior. Significant differences were found in total 

Figure 7. Results of Open Field testing.  (A) 
total distance traveled (B) Percent of the total 
time spent in the center region of the chamber 
(C) Total ambulatory time. Error bars represent 
standard error 
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distance traveled between: Gan/Flo and Sal/Sal 

(p=0.004), and Sal/Pro and Sal/Sal (p=0.047). 

Because distance traveled is a measure of 

anxiety level, one can speculate that Sal/Sal 

may be less anxious than other treatment groups 

while Gan/Flo appears to be less anxious by 

traveling the least.  

Significant differences were found in the 

distance traveled in an open region of the maze 

(Figure 8B).  An overall treatment effect 

(p=0.050) and drug effect (p=0.013) was seen 

between all groups. Significant differences were 

also found in time spent in an open region of the 

elevated zero (Figure 8C) between the groups 

Gan/Flo and Gan/Sal (p=0.031).  This type of 

behavior explores the interaction between 

explorative behavior and anxiety. Due to the 

decreased explorative behavior of Gan/Flo as 

compared to Gan/Sal, this may be an indicator of more anxiety in Gan/Flo. 

 

 

 

 

Figure 8. Results of Elevated Zero testing.  
(A) total distance traveled (B) Distance 
traveled in the an open region, (C) percent 
of total time spent in an open arm. Error 
bars represent standard error 
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Forced Swim 

Forced swim is a commonly used test to study the effects of antidepressants on 

depression or anxiety. The total time spent floating was analyzed with a two-way ANOVA and 

post-hocs (Figure 9). Both an overall drug effect, where Ganiclovir mice swam significantly 

more than saline mice (p=0.018), and an overall treatment affect, were saline mice swam more 

than those receiving Fluoxetine (p=0.002), were found. Significant differences were also found 

between groups Gan/Sal and Sal/Flo, (p=0.0003), and Sal/Flo and Sal/Sal, (p=0. 014). 

 

Shuttlebox 

 Efficiency, avoids, Inter-trial Interval (ITI) crossings, and no responses were analyzed 

using a repeated measures ANOVA with post-hocs. Efficiency in the shuttlebox test is the best 

measure of learning and memory. It takes into account the number of avoids, ITI crossings, and 

no responses and is a form of accuracy of learning. An efficiency score is calculated by adding 

both cued and uncued crossings between the two chambers (i.e.[avoidance response/(avoidance 

responses+escape responses+it is)*100]). An overall drug effect was found with Ganciclovir 

having a higher efficiency score than saline animals (p=0.006, Figure 10A). This effect is 

independent of treatment, Fluoxetine or saline, (p=0.011, Figures 10A and B). It appears that the 

Figure 9. Results of Forced Swim test 
shown in total time in seconds spent 
swimming. All groups were analyzed using 
a one-way analysis of variance with post-
hocs.  Error bars represent standard error.  
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administration of ganciclovir alone significantly improved learning and memory in the 

shuttlebox task regardless of Fluoxetine or saline treatment.  

Figure 10. Results of Shuttlebox. Graphs A, B, and C show efficiency mean score (A) 
Efficiency mean of drug effect: ganciclovir versus saline (B) Drug effect on efficiency mean 
over the 5 days of shuttlebox (C) Overall drug and treatment affects on efficiency mean 
over the 5 days of shuttlebox. Graphs D, E, and F shows avoidance response (D) Avoidance 
mean between drug (E) Drug effect on avoidance mean over the 5 days of shuttlebox (F) 
Overall drug and treatment affect on avoidance responses over the 5 days of shuttlebox. 
Error bars represent standard error. 
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 An avoidance occurs when the animal subject associates the unconditioned stimulus, the 

light, with the conditioned stimulus, the foot shock, and crosses into the other chamber before 

receiving a foot shock. Avoidance can be used to analyze learning and memory consolidation. 

Animals receiving ganciclovir had significantly more avoids (p= 0.025), than the saline group 

(Figures 10D and E). 

