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ABSTRACT 

 

 Neurogenesis in the adult brain has become an exciting research area in the past three 

decades. With the advent of new scientific methods and techniques, researchers have been able 

to identify and characterize new cells proliferating throughout the brain. In mammals, the main 

areas for adult neurogenesis are the subventricular zone and dentate gyrus of the hippocampus 

(DG). However, more recent research has identified newly proliferated cells in other brain 

regions, such as the neocortex, amygdala and hypothalamus. Environmental factors, both 

external and internal, have been shown to increase or decrease cell proliferation and/or survival 

in several of these brain regions; examples of these factors include environmental enrichment, 

social interaction, chemosensory stimuli, steroid hormones and neurotransmitters.  

In this dissertation, social environment and gonadal steroid hormones are examined for 

their influence on cell proliferation and/or survival in the adult vole brain. Prairie (Microtus 

ochrogaster) and/or meadow (M. pennsylvanicus) voles were used as animal models based on 

unique aspects of their physiology and behavior. The cell proliferation marker 5-bromo-2’-

deoxyuridine (BrdU) was employed to identify newly proliferated cells throughout the adult 

brains.  In the first series of experiments, we examined for the effects of male exposure and 

social isolation on neurogenesis in the adult female prairie vole, a monogamous and highly social 

species. Male exposure enhanced the proliferation of new cells in the amygdala and 

hypothalamus in comparison to social isolation or female exposure, and the newly proliferated 

cells coexpressed neuronal markers, indicating that new neurons are being produced in response 

to the environmental stimuli. Group differences in the number of cells undergoing apoptosis 

were minimal, so social environment exerted its effects most likely on cell proliferation, rather 

than on cell death. As voles may be induced into ovulation by male exposure, we hypothesized 

that the male exposure enhanced cell proliferation via an associated increase in serum estrogen. 

Thus, in the next study, we compared ovariectomized female prairie and meadow voles to 

determine the effects of estrogen on cell proliferation in the adult vole brain. Treatment with 

estradiol benzoate (EB) significantly enhanced the density of BrdU-labeled cells in the amygdala, 

 x



particularly in the posterior cortical (pCorA) and medial (pMeA) nuclei, in meadow, but not 

prairie, voles, and similar percentages of BrdU-labeled cells displayed a neuronal or glial 

phenotype. Estrogen receptor alpha (ERα) was also mapped in the brain of intact females from 

both species; meadow voles had a higher density of BrdU-labeled cells containing ERα in the 

pCorA, but not pMeA or DG, in comparison to prairie voles.  Furthermore, many of the BrdU-

labeled cells in the brain of both species coexpressed ERα labeling, allowing for the possibility 

of a direct effect of estrogen on cell proliferation. These data suggest that estrogen has a species-

specific effect on neurogenesis, possibly by acting directly on the proliferating cells. Finally, in 

the last series of experiments, the effects of testosterone and its metabolites on adult 

neurogenesis were examined in the amygdalae of castrated male meadow voles.  Treatment with 

testosterone propionate (TP) in the castrated males resulted in plasma testosterone levels similar 

to intact males following mating, and TP treatment enhanced the density of BrdU-labeled cells in 

the amygdala compared to control treatment. EB also exerted a similar effect as TP on the 

density of BrdU labeled cells, but 5α-dihydrotestosterone (DHT) was ineffective. A larger 

proportion of the BrdU labeled cells in the amygdala were identified as neurons, whereas a lesser 

percentage was glia. In addition, a time course study indicated that BrdU labeled cells were 

present in the amygdala as early as 30-min following an acute injection of BrdU. Together, these 

data indicate that social environment affects neuronal proliferation in a stimulus- and site-

specific manner in adult female prairie voles and gonadal steroid hormones enhance cell 

proliferation in the amygdala of adult female and male meadow voles, possibly by acting directly 

on proliferating cells locally within the amygdala. 

 xi



 

 

 

 

 

 

 

 

 

 

Chapter 1: 

General Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Modified from the following reference: 

 

Fowler CD and Wang ZX (2003) Adult neurogenesis in the mammalian brain: exogenous and 

endogenous influences. Acta Zoologica Sinica, 49:151-162. 

 1



ABSTRACT 

 Until the past three decades, the general scientific community did not believe 

neurogenesis occurred in the adult mammalian brain.   However, with the advent of new 

scientific methods and techniques, researchers have been able to identify and characterize new 

cells proliferating in certain brain regions, such as the dentate gyrus of the hippocampus and 

subventricular zone.  Here, I will briefly summarize recent developments in the research of adult 

neurogenesis by focusing on both external and internal environmental factors.  Specifically, I 

will examine evidence for the external influences of environmental enrichment, social interaction, 

season, and chemosensory stimuli and for the internal influences of steroid hormones and 

neurotransmitters that may affect the incorporation of new cells in the adult brain. Finally, I will 

examine the current evidence suggesting these new neurons can become functionally significant. 
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Postnatal neurogenesis in the mammalian brain was first reported in the 1960’s (Altman 

and Das, 1966; Altman, 1969) and neurogenesis in adulthood in the 1970’s (Kaplan and Hinds, 

1977).  Although the zeitgeist of the time accepted the possibility of new glia being born in the 

adult brain, the concept of new neurons in the adult was heartily rejected, despite the 

identification of neuronal characteristics in new cells with the use of electron microscopy 

(Kaplan and Hinds, 1977; Kaplan, 2001).  Indeed, the belief that neurogenesis in the mammalian 

brain only occurs during a discrete period in development was not extensively questioned until 

the acceptance of adult neurogenesis in non-mammalian species, such as birds and lizards, and 

the advent of cell-type specific markers to identify neuronal phenotype.  Throughout the current 

scientific community, most have come to embrace the fact that new neurons are produced in the 

brains of adult mammals, and adult neurogenesis has been identified in a variety of mammalian 

species, including rats (Kaplan and Hinds, 1977), mice (Kempermann et al., 1998), hamsters 

(Huang et al., 1998), voles  (Ormerod and Galea, 2001), tree shrews (Gould et al., 1997), non-

human primates (Gould et al., 1999a; Bernier et al., 2002), and even humans (Eriksson et al., 

1998).  In fact, it has been estimated that adult-born neurons represent around 10-20% of the 

total neuronal population, at least in the dentate gyrus of the hippocampus (Jacobs et al., 2000). 

To identify newly proliferated cells, researchers have utilized markers that are 

incorporated into the DNA of mitotically active cells during S-phase; these markers include 
3
H-

thymidine and 5-bromo-2’-deoxyuridine (BrdU).  Using these techniques, two regions, the 

dentate gyrus of the hippocampus (DG) and the subventricular zone (SVZ), have been identified 

as the main areas for cellular proliferation in the adult mammalian brain.  In the DG, cells 

proliferate in the subgranular zone and migrate into the granule cell layer where the majority 

develop into neurons (Cameron et al., 1993; Kuhn et al., 1996; Gould et al., 1997).  In the SVZ, 

cells proliferate and migrate along the rostral migratory stream (RMS) into the olfactory bulb 

(Menezes et al., 1995; Peretto et al., 1999) where they disperse and differentiate into granule or 

periglomerular neurons in the main olfactory bulb (Luskin, 1993; Peretto et al., 1999) or into 

granule neurons in the accessory olfactory bulb (Bonfanti et al., 1997; Peretto et al., 1999). 

Multipotent progenitor cells can be found throughout the DG, SVZ and RMS; however, the 

presence of stem cells has been generally accepted in the SVZ while remaining debatable in the 

DG (Seaberg and van Der Kooy, 2002; Song et al., 2002b).  Interestingly, a recent report 

suggests that astrocytes in the adult brain may function as neural stem cells (Seri et al., 2001).   
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Although most studies have focused on the DG and SVZ, several other brain regions 

have also been found to contain newly proliferated cells.  These regions include the amygdala 

and hypothalamus in voles and hamsters (Huang et al., 1998; Fowler et al., 2000), amygdala and 

neocortex in primates (Gould et al., 1999a; Bernier et al., 2002), and striatum, septum and 

thalamus in rats (Pencea et al., 2001).  Since 
3
H-thymidine and BrdU label proliferating neurons 

and glia, cell type specific markers have been used to verify neuronal or glial phenotype in all of 

these brain regions, but even so, the identification of new neurons in the neocortex using these 

markers has not gone without debate and still remains controversial (Gould et al., 2001; Kornack 

and Rakic, 2001). 

 In the following sections, recent developments in the field of adult mammalian 

neurogenesis will be reviewed by focusing on factors in the exogenous or endogenous 

environment that increase or decrease the rate of cell proliferation and/or survival. 

 

A.  Exogenous influences on adult neurogenesis 

Environmental Enrichment 

Gerd Kempermann and colleagues were among the first to examine the effects of external 

environment on adult neurogenesis (Kempermann et al., 1997; Kempermann and Gage, 1999).  

In their first study, adult mice were exposed either to an enriched environment, composed of 

group housing, tubes, a tunnel, a running wheel, and extra food treats, or to a standard laboratory 

environment.  All animals were housed in their respective environment for 40 days, and the cell 

proliferation marker BrdU was injected during the last 12 days of this period.  Thereafter, 

animals were sacrificed at either 1-day or 4-weeks post-injection, and their brain sections were 

processed for BrdU immunocytochemistry to visualize the newly proliferated cells in the DG.  

Mice housed in the enriched environment displayed a larger number of BrdU-labeled cells in the 

DG than did controls at 4-weeks, but not 1-day, post-injection, suggesting that environmental 

enrichment enhances the survival of the new DG neurons.  Furthermore, the enriched animals 

performed better on a spatial learning task than did the controls, elucidating the possible 

functional significance of the new cells.  Using similar housing conditions, these findings were 

then replicated in rats (Nilsson et al., 1999).  Since many variables went into creating an 

“enriched environment”, it was unclear whether certain aspects of the enrichment (e.g., group 

housing, running wheel, toys, etc.) or whether the enriching experience as a whole affected the 
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survival of these new DG neurons.  Therefore, in a further study examining the specific effects of 

physical activity on adult neurogenesis, mice given voluntary access to a running wheel 

displayed a significant increase in the number of BrdU-labeled cells in the DG relative to 

inactive controls (van Praag et al., 1999a).  When compared to the enriched environment 

condition, the voluntary wheel running animals had a similar number of surviving cells, 

suggesting that the wheel running access significantly contributed to the effects seen in the prior 

study.   

The act of learning itself may also influence new cell numbers; training on hippocampal-

dependent tasks induces a substantial increase in the number of adult-generated neurons in the 

DG of rats (Gould et al., 1999b).  In addition, the long-term survival of the new neurons in the 

DG may depend upon a continuously changing environment, independent of the presence of 

enriching experiences.  In “enriched environment” mice, those that were withdrawn and 

subsequently housed in standard lab conditions exhibited an enhanced DG cell survival, as 

compared to those that remained in the enriched environment (Kempermann and Gage, 1999). 

Social Interaction 

Interaction with conspecifics has also been found to influence adult neurogenesis; this 

finding has been demonstrated in a study using microtine rodents (voles).  The female prairie 

vole, Microtus ochrogaster, is highly social, can be induced into behavioral estrus by male 

exposure, and forms selective social attachment after mating; thus, voles provide an excellent 

opportunity to study the effects of environmental and endocrine changes on physiology and 

behavior (Carter and Getz, 1993; DeVries et al., 1996; Wang et al., 1998). Following 48 hrs of 

mating, the number of new cells in the anterior division of the SVZ is significantly increased in 

female prairie voles (Smith et al., 2001). On the other hand, negative social interactions have 

been shown to decrease neurogenesis.  In adult male tree shrews, exposure to an unfamiliar male 

decreases the number of proliferating cells in the DG, possibly due to psychosocial stress (Gould 

et al., 1997).  

Season 

Seasonal changes in brain structure and function have been well established in songbirds: 

incorporation and/or survival of new neurons are found in brain regions critical for song 

production and spatial memory (Barnea and Nottebohm, 1994; Alvarez-Buylla and Kirn, 1997; 

Patel et al., 1997).  Recent studies have also demonstrated seasonal rhythms on neurogenesis in 
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adult mammals.  In male golden hamsters, a constant short day photoperiod, which mimics the 

winter months, enhances the birth and/or survival of new cells in the DG, hypothalamus, and 

cingulate cortex (Huang et al., 1998).  In wild-captured meadow voles (Microtus pennsylvanicus), 

fluctuations can be found during the different seasons.  Non-breeding females showed an 

increase in new cell number in the granule cell layer of the DG when compared to breeding 

females; however, no seasonal differences were found among males of this species (Galea and 

McEwen, 1999).  This seasonal change in DG neurogenesis in the female meadow vole can be 

correlated with changes in hormonal levels, territory size and spatial performance (Sheridan and 

Tamarin, 1988; Galea et al., 1995).  However, additional studies are necessary to determine 

whether a direct relationship exists between seasonal changes in cell proliferation and in 

behavior and/or neuroendocrine functions.   

Chemosensory Stimuli 

Since a large proportion of the cells proliferating in the adult rodent brain migrate from 

the SVZ to the olfactory bulb, one may question whether a sensory feedback mechanism exists 

which regulates the proliferation and/or migration of the new cells destined for the olfactory bulb.  

In the adult mouse, exposure to an odor-enriched environment enhances the survival of newly 

proliferated cells in the olfactory bulb (Rochefort et al., 2002), and following unilateral naris 

closure, a decreased number of BrdU-labeled cells and an increased number of pyknotic nuclei 

are present in the obstructed bulb when compared to the unobstructed bulb  (Corotto et al., 1994).  

This concept has been further confirmed in an elegant study utilizing ansomic mice lacking the 

olfactory cyclic nucleotide gated channel.  Relative to wild types, the ansomic mice have a 

reduced number of surviving BrdU-labeled granule neurons in the olfactory bulb (Petreanu and 

Alvarez-Buylla, 2002).  Studies have also incorporated more drastic olfactory input restriction by 

disconnecting the olfactory bulb from the brain in adult animals.  Unilateral bulb separation and 

complete bulb removal in mice resulted in a decreased number of proliferating cells in the RMS 

on the lesioned side, suggesting that the lack of olfactory input negatively affects cell 

proliferation (Jankovski et al., 1998; Kirschenbaum et al., 1999).  However, subjects with 

unilaterally lesioned bulbs also showed a decrease in the “control” bulb when compared to 

unlesioned animals.  Thus, the decrease in proliferation may be attributable to the side effects 

from bulb injury or to removal of contralateral and/or reciprocal connections, rather than merely 

sensory deprivation. 
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B.  Endogenous factors regulating adult neurogenesis 

Steroid Hormones 

Since the structure and function of certain brain areas depend on the levels of circulating 

hormones during adulthood (Garcia-Segura et al., 1994; McEwen, 1999; McEwen and Alves, 

1999), the influence of hormones on adult neurogenesis has become a fascinating research area.  

Recently, researchers have found that, in the DG of female rats, the number of new cells 

fluctuates during the estrus cycle, with the highest number of new cells during proestrus, and 

ovariectomy decreases, whereas estrogen replacement restores, new cell number relative to intact 

controls (Tanapat et al., 1999).  Furthermore, it has been observed that dividing cells are often 

located near the vasculature in the subgranule zone of the adult DG (Palmer et al., 2000), 

supporting the contention that peripheral circulating hormones may cross the blood-brain-barrier 

to affect cellular proliferation.  The effects of gonadal steroid hormones on adult neurogenesis 

have been further studied using the vole as a model system.  Female voles are induced ovulators 

and display an elevated level of estrogen following an exposure to a conspecific male (Dluzen 

and Carter, 1979; Seabloom, 1985).  Therefore, the exogenous environment may induce changes 

to the internal hormonal milieu, which then could alter neurogenesis.  In the DG of female 

meadow voles, differences in the number of new cells can be seen across the breeding season 

and may be attributable to the seasonal changes in estradiol or corticosterone levels (Galea and 

McEwen, 1999).  Furthermore, exposure to estradiol benzoate produces a transient increase, 

followed by a decrease, in the number of new DG neurons (Ormerod and Galea, 2001).  Thus, it 

appears that the effects of male exposure/mating on cell proliferation are, at least in part, 

attributable to circulating levels of estrogen.  This is further supported by findings in female 

prairie voles (Smith et al., 2001).  Exposure to a male for 48 hrs induces an elevated level of 

serum estrogen associated with an increased number of BrdU cells in the SVZ, an effect which 

can be prevented by ovariectomy and reinstated with estrogen treatment.  

The observed decreases in new cell number in the DG of psychosocially stressed tree 

shrews (Gould et al., 1997) may be attributable to changes in the levels of stress-associated 

hormones.  Although not yet studied in tree shrews, the effects of adrenal steroid hormones on 

adult neurogenesis have been studies in rats.  Acute treatment with corticosterone induces a 

significant decrease in the number of new cells in the DG, whereas adrenalectomy enhances the 
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number of new cells; however, the adrenalectomy-induced increase could not be reversed solely 

by corticosterone treatment, suggesting that other mechanisms beyond hormonal levels are 

involved in these differences (Cameron and Gould, 1994).  In fact, NMDA receptor activation 

may underlie these stress-induced effects on DG neurogenesis: administration of a NMDA 

agonist prevents the adrenalectomy-induced increase in new DG cell number and receptor 

blockade with a NMDA antagonist blocks the corticosterone-induced decrease (Cameron et al., 

1998).  

Neurotransmitters 

Since an animal’s external environment may induce downstream effects on the 

extracellular environment, neurotransmitter systems are likely candidates for a neurogenesis-

mediating mechanism. For example, serotonin (5-HT) appears to regulate adult neurogenesis in 

the rat: depletion of serotonin reduces the number of new cells in the DG and SVZ (Brezun and 

Daszuta, 2000), whereas an increase in serotonin or chronic antidepressant treatment enhances 

cell proliferation in the DG (Jacobs et al., 2000; Malberg et al., 2000).  

Brain-derived neurotrophic factor (BDNF) also appears to play an important role in adult 

neurogenesis.  BDNF synthesizing/containing cells are found in many brain areas (Hofer et al., 

1990; Castren et al., 1995; Conner et al., 1997; Hayashi et al., 1997). In vitro, BDNF enhances 

the number and survival of new neurons derived from the SVZ (Goldman, 1998), and in vivo, 

BDNF infusions into the brain increase the number of new cells in several brain areas, including 

the olfactory bulb, striatum, and hypothalamus of rats (Zigova et al., 1998; Pencea et al., 2001).  

Recently, it has also been reported that astrocytes may secrete BDNF and induce neurogenesis in 

adult neural stem cells (Ikeda et al., 2001; Song et al., 2002a).  Furthermore, endothelial cells 

may secrete BDNF and clusters of proliferating cells are found around vasculature (Leventhal et 

al., 1999; Palmer et al., 2000).  Interestingly, the afore-mentioned effects of steroid hormones 

may occur through a BDNF-mediated mechanism.  In rats, BDNF mRNA in the hippocampus 

fluctuates across the estrous cycle (Gibbs, 1998), and ovariectomy decreases, whereas estrogen 

administration in ovariectomized rats increases, BDNF mRNA expression in the hippocampus 

(Singh et al., 1995).  Estrogen treatment also increases BDNF expression in the amygdala of 

female prairie voles (Liu et al., 2001c).  Regarding the effects of stress hormones, adrenalectomy, 

which increases neurogenesis, has been found to also enhance BDNF mRNA expression in the 

hippocampus of rats (Schaaf et al., 1999).  Finally, BDNF increases serotonin activity (Siuciak et 
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al., 1996), and alternatively, serotonin reuptake inhibitors increase BDNF expression in the rat 

brain (Duman et al., 1997), suggesting that BDNF and serotonin may act synergistically to 

regulate cellular proliferation in the adult brain. 

 

C.  Functional significance of the new cells  

The olfactory bulb and amygdala have been implicated in olfactory/pheromonal 

processing (Luiten et al., 1985; Meredith, 1991), social learning and memory (Kirkpatrick et al., 

1994; Cahill et al., 1996; Brennan and Keverne, 1997), sexual and social behaviors (Harris and 

Sachs, 1975; Williams et al., 1992b; Dominguez et al., 2001) and fear conditioning (McNish and 

Davis, 1997; Walker and Davis, 2002), while the DG plays an important role in spatial learning 

and memory (Moser and Moser, 1998; Shors et al., 2001).  Since new cells are being 

incorporated into these areas in adulthood, one is led to question the functional significance, if 

any, of the adult-born neurons.  An early study demonstrated that cells produced in adulthood 

exhibit properties of functional neurons, such as synapses, axons, and vesicles (Kaplan, 2001).  

In vitro cultures from the adult songbird brain show that new neurons can become synaptically 

competent and develop stimulus-evoked and spontaneous action potentials (Goldman and 

Nedergaard, 1992).  More recently, in vitro studies have also shown that new cells from the adult 

rat hippocampus can become electrically active neurons and exhibit functional synaptic 

transmission (Song et al., 2002b). 

The ability of these new cells to contribute to adult neural processing has also been 

demonstrated in vivo.  In mice and golden hamsters, new cells in the olfactory bulb may become 

activated following odor exposure, as indicated by increased expression of the immediate early 

gene c-fos (Carlen et al., 2002; Huang and Bittman, 2002).   In addition, adult mice that have 

deficits in the migration of olfactory bulb neuronal precursors display impaired discrimination 

between odors (Gheusi et al., 2000), and an increase in the number of olfactory bulb neurons 

following odor enrichment is associated with enhanced short-term odor memory (Rochefort et al., 

2002).  Finally, treatment with an anti-mitotic drug prevents adult cell proliferation and results in 

hippocampal-dependent memory formation deficits; importantly, after recovery from the drug 

treatment, new neurons can be produced, and trace memory acquisition is restored (Shors et al., 

2001). 
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D.  Conclusions 

 In summary, neurogenesis in the adult brain has been identified in many mammalian 

species.  The rate of proliferation and the fate of new neurons may be influenced by a variety of 

factors.  Aspects of an animal’s external environment may induce changes in its internal 

physiology, which, in turn, can act on neurochemical and/or neurotransmitter systems to affect 

cellular proliferation and/or survival.  Although many studies have characterized the factors that 

increase or decrease new cell numbers, the cellular mechanisms that directly act on the 

proliferation and/or survival of these cells has yet to be elucidated.  Furthermore, several studies 

have established relationships between the presence of newly proliferated cells and 

behavioral/cognitive functions, but more research needs to be done to determine the exact 

contribution of these new neurons.  Brain areas that incorporate new cells in adulthood, including 

the hippocampus, olfactory bulb and amygdala, have also been implicated in several neurological 

disorders such as depression, schizophrenia, and Alzheimer’s disease (Hyman et al., 1990; 

Kromer Vogt et al., 1990; Arnold et al., 1998; Klimek et al., 2002; Nestler et al., 2002). 

Therefore, studies of adult neurogenesis may offer a better understanding of the mechanisms 

involved in these disorders and may even lead to the development of new therapeutic treatments 

for these neurological disorders. 

 

E. Objectives 

 The research presented in this dissertation will focus primarily on examining the 

regulation of adult cell proliferation in response to social environment or gonadal steroid 

hormones. Chapter 2 describes the effects of male-exposure and social isolation on the 

proliferation and survival of new cells in several regions of the adult female prairie vole brain. 

The results from this study indicate that social environment does influence cell proliferation in 

the SVZ, amygdala and hypothalamus. In Chapter 3, the ability of the gonadal steroid hormone 

estrogen to influence cell proliferation in the amygdala of adult female prairie and meadow voles 

is investigated. In the posterior cortical and medial nuclei of the amygdala, estradiol benzoate 

enhanced the density of new cells in meadow, but not prairie, voles. This estrogen-induced cell 

proliferation may have occurred via a direct mechanism, as the many of the progenitor cells in 

the amygdala contained estrogen receptors. Finally, Chapter 4 examines the role of gonadal 
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steroid hormones on cell proliferation in the male meadow vole. Both testosterone propionate 

and estradiol benzoate increased the density of new cells in the amygdala, whereas 

dihydrotestosterone was ineffective. The results confirm the hypothesis that social environment 

and gonadal steroid hormones are able to influence adult neurogenesis in certain areas of the vole 

brain. 