 

ITI’s 

ITI crossings indicate random crossings between chambers independent of the 

conditioned stimulus, the light. Mice with a high level of ITI crossings are randomly crossing 

and are not associating the light with the foot shock.  A significant overall drug affect was found 

in the number of ITI crossing where saline animals had a higher occurrence of ITI crossings than 

ganciclovir animals (p=0.011, Figures 11A and B). 

 

No Reponses 

A no response occurs when a subject fails to cross to the other chamber during foot shock 

administration, i.e., it endures the five seconds of foot shock. This shows a lack of learning and 

inability to connect the footshock (the conditioned stimulus) with the light (the unconditioned 

stimulus).  An overall drug affect was observed with saline animals having significantly higher 

occurrence of no responses than ganciclovir animals, (p=0.007, Figures 11D and E).  
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Behavioral Observations 

 All subjects in this study received a daily injection for 28 consecutive days. While 

injections were administered, it was noted that animals receiving saline exhibit an anxious and 

Figure 11. Results of Shuttlebox. Graphs A, B, and C show results of ITI crossings. (A) 
Overall drug affect on ITI crossings. (B) Overall drug and treatment affect on ITI crossings 
(C) Average ITI crossings for each group over 5 days of shuttlebox.  Graphs D, E, and F 
shows no response results (D) Overall drug affect on no responses. (E) Overall drug and 
treatment affect no responses (F) Overall drug and treatment affect on no responses over 5 
days of shuttlebox. Error bars represent standard error. 
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hyperactive behavior. This behavior increased over time and often resulted in animals attempting 

to bite. Animals receiving Fluoxetine were docile and calm when receiving injections.  

V. DISCUSSION: 

Hippocampus independent tasks, such as forced swim (Figure 5) and elevated zero 

(Figure 6), are used to measure general anxiety and motor ability of the subject. In our 

hippocampus-independent tests, we expected to see mice receiving fluoxetine to travel the 

furthest distance, and spend more time in the open in both open field and elevated zero tests 

when compared to saline mice. In the forced swim test, we expected fluoxetine mice to spend 

more time swimming than saline mice. We based our hypothesis on other studies showing mice 

that are less anxious/depressed tend to behave this way. However, our results contradicted what 

we initially expected. In these tasks, we found animals receiving fluoxetine actually exhibited 

less mobility. However, this was not due to a motor issue due to measures in the Open Field, 

Elevated Zero, and Shuttlebox, indicating that Fluoxetine-treated animals moved just as much as 

Saline treated animals. We believe that 28-day administration of Saline or Fluoxetine induced a 

high degree of anxiety in our mice. Fluoxetine administration then acted as an anxiolytic drug, 

reducing the high level of anxiety seen in the Saline injected mice. This supports the idea the 

anti-depressants helps patients’ deal with anxiety and stress. This is also consistent with our 

behavioral observations that saline animals were very jumpy and difficult to inject while 

fluoxetine animals were docile when receiving injections.  Based on our data, we may conclude 

that fluoxetine worked as expected in decreasing the level of anxiety in our animals compared to 

the saline group. 

In our hippocampus-dependant test, the shuttlebox task, we expected to see mice 

receiving no drug and receiving fluoxetine to learn the task at a significantly faster rate than 
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those receiving the drug Ganciclovir or treated with saline. Based on this hypothesis on other 

studies that suggest hippocampal stem cells play a role in learning and memory. If these cells are 

inhibited from proliferating, then learning should be reduced (Clelland 2009). However, in our 

hippocampus-dependant learning task, we found animals receiving Ganciclovir learned the task 

significantly better than those receiving saline. There was no difference in learning based on 

treatment group (Fluoxetine or Saline). Our IHC sections showed that we were able to reduce the 

number of DCX expressing cells in mice receiving Ganciclovir. This is consistent with other 

studies utilizing ganciclovir (Saxe et al., 2007).  There are several explanations for our findings. 

First, we speculate that these new neurons in the dentate gyrus may interfere with learning and 

blocking them causes increased learning. In one study Saxe et al (2007) found that inhibiting 

neurogenesis caused working memory improvements when the learning task was repeated 

several times daily. This could be because these new neurons interfere with the preexisting 

connections. This is an interesting proposal because it may be possible in the future to test this 

connection between neurogenesis and working memory. The water 8-arm Radial Maze has been 

shown to distinguish between working and reference memory (Bimonte et al., 2003). In addition, 

Saxe et al. (2007) found that increasing neurogenesis did not affect spatial reference memory. It 

will be important to confirm these finding using a similar contextual fear conditions apparatus in 

our mouse model.  