 Each of these chapters has been submitted or published in refereed scientific journals. 
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Chapter 2: 

The effects of social environment on adult neurogenesis in the female prairie vole 
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ABSTRACT 

In the mammalian brain, adult neurogenesis has been found to occur primarily in the 

subventricular zone (SVZ) and dentate gyrus of the hippocampus (DG) and to be influenced by 

both exogenous and endogenous factors.  In the present study, we examined the effects of male 

exposure or social isolation on neurogenesis in adult female prairie voles (Microtus ochrogaster).  

Newly proliferated cells labeled by a cell proliferation marker, 5-bromo-2’-deoxyuridine (BrdU), 

were found in the SVZ and DG, as well as in other brain areas, such as the amygdala, 

hypothalamus, neocortex, and caudate/putamen.  Two days of male exposure significantly 

increased the number of BrdU-labeled cells in the amygdala and hypothalamus in comparison to 

social isolation.  Three weeks later, group differences in BrdU labeling generally persisted in the 

amygdala, whereas in the hypothalamus, the male-exposed animals had more BrdU-labeled cells 

than did the female-exposed animals.  In the SVZ, two days of social isolation increased the 

number of BrdU-labeled cells as compared to female-exposure, but this difference was no longer 

present three weeks later. We have also found that the vast majority of the BrdU-labeled cells 

contained a neuronal marker, indicating neuronal phenotypes.  Finally, group differences in the 

number of cells undergoing apoptosis were subtle and did not seem to account for the observed 

differences in BrdU labeling.  Together, our data indicate that social environment affects neuron 

proliferation in a stimulus- and site-specific manner in adult female prairie voles. 
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INTRODUCTION 

     Adult neurogenesis has been documented in several vertebrate species, including birds 

(Brown et al., 1993), rodents (Kaplan and Hinds, 1977; Luskin and Boone, 1994; Huang et al., 

1998; Kempermann et al., 1998; Ormerod and Galea, 2001), non-human primates (Gould et al., 

1999a), and humans (Eriksson et al., 1998).  In the dentate gyrus (DG) of the hippocampus, cells 

proliferate in the subgranular zone and migrate into the granule cell layer where the majority 

develop into neurons (Cameron et al., 1993; Kuhn et al., 1996; Gould et al., 1997).  In the 

subventricular zone (SVZ), cells proliferate and then migrate along the rostral migratory stream 

(RMS) to the olfactory bulb (Menezes et al., 1995; Peretto et al., 1999) where they disperse and 

differentiate into granule or periglomerular cells in the main olfactory bulb (Luskin, 1993; 

Peretto et al., 1999) or into granule cells in the accessory olfactory bulb (Bonfanti et al., 1997; 

Peretto et al., 1999). Recently, newly proliferated cells have been visualized in other brain 

regions, including the neocortex, preoptic area, central gray, thalamus and hypothalamus (Huang 

et al., 1998; Gould et al., 1999a; Pencea et al., 2001).  The origin of these cells is still unknown, 

although it has been suggested that the new neurons in the neocortex may migrate from the SVZ 

(Gould et al., 1999a).  

     Although neurogenesis occurs continuously throughout adulthood, the rate of 

proliferation and the fate of the new cells may be affected by exogenous factors.  For example, 

an enriched environment promotes the survival of cells undergoing proliferation in the DG of 

mice and rats (Kempermann et al., 1997; Kempermann et al., 1998; Nilsson et al., 1999).  A 

short day photoperiod enhances the number of proliferating cells in the DG, cingulate cortex and 

hypothalamus of male hamsters (Huang et al., 1998).  The rate of cell proliferation in the DG 

fluctuates in association with breeding season in female meadow voles (Galea and McEwen, 

1999), and this effect may be attributable to changes in estrogen levels across seasons (Ormerod 

and Galea, 2001).  In female prairie voles, male-exposure induces an increase in cell 

proliferation in the SVZ (Smith et al., 2001).  Finally, exposure to an unfamiliar male decreases 

the number of proliferating cells in the DG of male tree shrews, possibly due to psychosocial 

stress (Gould et al., 1997).  Together, these data indicate that an animal’s environment can affect 

adult neurogenesis, which in turn, may impact behavioral and cognitive functions (Gould et al., 

1999b; van Praag et al., 1999b; Shors et al., 2001).   
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The prairie vole (Microtus ochrogaster) has been characterized as highly social and 

appears to form selective attachments (Carter and Getz, 1993; Getz and Carter, 1996).  Previous 

studies have demonstrated that, unlike rats, female prairie voles lack an estrous cycle and are 

induced into behavioral estrus by 24-48 hours of exposure to a male or male-associated sensory 

cues (Cohen-Parsons and Carter, 1987). Such male-induced behavioral estrus is associated with 

profound hormonal changes, including a rise in serum estrogen and an increase in estrogen 

receptors in the brain (Dluzen and Carter, 1979; Hnatczuk and Morrell, 1995; Smith et al., 2001).  

Therefore, the prairie vole provides an opportunity to examine the effects of environmental and 

endocrine changes on physiology and behavior.   

In the present study, we examined the effects of social environment, specifically male-

exposure or social isolation, on adult neurogenesis in female prairie voles.  We also identified the 

phenotype of the newly proliferated cells and investigated the rate of apoptosis in response to 

social environment.  It was hypothesized that male-exposure and social isolation would 

differentially affect adult neurogenesis in female prairie voles in a region-specific manner.   

 

MATERIALS AND METHODS 

Subjects 

Subjects were sexually naive female prairie voles (Microtus ochrogaster) that were 

offspring of the F3 generation of a laboratory-breeding colony.  The voles were weaned at 21 

days of age and housed in same-sex sibling pairs in plastic cages (29 × 18 × 13 cm) that 

contained cedar chip bedding.  All cages were maintained under 14L:10D photoperiod with 

lights on at 0700.  Temperature was kept at 21 ± 1°C.  Animals were provided with food (rabbit 

chow) and water ad libitum.  Female voles (85 - 135 days of age) used as subjects or stimulus 

animals were randomly assigned to treatment groups.  Stimulus males for the male-exposure 

group were sexually experienced adult males from our colony.   

BrdU Injections 

To label proliferating cells, female subjects were injected with a cell proliferation marker, 

5-bromo-2’-deoxyuridine (BrdU; Sigma: St. Louis, MO). Injections began 24 hours after 

placement into treatment condition and continued at six-hour intervals during the second 24 

hours of treatment (total of four injections per animal).  BrdU injections were given 
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intraperitoneally (ip; 50 µg/g body weight) in 0.9% NaCl and 0.007N NaOH, as described 

previously (Smith et al., 2001). 

Experiment 1 

Female subjects were randomly assigned to one of three treatment groups: housed with 

an unfamiliar male (male-exposure), housed with an unfamiliar female (female-exposure), or 

housed alone (isolation).  Subjects in each treatment group were further divided into two 

subgroups sacrificed at either two days or three weeks following environmental manipulation.  

The animals remained in their respective social environments until time of sacrifice.  During the 

first 48 hours of treatment, the male-exposure group was videotaped to verify copulation; 

subjects that did not mate were excluded from the study.  At three weeks, the male-exposure 

group had successfully produced their first litter.  Litter births occurred over the span of two days, 

and subjects were sacrificed three days following litter birth. Females from the female-exposure 

and isolation groups were sacrificed concurrently with females from the male-exposure group to 

control for time of sacrifice.  The purpose of the 3-week subgroups was to examine the effects of 

social environment on the survival of the newly added cells in comparison to the effects seen at 

two days.  Concerning the 3-week male-exposure group, although pregnancy and parturition may 

have introduced additional effects on the new cells, we were interested in the long-term effects in 

a situation comparable to what may naturally occur in the animal's environment, so the animals 

were permitted to become pregnant and deliver the pups.  Therefore, the resulting treatment 

groups included male-exposure (n=7), female-exposure (n=6) and isolation (n=7) sacrificed at 

two days, as well as male-exposure (n=6), female-exposure (n=8) and isolation (n=7) sacrificed 

at three weeks.   

Brain Perfusion/Fixation 

Subjects were anesthetized with sodium pentobarbital and perfused through the ascending 

aorta using 0.9% saline followed by 4% paraformaldehyde in 0.1M phosphate buffer solution 

(PBS; pH 7.4).  Brains were harvested, post-fixed for 2 hours in 4% paraformaldehyde and then 

stored in 30% sucrose in PBS.  Brains were then blocked on the coronal plane, caudal to the 

optic chaism.  The rostral portion was cut into 40µm sagittal sections with a vibratome.  From 

those sections, the subventricular zone (SVZ), rostral migratory stream (RMS), and olfactory 

bulb were visualized.  The caudal portion was cut into 40µm coronal sections, allowing the 

dentate gyrus (DG), amygdala, cingulate cortex, hypothalamus, and caudal portions of the 
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caudate/putamen to be visualized.  All of the brain sections were stored in 0.1M PBS with 1% 

sodium azide until processing either for peroxidase BrdU immunostaining or for double or triple 

fluorescence immunolabeling.  

BrdU Immunocytochemistry 

Floating brain sections at 120µm intervals were processed for BrdU immunostaining, as 

previously described (Smith et al., 2001).  Sections were treated with 2N HCl for 30 minutes at 

60°C and then with 0.1M borate buffer at room temperature for 25 minutes.  After rinsing in 

0.1M PBS, sections were incubated in 0.3% hydrogen peroxide and 10% methanol in 0.1M PBS 

for 15 minutes; 0.5% Triton X-100 in 0.1M PBS with 10% normal goat serum (blocking serum) 

for 60 minutes; and rat anti-BrdU monoclonal antibody (1:1,000; Accurate: Westbury, NY) in 

blocking serum at 4°C overnight.  Sections were then rinsed and incubated in biotinylated goat 

anti-rat IgG (1:200; Jackson ImmunoResearch: West Grove, PA) in blocking serum for 2 hours 

at room temperature.  Thereafter, sections were incubated in ABC Vector Elite in 0.1M PBS for 

90 minutes and immunoreactivity was revealed using 3'-diaminobenzidine (DAB; Sigma).  

Controls included processing brain sections without the primary antibody and processing brain 

sections from animals that did not receive BrdU injections; in either case, BrdU immunoreactive 

staining was not detected.  In addition, to reduce variability in the background and to standardize 

the staining, sections from all subjects were processed concurrently for BrdU immunostaining.   

Double or Triple Fluorescence Immunolabeling 

To determine the phenotype of the BrdU-labeled cells, floating sections at 120µm 

intervals were processed for BrdU and TuJ1 fluorescence double labeling or fluorescence triple 

labeling with BrdU, GFAP and either MAP-2 or NeuN.  TuJ1 is a mouse monoclonal IgG that 

recognizes a neuron-specific class III β-tubulin.  This tubulin is considered to be the earliest 

marker for cells that have begun to differentiate into neurons (Alexander et al., 1991; Kameda et 

al., 1993).  GFAP is a goat polyclonal IgG that recognizes glial fibrillary acidic protein found in 

astroglia and has been previously used to identify colocalized BrdU and glial cells (Nilsson et al., 

1999; Magavi et al., 2000).  MAP-2 is a protein associated with the dendrites and cytoplasm of 

mature neurons (Johnson and Jope, 1992), and NeuN is a protein which first appears after the 

cell has differentiated into a mature neuron (Mullen et al., 1992).  TuJ1, MAP-2 and NeuN 

antibodies have all been shown to successfully label neurons which have undergone proliferation 

 17



in the adult mammalian brain (Eriksson et al., 1998; Gould et al., 1999a; Magavi et al., 2000; 

Smith et al., 2001).   

For BrdU/TuJ1 double labeling, sections from the 2-day subgroups were first processed 

for BrdU immunocytochemistry but were incubated in rat anti-BrdU (1:200; Accurate) in 0.1M 

PBS with 0.1% Triton X-100 (PBT) at 4°C overnight and in rhodamine-conjugated goat anti-rat 

IgG (1:100; Jackson Immuno.) for two hours at room temperature.  Sections were then rinsed in 

PBT, blocked in 10% normal rabbit serum in PBT for 60 minutes, and incubated in mouse anti-

TuJ1 (1:500; Covance: Richmond, CA) at 4°C overnight, followed by 60 minutes at room 

temperature.  Thereafter, sections were rinsed in PBT and incubated in fluorescein-conjugated 

rabbit anti-mouse IgG (1:200; Jackson Immuno.) for two hours at room temperature.  