An alternative explanation could be that repeated injections have induced a low-level 

chronic inflammation, which can interfere with learning. Studies have shown that inducing 

inflammation, with lipopolysaccharide (LPS) injections, causes a release in cytokines such as 

interleukin-1beta (IL-1beta), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-alpha), 

and also causes animals to exhibit sickness behavior (Dantzer, 2001; Sparkman et al., 2005).  
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However, IL-1beta has been shown to cross the blood-brain-barrier to cause activation of the 

HPA axis, decrease the level of BDNF, and affect learning in spatial learning tasks (Sparkman 

2005). Additionally, using neutralizing antibodies against IL-1 were found to inhibit this affect 

(Gibertini et al., 1995). If inflammation is leading to the learning deficiency, in our study, then 

Ganciclovir, a common antiviral drug, must be reducing inflammation, thus allowing animals to 

learn better. It is also intriguing to postulate that 28 days of injections in the absence of 

antidepressants may induce stress leading to increased activation of the HPA axis as well as 

increased immunological response. Activating both of these systems could have altered results as 

they both cause neuronal cell death and alterations in learning (Knapman et al., 2009). HPA axis 

activation releases glucocorticoids, which induces anxiety and depressive-like states in rodents, 

but this can be reversed by chronic antidepressant administration (David et al., 2009).  Thus, our 

mice receiving fluoxetine exhibited less anxious behavior. However, corticosterone only has an 

influence in the proliferation stage. Removal of the adrenal glands eliminates the decrease in cell 

proliferation due to corticosterone exposure (reviewed in David et al., 2009). On the other hand, 

fluoxetine influences all stages of neurogenesis including the proliferation stage, along with 

differentiation and survival stages (David et al., 2009). For replication of this study, it would be 

advantageous to look at glucocorticoid levels in our mice. If we did in fact create an animal 

model of depression/anxiety by administering 28 days of injections, then glucocorticoid levels 

should be elevated due to activation of the HPA axis. However, we did not see a main affect of 

Fluoxetine of performance in shuttlebox, indicating that simply blocking stress induced by 28 

days of injections did not enhance hippocampus-dependant learning. 

 

 



 
  

 32 

 

REFERENCE LIST 

Abrous, D.N., Koehl, M., and Le Moal, M. (2005). Adult neurogenesis: From precursors to 
network and physiology. Physiol. Rev. 85, 523-569.  

Barnes, J., Bartlett, J.W., van de Pol, L.A., Loy, C.T., Scahill, R.I., Frost, C., Thompson, P., and 
Fox, N.C. (2009). A meta-analysis of hippocampal atrophy rates in Alzheimer's disease. 
Neurobiol. Aging 30, 1711-1723.  

Bear, M.F., Conners, B.W., Paradiso, M.A. Neuroscience: Exploring the Brain Third Edition. 
Lippincott Williams & Wilkins. Philadelphia, PA. 2007 

Bimonte, H.A., Nelson, M.E., Granholm, A.C.E. (2003). Age-related deficits as working 
memory load increases: relationships with growth factors. Neurobiology of Aging. 24, 37-48. 

Bimonte-Nelson, H.A., Hunter, C.L., Nelson, M.E., and Granholm, A.C.E. (2003). Frontal cortex 
BDNF levels correlate with working memory in an animal model of Down syndrome. Behav. 
Brain Res. 139, 47-57.  

Broadbent, N.J., Squire, L.R., and Clark, R.E. (2004). Spatial memory, recognition memory, and 
the hippocampus. Proc. Natl. Acad. Sci. U. S. A. 101, 14515-14520.  

Cesar, C.E., Anderson, A.J., Cotman, C.W. (2007) Wheel running and fluoxetine antidepressant 
treatment have differential effect in the hippocampus and the spinal cord. Neuroscience 144, 
1033-1044. 

Christie, B.R., and Cameron, H.A. (2006). Neurogenesis in the adult hippocampus. 
Hippocampus 16, 199-207.  

Citri and R.C. Malenka, Synaptic plasticity: multiple forms, functions, and mechanisms, 
Neuropsychopharmacology 33 (2008), pp. 18–41 

Clelland, C.D., Choi, M., Romberg, C., Clemenson, G.D., Jr., Fragniere, A., Tyers, P., 
Jessberger, S., Saksida, L.M., Barker, R.A., Gage, F.H., et al. (2009). A Functional Role for 
Adult Hippocampal Neurogenesis in Spatial Pattern Separation. Science 325, 210-213.  

Cotman, C.W., Berchtold, N.C., and Christie, L. (2007). Exercise builds brain health: key roles 
of growth factor cascades and inflammation. Trends Neurosci. 30, 464-472.  

Dantzer R. Cytokine-induced sickness behavior: mechanisms and implications. Ann N Y Acad 
Sci 2001;933;222-6. 

David, J.D. et al,. Neurogenesis-Dependant and Independent Effects of Fluoxetine in an Animal 
Model of Anxiety/Depression. Neuron. 2009. 



 
  

 33 

Deisseroth K., Singla S., Toda H., Monje M., Palmer TD., Malenka RC. (2004). Excitation-
neurogenesis coupling in adult neural stem/progenitor cells. Neuron 42(4), 535-552. 

Dobrossy, M.D., Drapeau, E., Aurousseau, C., Le Moal, M., Piazza, P.V., and Abrous, D.N. 
(2003). Differential effects of learning on neurogenesis: learning increases or decreases the 
number of newly born cells depending on their birth date. Mol. Psychiatry 8, 974-982.  

Dulawa, S.C., Holick, K.A., Gundersen, Brigitta., Hen, Rene. (2004). Effects of chronic 
fluoxetine in animal models of anxiety and depression. Neuropsychopharmacology 29, 1321-
1330. 

Dupret, D., Fabre, A., Doebroessy, M.D., Panatier, A., Rodriguez, J.J., Lamarque, S., Lemaire, 
V., Oliet, S.H.R., Piazza, P., and Abrous, D.N. (2007). Spatial learning depends on both the Fuss, 
J., Ben Abdallah, N., Vogt, M., Touma, C., Pacifici, P., Palme, R., Witzemann, V., Hellweg, R., 
and Gass, P. (2009). Voluntary exercise induces anxiety-like behavior in adult C57BL/6J mice 
correlating with hippocampal neurogenesis. Hippocampus 1.  

Gibertini M, Newton C, Klein TW, Friedman H. Legionella pneumopia-induced visual learning 
impairments reversed by anti-interleukin-1 beta. Proc Soc Exp Biol Med 1995;210:7-11. 

Gould, E., Beylin, A., Tanapat, P., Reeves, A., and Shors, T.J. (1999). Learning enhances adult 
neurogenesis in the hippocampal formation. Nat. Neurosci. 2, 260-265.  

Grigoryan, G.A., Gray, J.A., Rashid, T., Chadwick, A., and Hodges, H. (2000). Conditionally 
immortal neuroepithelial stem cell grafts restore spatial learning in rats with lesions at the source 
of cholinergic forebrain projections. Restorative Neurol. Neurosci. 17, 183-201.  

Guo-li Ming, and Song, H. (2005). Adult Neurogenesis in the Mammalian Central Nervous 
System. Annu. Rev. Neurosci. 28, 223-250. 

Jacobs, B.L., Radley, J.J. (2002). 5-HT1A receptor antagonist administration decreases cell 
proliferation in the dentate gyrus. Brain Research. 955, 264-267. 

Kempermann G. 2002. Why new neurons? Possible functions for adult hippocampal 
neurogenesis. J. Neurosci. 22: 635-638.      

Knapman, A., Heinzmann, JM., Hellweg, R., Holsboer, F,. Landgraf, F., Touma, C. (2009) 
Increased stress reactivity is associated with cognitive deficits and decreased hippocampal brain-
derived neurotrophic factor in a mouse model of affective disorders. J Psychiatr Res. 