For BrdU/GFAP/MAP-2 or BrdU/GFAP/NeuN triple labeling, sections from the 3-week 

subgroups were first labeled for BrdU and blocked with 10% normal donkey serum, as described 

above, but Texas red-conjugated donkey anti-rat IgG was used as the secondary antibody.  

Sections were then blocked in 10% normal donkey serum in PBT for 60 minutes and incubated 

in goat anti-glial fibrillary acidic protein (GFAP, 1:1000; Santa Cruz: Santa Cruz, CA) in PBT at 

4°C overnight, followed by 60 min at room temperature.  Thereafter, sections were rinsed and 

incubated in cy5-conjugated donkey anti-goat IgG (1:100, Jackson Immuno.) for two hours at 

room temperature.  After rinsing in PBT and blocking in 10% normal donkey serum for 60 

minutes, sections were incubated in either mouse anti-MAP-2 (1:500; Sigma) or mouse anti-

NeuN (1:100; Chemicon: Temecula, CA) in PBT at 4°C overnight, followed by 60 minutes at 

room temperature.  Thereafter, sections were rinsed in PBT and incubated in fluorescein-

conjugated donkey anti-mouse IgG (1:200; Jackson Immuno.) for two hours at room temperature.  

Finally, sections were rinsed in 0.1M PBS, mounted using SlowFade (Molecular Probes: Eugene, 

OR) and cover-slipped.  The immunoflourescent labeling was then visualized using confocal 

microscopy.  Controls included processing the secondary antibodies alone to verify background 

staining, processing the primary with the secondary antibodies to verify laser-specific excitation, 

and using sequential scans with triple labeling to avoid cross-talk between channels.  

Data Quantification and Analysis 

All slides were coded to disguise group identity until after every section had been 

analyzed.  For peroxidase BrdU immunostaining, BrdU-labeled cells were examined in the 

dentate gyrus of the hippocampus (DG), central, medial and cortical nuclei of the amygdala, 
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arcuate and ventromedial nuclei of the hypothalamus, posterior cingulate cortex and 

caudate/putamen on the coronal sections for all groups.  On the sagittal sections, BrdU-labeled 

cells were examined in the SVZ and RMS for the 2-day subgroups and in the granule cell layer 

of the main olfactory bulb (MOB) and in the accessory olfactory bulb (AOB) for the 3-week 

subgroups.  Since SVZ-derived cells migrate along the RMS into the olfactory bulb (Luskin, 

1993; Menezes et al., 1995), BrdU-labeled cells were absent in the SVZ at three weeks and, 

instead, were distributed throughout the olfactory bulb at this time.  

BrdU-labeled cells were visualized under 40× magnification using a Zeiss AxioskopII 

microscope, and images were captured using a computerized image program (NIH Image 1.60).  

In the SVZ, BrdU-labeled cells were counted in two microscope fields (0.037 mm
2
 each) per 

section, beginning rostral to the lateral ventricle and extending down the superior portion of the 

RMS.  In the MOB, BrdU-labeled cells were counted in six microscope fields (0.037 mm
2
 each) 

of the granule cell layer per section.  BrdU-labeled cells were counted over the entire area of the 

AOB and bilaterally in the hilus and granule cell layers of the DG (corresponding to Plates 29-32 

in Paxinos and Watson, 1998).  For the above-mentioned areas, six to ten sections per area per 

animal were examined, and all the sections were carefully matched anatomically between 

animals.  Furthermore, BrdU-labeled cells in the central, medial and cortical nuclei of the 

amygdala (Plates 28-29 in Paxinos and Watson, 1998), arcuate and ventromedial nuclei of the 

hypothalamus (Plates 30-32 in Paxinos and Watson, 1998), posterior cingulate cortex (Plates 23-

24 in Paxinos and Watson, 1998) and caudate/putamen (Plates 29-31 in Paxinos and Watson, 

1998) were examined bilaterally on three sections per animal with sections matched between 

animals.  Cell counts were averaged over the number of sections for each brain area, and means 

were used for data analysis.  Treatment effects for the number of BrdU-labeled cells at each time 

point were analyzed by a one way analysis of variance (ANOVA), followed by a Student-

Newman-Keul’s posthoc (SNK) test.   

BrdU and TuJ1 labeled cells were quantified in the DG and SVZ from the 2-day 

subgroups.  BrdU/GFAP/MAP-2 or BrdU/GFAP/NeuN labeled cells were examined in the DG 

and olfactory bulb from the 3-week subgroups.  Cells were visualized under 63× magnification 

using a Bio-Rad 1024 confocal microscope.  For each area, at least 40 cells were counted from 

two sections per animal.  Individual cells stained for BrdU/TuJ1, BrdU/MAP-2, BrdU/NeuN, 

BrdU/GFAP or BrdU-only were counted.  Percentages were calculated for the individual 
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subject's number of double-labeled cells divided by the corresponding subject's total number of 

BrdU-labeled cells.  Group differences in the percentage of BrdU-labeled cells containing a 

neuronal marker (TuJ1, MAP-2, or NeuN) or a glial marker (GFAP) were analyzed at each time 

point by a one-way ANOVA, followed by a SNK test.  None of the BrdU-labeled cells were 

found to contain both neuronal (TuJ1, MAP2 or NeuN) and glial (GFAP) markers.  The presence 

of double-labeled cells was also verified in the amygdala and hypothalamus.  However, due to 

limited brain sections, quantitative data were not obtained from those brain regions.   

Experiment 2 

As data from Experiment 1 indicated that manipulation of social environment 

significantly alters the number of BrdU-labeled cells, we further tested whether changes in the 

number of BrdU-labeled cells were due to group differences in the rate of apoptosis at two days 

or three weeks.  For the 2-day subgroups, female prairie voles were assigned to one of three 

treatment groups: male-exposure (n=6), female-exposure (n=6), or isolation (n=5); all animals 

received four BrdU injections according to the paradigm described in Experiment 1.  Forty-eight 

hours following the initiation of treatment, subjects were decapitated, and brains were removed, 

blocked on the coronal plane caudal to the optic chiasm, and frozen on dry ice.  The rostral 

portion was cut into 20µm sagittal sections on a cryostat, while the caudal portion was cut into 

20µm coronal sections.  Sagittal sections through the SVZ, RMS and OB and coronal sections 

through the hippocampus (Plates 29-32 in Paxinos and Watson, 1998) were thaw mounted onto 

Superfrost/plus slides (Fisher: Springfield, NJ) at 60µm intervals and were stored at -80°C before 

processing for apoptosis labeling.  For the 3-week subgroups, floating sections at 120µm 

intervals from Experiment 1 were used.  

Apoptosis labeling 

To evaluate DNA fragmentation resulting from apoptosis, floating and slide-mounted 

sections were processed for terminal deoxynucleotidyl transferase dUTP nick end-labeling 

(TUNEL) using the ApopTag Plus Peroxidase in situ Apoptosis Detection Kit (Kit S7101, 

Intergen: Purchase, NY).  This method has been extensively used in rodents including prairie 

voles (Thomaidou et al., 1997; Hastings et al., 1999; Biebl et al., 2000; Zhu et al., 2000).  Briefly, 

sections were fixed in 4% paraformaldehyde in PBS (0.05M phosphate sodium, 0.2M NaCl, pH 

7.4) at 4°C for 15 minutes, post-fixed in precooled ethanol:acetic acid (2:1) at -20°C for five 

minutes, and incubated in proteinase K (5µg/ml) for 15 minutes at room temperature.  Three 
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percent H2O2 was used to quench endogenous peroxidase activity.  Afterwards, sections were 

incubated in working strength TdT enzyme for two hours at 37°C in a humidified chamber, 

followed by working strength stop/wash buffer for 10 minutes.  Sections were then incubated in 

anti-digoxigen peroxidase conjugate in a humidified chamber at room temperature for 60 

minutes, followed by working strength peroxidase substrate at room temperature until staining 

was visualized.  The floating sections for the 3-week subgroups were then mounted. All sections 

were counterstained with 0.25% methyl green at room temperature for five minutes, washed in 

100% 1-butanol, and dehydrated in xylene. Slides were coverslipped using Permount (Fisher).  

Controls included first digesting sections with DNase prior to TdT treatment (positive control) 

and processing sections without the TdT enzyme treatment (negative control); both revealed no 

labeling.   

Coded slides were examined by two experimenters using a dual-view microscope 

(Olympus BX50).  TUNEL-labeled cells in the DG and SVZ for the 2-day subgroups and in the 

DG and OB for the 3-week subgroups were counted under 40× magnification.  Cell counts were 

performed on three to six sections per area for each animal with sections matched across subjects.  

The mean number of TUNEL-labeled cells per section was calculated, and group differences 

were analyzed by a one-way ANOVA, followed by a SNK test. 

 

RESULTS 

BrdU immunoreactive labeling 

BrdU immunocytochemistry produced dense nuclear staining of cells in specific areas of 

the vole brain.  Manipulation of social environment altered the number of BrdU-labeled cells in a 

stimulus- and region-specific manner.  In the SVZ, dense clusters of BrdU-labeled cells were 

found in subjects from the 2-day subgroups; densely packed BrdU-labeled cells were also found 

in the intermediate pathway of the RMS, but few cells were present in the olfactory bulb (Fig. 

2.1A).  After two days of treatment, the isolation group had significantly more BrdU-labeled 

cells in the SVZ than did the female-exposure group (F2,15=3.713, p< 0.05; Fig. 2.2A); a similar 

increase in BrdU labeling was found in the male-exposure group, but this did not reach statistical 

significance.  After three weeks of treatment, BrdU-labeled cells were absent in the SVZ and 

RMS and, instead, were distributed throughout the olfactory bulb (Fig. 2.1B).  Most of the BrdU- 
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Figure 2.1. Photomicrographs of BrdU-labeled cells in the subventricular zone (SVZ), rostral 

migratory stream (RMS), and olfactory bulb (OB).  (A) At two days, the majority of the BrdU-

labeled cells are found in the SVZ and RMS but few are present in the OB.  Scale bar = 100µm.  

The bottom left insert displays densely packed cells labeled for BrdU in the SVZ (Scale bar = 

10µm) while the top right insert displays scattered cells labeled for BrdU in the OB (Scale bar = 

10µm).  (B) At three weeks, BrdU-labeled cells are distributed throughout the cell layers of the 

main olfactory bulb, and a few are present in the accessory olfactory bulb (AOB).  Scale bar = 

100µm.  The insert displays BrdU-labeled cells in the granule cell layer (GrL) of the main 

olfactory bulb (Scale bar = 10µm).  LV: lateral ventricle; GL: glomerular layer.  
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Figure 2.2.  The effects of social environment on the mean number of BrdU-labeled cells in 

female prairie voles. (A) In the subventricular zone (SVZ), the isolation group at two days had 

significantly more BrdU-labeled cells than did the female-exposure group.  At three weeks, the 

labeled cells had migrated into the olfactory bulb (OB) where no treatment effects were detected. 

(B) In the dentate gyrus, statistically significant differences were not found at either time point, 

although a trend does appear to exist at two days. Alphabetical letters represent the results of the 

post hoc test.  Error bars indicate standard error of the mean. 
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labeled cells were found in the granule cell layer of the MOB, and a few were present in the 

AOB.  No group differences were found in the number of BrdU-labeled cells either in the MOB 

(Fig. 2.2A) or AOB (isolation: 7.7 ± 1.4; female-exposure: 7.6 ± 0.6; male-exposure: 9.3 ± 0.7).  

In the DG, manipulation of social environment did not significantly influence the number of 

BrdU-labeled cells after either two days or three weeks of treatment (Fig. 2.2B).   