Kuhn, G.H., Palmer, T.D., Fuchs, Eberhard. (2001). Adult neurogenesis: a compensatory 
mechanism for neuronal damage. European Archives of Psychiatry and Clinical Neuroscience 
251, 152-158. 



 
  

 34 

Li, Yun., Luikar, B.W., Birnbaum. Shari., Chen, Jian., Kwon, C.H., Kernie, Steven., Bassel-
Duby., and Parada, L.F. (2008). TrkB regulates hippocampal neurogenesis and governs 
sensitivity to antidepressant treatment. Neuron 50, 399-412. 

Lie, DC., Colamarino SA., Song HJ., Desire L., Mira H., Consiglio A., Lein ES., Jessberger S., 
Dearie AR., Gage FH. (2005). Wnt signalling regulates adult hippocampal neurogenesis. Nature 
437, 1370-1375. 

Lodish. Molecular Cell Biology 5th edition. W.H. Freeman and Company, New York, New York. 
2004.  926-932.  

Malberg, J.E. (2004) Paper presented at Journal of Psychiatry & Neuroscience. OTTAWA; 1867 
ALTA VISTA DR, OTTAWA, ONTARIO K1G 3Y6, CANADA).  

Meirer R, Gurnunlouoglu R, and Sieminonow M. Neurogenic perspective on vascular 
endothelial growth factor: review of the literature. J. Reconstr Microsurg 17: 625-630, 2002. 

Nakagawa S, Kim J-E, Lee R, Malberg JE, Chen J, Stefen C, Zhang Y-J, Nestler EF, Durman 
RS. 2002. Regulation of neurogenesis in adult mouse hippocampus by cAMP and cAMP 
response element-binding protein. J Neurosci 22:3673-3682. 

Palmer, T.D. (2002). Adult Neurogenesis and the Vascular Nietzsche. Neuron 34, 856-858. 

Santarelli, L., Saxe, M., Gross, C., Surget, A., Battaglia, F., Dulawa, S., Weisstaub, N., Lee, J., 
Duman, R., Arancio, O., et al. (2003). Requirement of hippocampal neurogenesis for the 
behavioral effects of antidepressants. Science 301, 805-809.  

Saxe, M.D., Battaglia, F., Wang, J., Malleret, G., David, D.J., Monckton, J.E., Garcia, A.D.R., 
Sofroniew, M.V., Kandel, E.R., Santarelli, L., et al. (2006). Ablation of hippocampal 
neurogenesis impairs contextual fear conditioning and synaptic plasticity in the dentate gyrus. 
Proc. Natl. Acad. Sci. U. S. A. 103, 17501-17506.  

Saxe, Michael D., et al. Paradoxical Influence of Hippocampal Neurogenesis on Working 
Memory. PNAS, March 2007. 

Sheline, Y.L. (2003). Neuroimaging of  studies of mood disorder effects on the brain. Biological 
Psychiatry. 54, 338-352. 

Shirayama, Y., Chen, A.C., Nakagawa, S., Russell, D.S., and Duman, R.S. (2002). Brain-derived 
neurotrophic factor produces antidepressant effects in behavioral models of depression. J. 
Neurosci. 22, 3251-3261. 

Shors, T.J., Townsend, D.A., Zhao, M.R., Kozorovitskiy, Y., and Gould, E. (2002). 
Neurogenesis may relate to some but not all types of hippocampal-dependent learning. 
Hippocampus 12, 578-584.  



 
  

 35 

Sisti, H.M., Glass, A.L., and Shors, T.J. (2007). Neurogenesis and the spacing effect: Learning 
over time enhances memory and the survival of new neurons. Learn. Mem. 14, 368-375.  

Sparkman N.L., Martin, L.A., Calvert, W.S., & Boehm, G.W. (2005). Effects of intraperitonel 
lipopolysaccharide on Morris maze performance in year-old and two-month-old female 
C57BL/6J mice. Behavioral Brain Research, 159, 145-151.  

Squire, L.R., Stark, C.E.L., and Clark, R.E. (2004). The medial temporal lobe. Annu. Rev. 
Neurosci. 27, 279-306.  

Squire, L.R., and Zola-Morgan, S. (1991). The medial temporal lobe memory system. Science 
253, p1380(7).  