BrdU-labeled cells were also visualized in other brain areas, in addition to the SVZ, RMS, 

OB and DG.  We quantified the number of BrdU-labeled cells in the amygdala (central, medial 

and cortical nuclei), hypothalamus (arcuate nucleus and VMH), posterior cingulate cortex, and 

caudate/putamen. Manipulation of social environment altered the number of BrdU-labeled cells 

in a stimulus-specific manner.  In the amygdala (Fig. 2.3A-C & 2.4A) after two days of treatment, 

the male-exposure group had significantly more BrdU-labeled cells than did the isolation group 

(F2,10=5.39, p<0.05).  Specifically, in the central nucleus, the male-exposure group displayed a 

larger number of BrdU-labeled cells than did the isolation group (F2,10=6.34, p<0.05), but such 

differences were not detected in the cortical or medial nuclei at this time-point.  At three weeks, 

a similar pattern was found as the male-exposure group had significantly more BrdU-labeled 

cells than did both the isolation and female-exposure groups (F2,18=5.79, p<0.05).  When 

examining the specific amygdaloid nuclei, the medial and cortical, but not the central, nuclei 

displayed group differences.  In the medial nucleus, the male-exposure group had significantly 

more BrdU-labeled cells than did the isolation group (F2,18=3.62, p<0.05).  In the cortical nucleus, 

the male-exposure group displayed a larger number of BrdU-labeled cells than did both the 

isolation and female-exposure groups (F2,18=7.60, p<0.05).  A similar pattern was found in the 

hypothalamus (Fig. 2.3D-F & 2.4B) with male-exposure increasing the number of BrdU-labeled 

cells at two days compared to social isolation (F2,11=4.38, p<0.05), but at three weeks, the male-

exposure group displayed a larger number of BrdU-labeled cells than did the female-exposure 

group (F2,18=8.28, P<0.05).  Finally, in the cingulate cortex (Fig. 2.3G-I & 2.4C) and 

caudate/putamen (Fig. 2.4D), no group differences in the number of BrdU-labeled cells were 

detected at either time-point.  

Site-specific effects were also found across brain regions when comparing for the percent 

difference from control (female exposure) for each environmental treatment condition (isolation 

or male exposure). At two days, isolation exerted differential effects on cell proliferation 

depending on brain region (F8,26=5.21, p<0.001). Specifically, the medial (-65.1 ± 8.4%), cortical   
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Figure 2.3.  Photomicrographs of BrdU-labeled cells at two days following treatment in the (A-C) 

amygdala, (D-F) hypothalamus and (G-I) cingulate cortex of female prairie voles.  In the 

amygdala, the isolation group (A) had significantly less BrdU-labeled cells than did the male-

exposure group (C); the female-exposure group (B) did not differ significantly from either other 

group.  In the hypothalamus, the isolation group (D) had significantly less BrdU-labeled cells 

than did the male-exposure group (F); the female-exposure group (E) did not differ from either 

other group.  In the cingulate cortex, the isolation (G), female-exposure (H), and male-exposure 

(I) groups did not differ in the number of BrdU-labeled cells.  Scale bars = 100µm   
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Figure 2.4.  The effects of social environment on the mean number of BrdU-labeled cells in 

female prairie voles. (A) In the amygdala, at two days, the male-exposure group had significantly 

more BrdU-labeled cells than did the isolation group, but the female-exposure group did not 

differ from either other group.  At three weeks, the male-exposure group displayed more BrdU-

labeled cells than did both the isolation and female-exposure groups.  (B) In the hypothalamus at 

two days, the isolation group had less BrdU-labeled cells than did male-exposure group, but the 

female-exposure group did not differ from either.  At three weeks, the male-exposure group had 

more BrdU-labeled cells than did the female-exposure group, but the isolation group did not 

differ from either. In the cingulate cortex (C) and caudate/putamen (D), group differences were 

not found at two days or at three weeks. Alphabetical letters represent the results of the post hoc 

test.  Error bars indicate standard error of the mean. 
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(-36.4 ± 16.8%) and central (-34.3 ± 11.9%) nuclei of the amygdala and hypothalamus (-38.9 ± 

3.1%) differed significantly from the DG (47.8 ± 16.1%).  Significant differences were not found 

for the SVZ (12.6 ± 22.2%) or caudate/putamen (-7.8 ± 16.2%) when compared to any other 

brain region.  The cingulate cortex (38.4 ± 14.4%) only differed from the medial amygdala, but 

not from any other region. For the two-day male exposure/mating condition, the percent 

difference from the control was not significantly different across brain regions.  At three weeks, 

isolation exerted differential effects across brain regions (F9,58=3.01, p<0.05). Specifically, the 

percent change from the control significantly differed for the medial (-27.0 ± 11.9%) and cortical 

(-25.2 ± 9.4%) nuclei of the amygdala as compared to the MOB (51.4 ± 27.3%) and 

hypothalamus (58.4 ± 24.2%). The DG (-8.1 ± 12.3%), caudate/putamen (-5.0 ± 17.6%), central 

(-2.5 ± 11.7%) nucleus of the amygdala, AOB (2.2 ± 18.3%), and cingulate cortex (4.9 ± 17.0%) 

did not differ from any other brain region.  Finally, for the three-week male-exposure/mating 

condition, significant differences of the treatment effect were not found across brain regions. 

Phenotype of the BrdU-labeled cells 

The percentages of the BrdU-labeled cells in the DG, SVZ, and OB containing a neuronal 

or a glial maker are summarized in Table 2.1.  For the 2-day subgroups, the majority (72%) of 

the BrdU-labeled cells in the DG were also TuJ1-positive (Fig. 2.5A).  Fewer (33%) BrdU-

labeled cells were colocalized with TuJ1 in the SVZ (Fig. 2.5B).  In both areas, no group 

differences were detected in the percentage of the BrdU-labeled cells containing TuJ1 staining.  

Cells double-labeled with BrdU and TuJ1 were also found in the amygdala (Fig. 2.5C) and 

hypothalamus (Fig. 2.5D), although quantitative data were not obtained.  For the 3-week 

subgroups, in the DG, the vast majority of the BrdU-labeled cells were colocalized with either 

MAP-2 (86%; Fig. 2.6A) or NeuN (90%), whereas a minimal percentage (1.5%) were 

colocalized with GFAP.  Similarly in the olfactory bulb, the majority of the BrdU-labeled cells 

were colocalized with either MAP-2 (90%) or NeuN (92%; Fig. 2.6B), and a minor percentage 

(0.1%) were colocalized with GFAP.  No group differences were found for cells double-labeled 

with BrdU and either MAP-2, NeuN, or GFAP in any of these brain areas.   

Apoptosis labeling 

The TUNEL labeling resulted in dark-brown nuclear staining (Fig. 2.7).  TUNEL-

positive (TUNEL
+
) cells were found in the SVZ and RMS (Fig. 2.7A), granule cell layer of the 

OB (Fig. 2.7B), and granule layer (Fig. 2.7C) and hilus of the DG.  After two days of treatment,  
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Table 2.1. Percentage of BrdU nuclei double-labeled with a neuronal (TuJ1, MAP-2, or NeuN) 

or glial (GFAP) marker. 

 

 

  2 Days  3 Weeks  

Brain 

Area 

Treatment BrdU/ 

TuJ1 

BrdU/ 

MAP-2 

BrdU/ 

NeuN 

BrdU/ 

GFAP 

DG Isolation 77 87 85 3 

 Control 75 86 85           1.4 

 Mating 64 84 100 0 
      

SVZ Isolation 30 - - - 

 Control 43 - - - 

 Mating 27 - - - 
      

OB Isolation - 92 89 0 

 Control - 90 91 0 

 Mating - 86 96 0.3 
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Figure 2.5. Phenotype of BrdU-labeled nuclei at two days. Confocal laser microscope images 

display cells colocalized (yellow) for BrdU (red) and TuJ1 (green) in the dentate gyrus (A), 

subventricular zone (B), central amygdala (C), and ventromedial hypothalamus (D) of female 

prairie voles after two days of treatment.  Scale bar = 5µm. 
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Figure 2.6.  Phenotype of BrdU-labeled nuclei at three weeks. Confocal laser microscope images 

display cells stained for BrdU, MAP-2, NeuN and/or GFAP in female prairie voles.  (A) In the 

dentate gyrus, cells display staining for BrdU (red), MAP-2 (green), GFAP (blue), and all three 

markers (right panel).  The BrdU and MAP-2 colocalized cell displays a yellow image (right 

panel).  (B) In the olfactory bulb, a single BrdU (red) labeled cell and a BrdU and NeuN (green) 

double-labeled cell (yellow) are shown.  Scale bar = 5µm. 
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Figure 2.7. Photomicrographs of TUNEL-labeled cells in the vole brain. (A) TUNEL-labeled 

cells (brown) in the subventricular zone (SVZ) and rostral migratory stream (RMS) of a female 

prairie vole.  Scale bar = 50µm.  The insert displays a higher magnification of TUNEL-labeled 

cells in the SVZ (Scale bar = 10µm).  TUNEL-labeled cells were also found in the (B) granule 

cell layer of the olfactory bulb, (C) granule cell layer of the dentate gyrus, and (D) ventromedial 

hypothalamus.  Scale bars = 10µm. 
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Figure 2.8.  The effects of social environment on the mean number of TUNEL-labeled cells in 

female prairie voles.  (A) Group differences in TUNEL labeling were not found in the 

subventricular zone (SVZ) at two days or in the olfactory bulb (OB) at three weeks. (B) In the 

dentate gyrus (DG), social isolation or male-exposure for two days increased the number of 

TUNEL-labeled cells in comparison to female-exposure; these treatment effects were not present 

three weeks later.  Alphabetical letters represent the results of the post hoc test.  Error bars 

indicate standard error of the mean. 
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group differences were not found in the SVZ (Fig. 2.8A), but in the DG (Fig. 2.8B) the male-

exposure and isolation groups had more TUNEL
+
 cells than the female-exposure group 

(F2,14=4.76, p<0.05).  No group differences in the number of TUNEL
+ 

cells were found in the OB 

(Fig. 2.8A) or DG (Fig. 2.8B) after three weeks of treatment.  We also observed scattered 

TUNEL
+
 cells in several other brain areas, such as the hypothalamus (Fig. 2.7D), amygdala, and 

neocortex, although limitations in the number of brain sections prevented us from reliably 

quantifying those cells for comparison among treatment groups. 

 

DISCUSSION 

Previous studies have demonstrated that environmental factors, such as environmental 

complexity (Kempermann et al., 1997; Kempermann et al., 1998; Nilsson et al., 1999), 

photoperiod (Huang et al., 1998), seasonal changes (Galea and McEwen, 1999), and 

psychosocial stress (Gould et al., 1997), affect adult neurogenesis in the mammalian brain.  In 

the present study, we found that male-exposure or social isolation altered neurogenesis in adult 

female prairie voles in a stimulus- and region-specific manner.  Differential effects were induced 

after either short-term (e.g., SVZ) or long-term (e.g., hypothalamus) exposure depending on the 

brain region.  In addition, group differences in the number of cells undergoing apoptosis were 

subtle, suggesting that social environment most likely affects cell proliferation, rather than cell 

death, in the female prairie vole brain.   

In the present study, BrdU was injected at a concentration of 50mg/kg, a dosage which 

has been shown to be nontoxic (Miller and Nowakowski, 1988) and has been commonly used for 

most studies of adult neurogenesis (Huang et al., 1998; Kempermann et al., 1998; Nilsson et al., 

1999; Smith et al., 2001).  A recent report suggests that a higher dosage of BrdU (300mg/kg) 

may be a better quantitative marker of proliferating cells in the DG of rats, as lower dosages (e.g. 

50mg/kg) only label a fraction of the S-phase cells (Cameron and McKay, 2001). However, our 

injection schedule (4 injections at 6-hour intervals during a 24-hour period) was previously 

shown to label a large number of proliferating cells in prairie voles (Smith et al., 2001).  

Furthermore, subjects in all groups received the same dosage of BrdU, and thus proliferating 

cells labeled with BrdU should have been proportional across treatment groups, allowing for an 

accurate comparison.  Although no significant group differences were found in certain brain 

regions, the lack of effect of social environment on neurogenesis in these regions should be 
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interpreted with caution, as a higher statistical power could result in significant differences 

among the groups. 

 

New cells in the amygdala and hypothalamus 

Observations of BrdU-labeled cells in brain areas other than the DG, SVZ, and OB have 

been reported in hamsters, rats, and non-human primates (Huang et al., 1998; Gould et al., 1999a; 

Pencea et al., 2001).  In the present study, BrdU-labeled cells were found in the amygdala, 

hypothalamus, neocortex, and caudate/putamen of the prairie vole brain.  An important finding is 

that the number of BrdU-labeled cells was affected by social environment.  In both the amygdala 

and hypothalamus, for example, two days of male-exposure significantly increased the number 

of BrdU-labeled cells in comparison to social isolation.  At three weeks, the same general pattern 

persisted in the amygdala, whereas, in the hypothalamus, male-exposure increased the number of 

BrdU-labeled cells compared to female-exposure. Although we did not quantify the number of 

double-labeled cells, there were some BrdU-labeled cells in the amygdala and hypothalamus that 

displayed a neuronal phenotype.  These data provide evidence to support our hypothesis that 

social environment influences the newly proliferated neurons in the adult female prairie vole 

brain.  

Several factors associated with social experience may have contributed to the group 

differences in BrdU labeling.  During 48-hours of male-exposure, female prairie voles 

experience an increase in serum estrogen; their estrogen levels are elevated within 18 hours 

following male-exposure and persist for at least 4-5 days (Carter et al., 1986; Cohen-Parsons and 

Carter, 1987).  Since elevated estrogen is a prerequisite for voles to display estrus behavior 

(Dluzen and Carter, 1979), mating was used as a behavioral index to ensure that all subjects in 

the male-exposure group experienced an increase in estrogen.  In recent studies, estrogen was 

found to enhance BrdU labeling in the SVZ of female prairie voles (Smith et al., 2001) and in the 

DG of female meadow voles (Ormerod and Galea, 2001).  If these findings can be generalized, 

we would expect the elevation of estrogen following male-exposure to be responsible for the 

increased BrdU labeling in the amygdala and hypothalamus.  This notion is supported by the fact 

that, in the DG of female rats, BrdU labeling fluctuates during the estrus cycle, and ovariectomy 

decreases, whereas estrogen replacement restores, the number of proliferating cells (Tanapat et 

al., 1999).  
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Prairie voles are a social species (Getz and Carter, 1996) that display high levels of 

affiliative behavior (Dewsbury, 1987; Shapiro and Dewsbury, 1990), so our social isolation 

paradigm was expected to provide the voles with a stressful environment.  Indeed, in female 

prairie voles, social isolation significantly elevates serum corticosterone, and in contrast, 

exposure to an unfamiliar female does not alter, whereas exposure to a male decreases, serum 

corticosterone levels relative to baseline levels (DeVries et al., 1995; Kim and Kirkpatrick, 1996).  

Therefore, the stress-induced elevation in corticosterone may have been responsible for the 

decreased BrdU labeling in the amygdala and hypothalamus of the isolated female prairie voles.  

This stress-induced decrease in the number of new cells is similar to previous studies which have 

examined neurogenesis in the DG of other mammals.  In tree shrews, for example, social stress 

decreases cell proliferation (Gould et al., 1997), and in rats, treatment with corticosterone 

(Cameron et al., 1998) or hydrocortisone (Bohn, 1980) decreases, whereas adrenalectomy 

(Cameron and Gould, 1994) increases, the number of newly proliferated cells.   

At present, the underlying regulatory mechanisms of hormones on neurogenesis are 

unknown, although some speculations may be drawn.  For instance, in rats, estrogen up-regulates 

BDNF expression in the hippocampus (Singh et al., 1995; Sohrabji et al., 1995; Gibbs, 1998).  In 

contrast, acute or chronic stress down-regulates BDNF expression in the hippocampus and in 

several hypothalamic brain regions via corticosterone-mediated mechanisms (Smith et al., 1995; 

Schaaf et al., 1997; Schaaf et al., 1998).  BDNF administration enhances the proliferation and 

survival of cells in the SVZ and olfactory bulb, as well as in some thalamic and hypothalamic 

regions, in rats (Kirschenbaum and Goldman, 1995; Zigova et al., 1998; Pencea et al., 2001).  In 

prairie voles, male-exposure elevates circulating estrogen (Dluzen and Carter, 1979) and 

increases BrdU-labeled cells in the amygdala and hypothalamus (present study), and estrogen 

treatment enhances BDNF expression in both brain regions (Liu et al., 2001c).  Finally, social 

isolation increases, whereas male-exposure decreases, serum corticosterone levels (DeVries et al., 

1995; Kim and Kirkpatrick, 1996).  Together, these data suggest that altered estrogen and 

corticosterone may act via BDNF to regulate neurogenesis.   

It is worth noting that in the amygdala, the pattern of group differences in BrdU labeling 

at two days persisted three weeks later.  This finding is in distinct contrast to the isolation-

induced transient increase in BrdU labeling in the SVZ in the present study and estrogen-induced 

transient increase in BrdU labeling in the DG of rats in a previous study (Tanapat et al., 1999).  
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However, these data do support our hypothesis that the effects of social environment on adult 

neurogenesis are region-specific.  A simplistic explanation for our findings may be that the 

estrogen surge following male exposure or around parturition/postpartum (Dluzen and Carter, 

1979; Carter et al., 1989; Smith et al., 2001) were responsible for the increased BrdU labeling in 

the amygdala and hypothalamus of the male-exposure group at two days and three weeks.  Of 

course, the male-exposed animals at three weeks had undergone pregnancy and parturition, and 

many hormones (Carter et al., 1989; Neumann et al., 1998), in addition to estrogen, could have 

acted on the BrdU-labeled cells.  Therefore, different mechanisms may have been regulating the 

cell proliferation and/or survival at two days than at three weeks.  This speculation needs to be 

addressed in further studies.   

 

Neurogenesis in the SVZ and DG 

In the present study, social isolation for 48 hours significantly increased the number of 

BrdU-labeled cells in the SVZ in comparison to female-exposure.  Why did social isolation 

decrease BrdU labeling in the amygdala and hypothalamus but increase BrdU labeling in the 

SVZ?  The explanation for such an unexpected increase is not obvious, and several possibilities 

may exist.  First, two-thirds of the BrdU-labeled cells in the SVZ did not display a neuronal 

phenotype (see Table 2.1).  In a recent study, stress was found to induce cell proliferation in the 

non-neuronal olfactory epithelium of the adult mouse (Feron et al., 1999).  It is possible, 

therefore, that the non-neuronal or undifferentiated population of BrdU-labeled cells in the SVZ 

may account for the isolation-enhanced cell proliferation.  Second, rather than social isolation 

increasing neurogenesis in the SVZ, the female-exposure environment may have elicited an 

inhibitory effect, causing the number of BrdU-labeled cells to decrease.  This possibility can be 

ruled out since in the natural environment, it is common for individual voles to encounter the 

same or opposite sex strangers under high population densities (Getz et al., 1987) and in the 

laboratory, exposure to an unfamiliar female does not alter serum corticosterone levels in 

sexually naive female prairie voles (DeVries et al., 1995).  Furthermore, female prairie voles 

exposed to a familiar female or to an unfamiliar female display similar levels of BrdU labeling in 

the SVZ (Smith et al., 2001), suggesting that exposure to an unfamiliar female does not 

negatively affect the newly proliferated cells.   
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A third possibility is that two days of social isolation provided a stressful stimulus but 

with only region-specific effects: it reduced the number of newly added cells in the amygdala 

and hypothalamus but not in the SVZ or DG.  The discrepancy that stress decreases neurogenesis 

in the DG of tree shrews and rats (Cameron and Gould, 1994; Gould et al., 1997; Cameron et al., 

1998) but not in voles (present study) may be explained by the fact that prairie voles are a typical 

glucocorticoid resistant animal that possesses a high basal level of corticosterone and adrenal 

steroid receptors with low affinity and density in the DG (Taymans et al., 1997; Hastings et al., 

1999).  Therefore, the isolation-induced stress may not have negatively affected the addition of 

new cells in the DG, as it did in the amygdala and hypothalamus.   

 In a previous study of meadow voles, females exposed to a male for 48-hrs were found to 

have less BrdU-labeled cells in the DG than females without male-exposure; furthermore, an 

acute estrogen injection increased the number of BrdU-labeled cells in the DG 4 hrs, but not 48 

hrs, following the estrogen injection (Ormerod and Galea, 2001).  In female prairie voles, 

however, exposure to a male for 48 hours does not reduce BrdU labeling in the DG and SVZ 

(present study), and estrogen administration does elevate BrdU labeling moderately in the DG 

(M. Smith, unpublished data) and significantly in the SVZ (Smith et al., 2001).  Why are there 

discrepancies between prairie and meadow voles for the effects of male-exposure and estrogen 

on cell proliferation? Different paradigms incorporating different amounts and schedules of 

BrdU injections and estrogen treatment might contribute to these discrepancies.  In addition, the 

two species show remarkable differences in life strategy; prairie voles are social and 

monogamous, whereas meadow voles are nonsocial and promiscuous (Dewsbury, 1987).  Prior 

studies have shown that mating induces social attachment in monogamous, but not promiscuous, 

voles (Insel and Hulihan, 1995; Insel et al., 1995).  In addition, administration of the 

neuropeptide vasopressin facilitates social attachment in monogamous voles but does not alter 

affiliative behavior in promiscuous voles (Winslow et al., 1993; Young et al., 1999; Liu et al., 

2001b). Therefore, social environment and estrogen may differentially influence adult 

neurogenesis depending on the vole's distinct life strategy and social behavior.  It will be 

essential to conduct a carefully controlled comparative study examining the effects of social 

environment and/or steroid hormones on neurogenesis in monogamous and promiscuous voles 

before a precise conclusion can be drawn.   
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Changes in the number of BrdU-labeled cells may have resulted from altered cell 

proliferation, survival, or both.  To determine the role of cell death in the regulation of 

neurogenesis, TUNEL staining was used to indicate the number of cells undergoing apoptosis, a 

method which has be extensively used in rodents, including prairie voles (Thomaidou et al., 1997; 

Hastings et al., 1999; Biebl et al., 2000; Zhu et al., 2000).  A decrease in TUNEL labeling can be 

used as an index of cell survival.  We predicted that if increased BrdU labeling in the SVZ was 

due to decreased cell death, a decrease in TUNEL labeling would be observed for the mating and 

social isolation groups.  Our data, however, demonstrated that male-exposure or social isolation 

for two days enhanced TUNEL labeling in the DG but had no effects in the SVZ.  Considering 

the magnitude of the number of BrdU-labeled cells, the effect on TUNEL
 
labeling appears to be 

subtle.  These data suggest that social environment alters BrdU
 
labeling most likely by acting on 

cell proliferation, rather than cell death, in female prairie voles.  It should be noted that these 

results may not be conclusive.  First, the TUNEL assay is based on DNA fragmentation and may 

also account for cells undergoing necrosis (Charriaut-Marlangue and Ben-Ari, 1995).  Second, 

apoptosis was only measured at two time points (two days and three weeks) in our study.  Since 

the clearance time for TUNEL
+
 cells is about 2-3 hours (Thomaidou et al., 1997), it is possible 

that cells that had undergone apoptosis were already cleared from the cellular environment 

before the TUNEL labeling was performed. Finally, although differences in BrdU labeling were 

primarily present in the amygdala and hypothalamus, we were unable to sufficiently examine 

these areas for TUNEL.   

 

Conclusion 

In summary, manipulation of social environment resulted in stimulus- and site-specific 

effects on the newly proliferated cells in the adult female prairie vole brain.  Our data 

demonstrate that experience with a male for two days significantly enhances the number of 

BrdU-labeled cells in the amygdala and hypothalamus in comparison to social isolation.  This 

general pattern in BrdU labeling persisted three weeks later, indicating that social environment 

also exerts long-term effects on the newly proliferated cells.  In addition, we found that isolation 

for two days enhances cell proliferation in the SVZ, and social environment appears to act on 

cell proliferation, rather than cell death.  Finally, many newly proliferated cells display a 

neuronal phenotype. 
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It is interesting to note that the amygdala has been implicated in olfactory memory 

(Demas et al., 1997), pheromonal analysis (Meredith, 1998), sexual behavior (Dominguez et al., 

2001) and fear conditioning (Fanselow and LeDoux, 1999).  In voles, mating induces social 

attachment (Williams et al., 1992a; Winslow et al., 1993; Insel et al., 1995), and the amygdala 

plays a role in memory and social attachment formation (Williams et al., 1992b; Kirkpatrick et 

al., 1994; Demas et al., 1997; Wang et al., 1997a).  Therefore, the addition of new cells in the 

amygdala may be of particular importance since newly added cells could contribute to enhanced 

learning and memory abilities, as suggested in the DG of mice and rats (Kempermann et al., 

1997; van Praag et al., 1999b; Shors et al., 2001). 
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Chapter 3: 

Species differences in estrogen regulation of cell proliferation and the distribution of 

estrogen receptor α in the brains of adult female prairie and meadow voles 

 

 

 

 

 

 

 

 

 

 

 

 

 

Modified from the following reference: 

 

Fowler CD and Wang ZX. Species differences in estrogen regulation of cell proliferation and the 

distribution of estrogen receptor α in the brains of adult female prairie and meadow voles. 