Stranahan, A.M., Khalil, D., and Gould, E. (2007). Running induces widespread structural 
alterations in the hippocampus and Entorhinal cortex. Hippocampus 17, 1017-1022.  

Thompson, A., Boekhoorn, K., Van Dam, A.-., and Lucassen, P.J. (2008). Changes in adult 
neurogenesis in neurodegenerative diseases: cause or consequence? Genes, Brain & Behavior 7, 
28-42.  

Trejo, J.L., LLorens-Martin, M.V., and Torres-Aleman, I. (2008). The effects of exercise on 
spatial learning and anxiety-like behavior are mediated by an IGF-I-dependent mechanism 
related to hippocampal neurogenesis. Mol. Cell. Neurosci. 37, 402-411.  

van Praag, H., Kempermann, G., and Gage, F.H. (1999). Running increases cell proliferation and 
neurogenesis in the adult mouse dentate gyrus. Nat. Neurosci. 2, 266-270.  

Williams, B.M., Luo, Y., Ward, C., Redd, K., Gibson, R., Kuczaj, S.A., and McCoy, J.G. (2001). 
Environmental enrichment: Effects on spatial memory and hippocampal CREB 
immunoreactivity. Physiol. Behav. 73, 649-658.  

Yu, T.S., Dandekar, M., Monteigia, L.M., Parada, L.F., and Kernie, S.G. (2005). Temporally 
regulated expression of Cre recombinase in neural stem cells. Genesis 41, 147-153.  

Yu, T., Zhang, G., Liebl, D.J., and Kernie, S.G. (2008). Traumatic Brain Injury-Induced 
Hippocampal Neurogenesis Requires Activation of Early Nestin-Expressing Progenitors. J. 
Neurosci. 28, 12901-12912.  

Zhao, C., Deng, W., and Gage, F.H. (2008). Mechanisms and functional implications of adult 
neurogenesis. Cell 132, 645-660.



 

  
     

 

VITA 
 
 

 
PERSONAL   Shannon Leigh Gettel 
BACKGROUND Email: shannongettel@yahoo.com 
    
 
 
EDUCATION Texas Christian University, Fort Worth, Texas 

Master of Science in Biology, May 2010 
   Teaching Assistant 
 

Oklahoma Baptist University, Shawnee, OK 
Bachelor of Science in Biology, May 2008 

 
 
 
EXPERIENCE Golden Rule Nursing Home, Shawnee, OK December 2006 – May 2008 
   Certified Nurse Aide 

Provided care and assistance with daily needs for nursing home residents 
including bathing, dressing, exercising, cleaning, and eating. 

   
Estate Sales Plus, Tulsa, OK  June 2000-August 2004 
Certified Pharmacy Technician 
Assisted pharmacist with prescriptions, answered phones, operated cash 
register, and performed customer service. 
 

 
 

 

 

 
 

 
 
 
 
 

 
 
 
 



 

  
     

ABSTRACT 
 
 
 

NEUROGENESIS AND ANTIDEPRESSANT-BASED 
BEHAVIOR MODIFICATION 

 
 

by Shannon Leigh Gettel, MS, 2010 
Department of Biology 

Texas Christian University 
 

Thesis Advisor: Dr. Michael Chumley 
Assistant Professor of Biology 

 
 
  Depression has a devastating impact on both the individual and society. Depression is 
usually treated with a chronic antidepressant, resulting in behavior modification. The 
mechanisms that cause depression are unknown and the resulting behavioral response seen with 
antidepressant therapy is also poorly understood. Animal models have shown that one response 
induced by chronic antidepressant therapy is increased neurogenesis within the dentate gyrus of 
the hippocampus. (Malberg, 2004). It has been hypothesized that the enhanced neurogenesis is a 
causative factor in antidepressant-mediated behavioral modification, but has not been well 
proven. Using a two-by-two experimental design and with a more effective tool than previously 
used in other studies to block neurogenesis, we tested the relationship between enhanced 
neurogenesis, i.e. the number of new neurons in the dentate gyrus, in response to chronic 
antidepressant treatment and the behavioral modifications that take place. Our findings suggest 
that blocking neurogenesis results in increased learning over control animals.  