Journal of Comparative Neurology, submitted. 
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ABSTRACT 

Prairie (Microtus ochrogaster) and meadow (M. pennsylvanicus) voles are closely related 

species that differ in life strategies and social behaviors. In the prior study, we found that male 

exposure and mating enhances the number of new cells in the female prairie vole amygdala and 

hypothalamus, possibly due to elevated estrogen levels associated with sexual receptivity. Thus, 

in the present study, we examined the effects of estrogen on cell proliferation in the adult brains 

of ovariectomized female prairie and meadow voles.  Overall, female meadow voles had a higher 

density of BrdU-labeled cells in the amygdala and dentate gyrus of the hippocampus (DG) than 

did prairie voles.  Two days of treatment with estradiol benzoate (EB) significantly increased the 

density of BrdU-labeled cells in the amygdala, particularly in the posterior cortical (pCorA) and 

posterior medial (pMeA) nuclei, in the meadow, but not prairie, voles.  No effects were found in 

other brain regions including the DG, central nucleus of the amygdala, or ventromedial nucleus 

of the hypothalamus.  In the pCorA and pMeA, overall, about 45% of the BrdU-labeled cells 

displayed a neuronal phenotype and 43% displayed a glial phenotype; however, no species or 

treatment differences were found in either population. The distribution of estrogen receptor alpha 

(ERα) was also mapped in the brain of intact females from both species. Meadow voles had a 

higher density of cells containing ERα in the pCorA, but not pMeA or DG, in comparison to 

prairie voles.  Furthermore, many of the BrdU-labeled cells in the brains of both species 

coexpressed ERα labeling, allowing for the possibility of a direct effect of estrogen on cell 

proliferation. Together, these data suggest that estrogen increases adult cell proliferation in a 

species-specific manner for certain brain regions, possibly by acting directly on proliferating 

cells, in the adult vole.   
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INTRODUCTION 

Cell proliferation in the adult brain has been documented in a variety of vertebrate 

species. In mammals, newly proliferated cells have been found in the dentate gyrus of the 

hippocampus (DG) and subventricular zone (SVZ) in almost all species examined, including rats 

(Kaplan and Hinds, 1977; Peretto et al., 1999; Tanapat et al., 1999), mice (Kempermann et al., 

1997; Shingo et al., 2003), hamsters (Huang et al., 1998), voles (Smith et al., 2001; Fowler et al., 

2002), non-human primates (Gould et al., 1999c; Bedard et al., 2002), and humans (Eriksson et 

al., 1998; Curtis et al., 2003).  In some species, newly proliferated cells have also been identified 

in other forebrain regions such as the striatum, septum, amygdala, neocortex, thalamus and 

hypothalamus (Huang et al., 1998; Gould et al., 1999a; Magavi et al., 2000; Pencea et al., 2001; 

Bernier et al., 2002; Fowler et al., 2002; Nunes et al., 2003). This widespread presence of new 

cells in varying brain regions has led researchers to investigate the mechanisms regulating new 

cell proliferation and survival. Since hormones play an important role in the development of the 

brain and its functioning (Dohler et al., 1983; Vom Saal, 1983; Gould et al., 1991; McEwen et al., 

1997), several lines of research have begun to focus on the role of hormones in adult 

neurogenesis.  For example, in rats, corticosterone has been found to decrease the density of new 

cells in the DG (Cameron and Gould, 1994), whereas, in mice, prolactin enhances the number of 

new cells in the SVZ (Shingo et al., 2003). The gonadal steroid hormone estrogen also appears to 

be important.  In the female rat DG, an increase in the proliferation of new cells occurs during 

proestrus when estrogen reaches its highest level, and ovariectomy diminishes the number of 

new cells, whereas estrogen replacement can transiently reverse this effect (Tanapat et al., 1999; 

Ormerod et al., 2003).  Interestingly, in vitro, neural stem cells from the adult rat ventricular 

zone decrease in number following estradiol treatment, indicating possible site-specific action of 

estrogen on cell proliferation in the rat brain (Brannvall et al., 2002). 

Voles are a group of microtine (Microtus) rodents that are related taxonomically but 

display remarkable differences in life strategies and social behaviors.  For example, prairie voles 

(Microtus ochrogaster) have been characterized as monogamous and highly social; males and 

females share a nest and form long-lasting partnerships, or pair bonds, usually until one dies 

(Carter et al., 1986; Getz et al., 1987).  In contrast, meadow voles (M. pennsylvanicus) are 

promiscuous and asocial: males and females do not appear to share a nest or to form pair bonds 

(Madison, 1980; Lim et al., 2004). These animals have provided an excellent comparative model 
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for the study of brain organization, development, social behaviors and underlying mechanisms in 

regard to varying life strategies.  For example, in comparison to monogamous voles, 

promiscuous voles develop more rapidly in their overall brain growth (Gutierrez et al., 1989) and 

in the development of specific central systems, such as brain-derived neurotrophic factor (Liu et 

al., 2001a).  Female meadow voles can be induced by exposure to a conspecific male into 

behavioral estrus sooner after the exposure (Taylor et al., 1992) and appear to perform better in 

navigational mazes (Gaulin et al., 1990) than do female prairie voles.  Further, it has been 

demonstrated that monogamous and promiscuous voles differ in their brain vasopressin and 

oxytocin systems (Insel and Shapiro, 1992; Wang et al., 1997b), and such differences underlie 

their ability to form and express pair bonding behavior (Insel and Hulihan, 1995; Liu et al., 

2001b).  

Recently, adult neurogenesis has also been studied in voles.  In the DG of meadow voles, 

enhanced cell survival, but not proliferation, occurs during periods of reproductive activity in 

males (Ormerod and Galea, 2003), and a decrease in cell proliferation is found during the 

breeding season in females, coincident with higher levels of corticosterone and estradiol (Galea 

and McEwen, 1999). Testosterone or estradiol, but not dihydrotestosterone, can increase cell 

proliferation in the amygdala, but not DG, of male meadow voles (Fowler et al., 2003), and 

estradiol treatment can transiently enhance cell proliferation in the DG of females (Ormerod and 

Galea, 2001).  In female prairie voles, male exposure and mating enhances cell proliferation and 

survival in the amygdala and hypothalamus (Fowler et al., 2002), and estradiol treatment 

increases cell proliferation in the SVZ (Smith et al., 2001).  As female voles are induced 

ovulators and display elevated levels of estrogen following exposure to a conspecific male 

(Dluzen and Carter, 1979; Seabloom, 1985), increased numbers of new cells in the amygdala and 

hypothalamus of the male-exposed female prairie voles could have been due to increased 

estrogen in circulation. Therefore, in the present study, we examined the effects of estrogen 

manipulation on the density of new cells in the brains of female prairie and meadow voles.  We 

hypothesized that estrogen would have species-specific effects on cell proliferation in certain 

regions of the vole brain.  To further understand estrogen’s regulation of adult neurogenesis, we 

also systematically mapped estrogen receptor α (ERα) and examined the presence of ERα on 

newly proliferated cells in the brains of both species.    

 

 43



Study 1: Species differences in the estrogen regulation of cell proliferation  

 Estrogen upregulates the number of new cells in the SVZ of female prairie voles (Smith 

et al., 2001) and transiently increases the number of new cells in the DG of female meadow voles 

(Ormerod and Galea, 2001).  Male exposure and mating also increase the number of new cells in 

the amygdala and hypothalamus of female prairie voles (Fowler et al., 2002), indicating a 

potential role of estrogen on cell proliferation in these brain regions.  In the present study, we 

tested the hypothesis that estrogen enhances cell proliferation in the amygdala and hypothalamus 

of adult female prairie voles.  In addition, we compared female prairie and meadow voles - 

species differing in life strategy and social behaviors - to examine whether estrogen affects cell 

proliferation in a species-specific manner.   

 

MATERIALS AND METHODS 

Subjects 

Subjects were sexually naive adult female prairie (M. ochrogaster) and meadow (M. 

pennsylvanicus) voles that were offspring of the F4 generation of laboratory-breeding colonies.  

The voles were weaned at 21 days of age and housed in same-sex sibling pairs in plastic cages 

(29 × 18 × 13 cm) that contained cedar chip bedding.  All cages were maintained under 14L:10D 

photoperiod with lights on at 0700.  Temperature was kept at 21 ± 1°C.  Animals were provided 

ad libitum food (rabbit chow and sunflower seeds) and water.  At 3.5-4 months of age, subjects 

were ovariectomized, followed by a recovery period of 2-3 weeks. Thereafter, they were 

randomly assigned to one of two treatment groups: implanted with either empty Silastic tubing 

(10 mm long, 1.98 mm i.d., 3.18 mm o.d.; n = 6 for each species) or tubing filled with estradiol 

benzoate (EB, n = 6 for each species). A radioimmunoassay confirmed that the EB treatment 

induced significantly higher levels of serum estrogen (408.21 ± 31.27 pg/ml) compared to empty 

tubing controls (10.03 ± 2.88 pg/ml) in both prairie and meadow voles. All subjects were 

sacrificed 72 hrs after they received EB or control treatment.  

BrdU injections 

To label proliferating cells, subjects were injected with a cell proliferation marker, 5-

bromo-2’-deoxyuridine (BrdU; Sigma: St. Louis, MO) intraperitoneally (ip; 50 µg/g body weight) 

in 0.9% NaCl and 0.007N NaOH.  BrdU injections began 48 hr following Silastic tubing 
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implantation.  All subjects received 4 injections of BrdU at 6-hr intervals during a 24-hr period 

and were sacrificed 6 hr after the last BrdU injection (Fowler et al., 2002). 

Brain perfusion/fixation 

Subjects were anesthetized with sodium pentobarbital (0.1mg/10g body weight) and then 

perfused through the ascending aorta using 0.9% saline, followed by 4% paraformaldehyde in 

0.1M phosphate buffer solution (PBS; pH 7.4). Brains were harvested, post-fixed for 2 hrs in 4% 

paraformaldehyde and then stored in 30% sucrose in PBS. Next, the brains were cut into 40µm 

coronal sections on a microtome, and the floating brain sections were stored in 0.1M PBS with 

1% sodium azide until processing either for peroxidase BrdU immunocytochemistry or for triple 

fluorescence immunolabeling. 

BrdU immunocytochemistry 

Floating brain sections at 120µm intervals were processed for BrdU immunostaining, as 

described previously (Fowler et al., 2002).  Briefly, sections were treated with 2N HCl for 30 

min at 60°C and then with 0.1M borate buffer at room temperature for 25 min.  After rinsing in 

0.1M PBS, sections were incubated in 0.3% hydrogen peroxide and 10% methanol in 0.1M PBS 

for 15 min; 0.5% Triton X-100 in 0.1M PBS (0.5% PBT) with 10% normal goat serum for 60 

min; and rat anti-BrdU monoclonal antibody (1:1,000; Accurate) in 0.5% PBT with 10% normal 

goat serum at 4°C overnight.  Sections were then rinsed and incubated in biotinylated goat anti-

rat IgG (1:200; Jackson ImmunoResearch) in 0.5% PBT for 2 hrs at room temperature.  

Thereafter, sections were incubated in ABC Elite (Vector) in 0.1M PBS for 90 min and 

immunoreactivity was revealed using 3'-diaminobenzidine (DAB; Sigma).  To reduce variability 

in the background and to standardize the staining, sections from all subjects were processed 

concurrently. Controls included processing brain sections without the primary antibody and 

processing brain sections from animals that did not receive injections of BrdU; in either case, 

BrdU immunoreactive staining was not detected. 

Triple fluorescence immunolabeling 

To determine the phenotype of the BrdU-labeled cells, floating sections at 120µm 

intervals were processed for BrdU, TuJ1, and NG2 fluorescence triple labeling.  TuJ1, a mouse 

monoclonal IgG, recognizes a neuron-specific class III β-tubulin; this tubulin is considered to be 

the earliest marker for cells that have begun to differentiate into neurons (Alexander et al., 1991; 

Kameda et al., 1993). NG2, a polyclonal IgG, recognizes NG2, an integral membrane 
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proteoglycan expressed on glial progenitor cells (Nishiyama et al., 1995); this proteoglycan has 

been identified in cells that mature into astrocytes (Fidler et al., 1999), oligodendrocytes (Butt 

and Berry, 2000) or microglia (Jones et al., 2002).  Both TuJ1 and NG2 have been used to 

identify the phenotypes of newly proliferated cells in the adult brain (Shihabuddin et al., 2000; 

Fowler et al., 2002). 

Sections were rinsed, blocked with 10% normal donkey serum in 0.1% PBT, and 

incubated in rabbit anti-NG2 (1:150; Chemicon) in 0.3% PBT at 4°C overnight.  On day 2, the 

sections was rinsed and incubated in Cy5-conjugated donkey anti-rabbit IgG (1:100; Jackson 

Immuno) in 0.3% PBT for 2 hrs.  Next, the sections were rinsed, blocked in 10% normal goat 

serum in 0.1% PBT, and incubated in mouse anti-TuJ1 (1:500; Covance) at 4°C overnight.  

Thereafter, the sections were rinsed, incubated in Alexa-488 conjugated goat anti-mouse IgG 

(1:400; Molecular Probes) in 0.3% PBT for 2 hrs, and then processed for BrdU 

immunocytochemistry by blocking in 10% normal donkey serum and incubating in rat anti-BrdU 

(1:200; Accurate) in 0.1% PBT at 4°C 36 hrs and then Texas red-conjugated donkey anti-rat IgG 

(1:200; Jackson Immuno.) in 0.3% PBT for 2 hrs at room temperature.  Sections were rinsed, 

mounted on slides with SlowFade component A (Molecular Probes) and coverslipped. Controls 

included processing the secondary antibodies alone to verify background staining, processing 

each primary with the secondary antibodies to verify laser-specific excitation, and using 

sequential scans to avoid cross-talk between channels. 

Data quantification and analysis 

All slides were coded to disguise group identity. BrdU-labeled cells were examined and 

quantified bilaterally throughout the entire rostrocaudal extent of the dentate gyrus of the 

hippocampus (DG; granule and hilus combined), central (CeA), medial (MeA) and cortical 

(CorA) nuclei of the amygdala, and ventromedial nucleus of the hypothalamus (VMH) on 

coronal sections. For the DG and amygdala, cell numbers and region volumes were quantified 

using stereological methods and the optical fractionator probe with Stereo Investigator computer 

software (MicroBrightField, Inc.) on a Leica DMRB microscope. The coefficient of error for 

both of these areas was less than 0.1, which is within the acceptable range for stereological 

analysis. Total cell counts and area measurements were determined for each brain area, and cell 

density (number of cells per mm
3
) was calculated for each subject. For the VMH, stereological 

measurements for BrdU-labeling yielded inappropriately high coefficients of error due to small 
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numbers of BrdU-labeled cells; therefore, profile methods of cell counting were employed in this 

area, and area measurements were taken on each section analyzed to determine cell densities. 

Group differences for each region were analyzed by a two-way analysis of variance (ANOVA), 

using species and treatment as independent variables, followed by a Student-Newman-Keul’s 

(SNK) posthoc test.  

For BrdU, TuJ1, and NG2 fluorescence triple immunostaining, labeled cells were 

examined and quantified in the posterior cortical (pCorA) and posterior medial (pMeA) nuclei of 

the amygdala and in the VMH.  Cells were visualized under 63× magnification using a Zeiss 

510NLO confocal microscope.  At least 92 cells were counted in the pCorA, 119 cells in the 

pMeA, and 70 cells in the VMH for each species from two sections/animal. Individual cells 

stained for BrdU/TuJ1, BrdU/NG2, or BrdU-only were quantified. Percentages were calculated 

as follows: the individual subject's number of double-labeled cells was divided by the 

corresponding subject's total number of BrdU-labeled cells and multiplied by 100.  Group 

differences in the percentages of BrdU-labeled cells containing a neuronal (TuJ1) or glial (NG2) 

marker were analyzed by a two-way ANOVA, using species and treatment as two independent 

variables. 

 

RESULTS 

Species differences in BrdU-labeled cells 

Species differences between prairie and meadow voles in the density of BrdU-labeled 

cells were found in certain brain regions. In the dentate gyrus of the hippocampus (DG), meadow 

voles displayed a higher density of BrdU-labeled cells than did prairie voles (F(1,20)=10.17, 

p<0.01) [Fig. 3.1A, 3.2A].  In the amygdala, meadow voles also had a higher density of BrdU-

labeled cells than did prairie voles (F(1,20)=4.92, p<0.05) [Fig. 3.2B]; this difference was 

specifically due to the posterior cortical nucleus of the amygdala (pCorA) in which meadow 

voles had a greater density of BrdU-labeled cells than did prairie voles (F(1,20)=46.36, p<0.001) 

[Fig. 3.2B].  No species differences were found in the densities of BrdU-labeled cells in the 

anterior cortical (aCorA), anterior medial (aMeA), posterior medial (pMeA) or central (CeA) 

nuclei of the amygdala or in the VMH (p>0.05) [Fig. 3.1B, 3.2B].   

The volume of a few of the measured brain areas also displayed significant species 

differences.  In the DG, meadow voles had a larger volume as compared to prairie voles (3.85 ±  
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Figure 3.1. Photomicrographs displaying BrdU-labeled cells in prairie and meadow voles. [A] In 

the dentate gyrus, prairie voles (top) appeared to have fewer BrdU-labeled cells than did meadow 

voles (bottom). GrL: granule cell layer; Hil: hilus. [B] In the central amygdala (CeA), prairie (top) 

and meadow (bottom) voles did not appear to differ from each other.  Scale bars = 200µm.  
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Figure 3.2. Species differences in the densities of BrdU-labeled cells in the dentate gyrus of the 

hippocampus (DG) and amygdala. [A] In the DG, meadow voles displayed a higher density of 

BrdU-labeled cells than did prairie voles. [B] In the overall amygdala (AMY), meadow voles also 

had a higher density of BrdU-labeled cells than did prairie voles. Within the subnuclei of the 

amygdala, differences in the posterior cortical nucleus (pCorA) accounted for the species 

difference seen in the overall amygdala since prairie and meadow voles did not differ for the other 

subnuclei. aCorA: anterior cortical amygdala; aMeA: anterior medial amygdala; pMeA: posterior 

medial amygdala; CeA: central amygdala. *: p<0.05; error bars indicate standard error of the 

mean. 
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0.15 mm
3
 for meadow and 2.90 ± 0.14 mm

3
 for prairie; F(1,20)=20.81, p<0.001). No significant 

difference was found in the overall volume of the amygdala, but meadow voles did display a 

larger volume specifically in the aCorA (0.36 ± 0.02 mm
3
 for meadow and 0.31 ± 0.01 mm

3
 for 

prairie; F(1,20)=4.50, p<0.001) and pCorA (0.62 ± 0.02 mm
3
 for meadow and 0.55 ± 0.02 mm

3
 for 

prairie; F(1,20)=5.97, p<0.05) than did prairie voles. Volumes were not statistically different in the 

aMeA, pMeA or CeA (p>0.05) between the species. In the VMH, meadow voles displayed a 

larger area across sections than did prairie voles (F(1,20)=9.81, p<0.01). 

Estrogen regulation of BrdU-labeled cells 

In the amygdala, EB treatment elicited a higher density of BrdU-labeled cells than did 

control treatment (F(1,20)=6.00, p<0.05). However, this effect was due to the fact that EB in 

meadow, but not prairie, voles as the EB treated meadow voles had a greater density of BrdU-

labeled cells than did the control group (F(1,20)=13.23, p<0.01) [Fig. 3.4B].  A similar pattern of 

EB treatment increasing BrdU cell density was also found in both the pMeA (F(1,20)=7.81, p<0.05) 

and the pCorA (F(1,20)=46.36, p<0.001), but the interaction analysis again indicated that EB 

treatment specifically in meadow voles produced the significant increase in the density of BrdU-

labeled cells as compared to the control for both the pMeA (F(1,20)=10.56, p<0.01) and pCorA 

(F(1,20)=37.76, p<0.001) [Fig. 3.3, 3.4B]. No significant differences for EB treatment on the 

density of BrdU-labeled cells were found in the DG, VMH, or other subnuclei of the amygdala 

[Fig. 3.4], or on the brain volumes of any measured regions (p>0.05).   

Phenotype of the BrdU-labeled cells 

BrdU-labeled cells in the pCorA, pMeA, and VMH were examined to determine 

phenotype.  Triple immunoreactive staining resulted in cells coexpressing BrdU labeling with 

either the neuronal (TuJ1) or glial progenitor (NG2) marker and in cells expressing BrdU alone 

(BrdU only). In the amygdala (pCorA and pMeA), overall, approximately 44.6% of BrdU-

labeled cells coexpressed the neuronal marker, 42.6% coexpressed the glial marker, and 12.8% 

were undifferentiated or of undetermined phenotype (BrdU only) [Fig. 3.5, Table 3.1]. In the 

VMH, approximately 26.8% of the BrdU-labeled cells coexpressed the neuronal marker, 48.6% 

coexpressed the glial marker, and 24.6% were of undetermined phenotype. No species or 

treatment effects were found in the relative percentage of BrdU-labeled cells colocalized with 

either TuJ1 or NG2 in any of the measured brain regions (p>0.05). 
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Figure 3.3. Photomicrographs displaying the interaction effects of species and treatment on BrdU-

labeled cells in the posterior cortical (pCorA) and posterior medial (pMeA) nuclei of the 

amygdala. Prairie voles did not appear to differ with control [A] or estrogen benzoate (EB) [C] 

treatment. Meadow vole controls [B] appeared to have less BrdU-labeled cells than did meadow 

voles treated with EB [D]. opt: optic tract. Scale bar = 200µm. 
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Figure 3.4. Interaction effects for species and treatment in the density of BrdU-labeled cells 

across brain regions. [A] In the dentate gyrus of the hippocampus (DG), significant group 

differences were not found for the interaction of species by treatment. [B] In the overall amygdala 

(AMY), estradiol benzoate (EB) treatment elicited a higher density of BrdU-labeled cells in 

meadow voles, specifically due to the posterior cortical (pCorA) and posterior medial (pMeA) 

nuclei. aCorA: anterior cortical amygdala; aMeA: anterior medial amygdala; CeA: central 

amygdala. *: p<0.05; error bars indicate standard error of the mean. 
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Figure 3.5. Phenotype of BrdU-labeled nuclei in the amygdala. Confocal laser microscope images 

display labeling for BrdU (red; left panels), TuJ1 (green; center left panels), NG2 (blue; center 

right panels), and all three markers (right panels).  BrdU-labeled cells in the pCorA coexpressed 

both the neuronal (TuJ1; panel A) and glial (NG2; panel B) markers. Scale bar = 5µm. 
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Table 3.1. Percentage ± SEM of BrdU nuclei double-labeled with a neuronal (TuJ1) or glial 

(NG2) marker in the posterior cortical (pCorA) and posterior medial (pMeA) nuclei of the 

amygdala for prairie and meadow voles with control or estradiol benzoate (EB) treatment. No 

significant differences were found with treatment or species. 

 

 

pCorA 

Prairie Vole Meadow Vole 

 Control EB Control EB OVERALL 

BrdU/TuJ1 33.4 ± 7.3 46.4 ± 14.3 54.3 ± 11.5 44.4 ± 12.6 44.6% 

BrdU/NG2 55.3 ± 5.5 41.0 ± 15.6 35.8 ± 8.6 38.3 ± 9.2 42.6% 

BrdU only 11.3 ± 4.6 12.6 ± 4.0 9.9 ± 4.2 17.3 ± 5.3 12.8% 

 

 

pMeA 

Prairie Vole Meadow Vole 

 Control EB Control EB OVERALL 

BrdU/TuJ1 33.4 ± 7.3 46.4 ± 14.3 54.3 ± 11.5 44.4 ± 12.6 44.6% 

BrdU/NG2 55.3 ± 5.5 41.0 ± 15.6 35.8 ± 8.6 38.3 ± 9.2 42.6% 

BrdU only 11.3 ± 4.6 12.6 ± 4.0 9.9 ± 4.2 17.3 ± 5.3 12.8% 
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Study 2: Species differences in the distribution of estrogen receptor alpha (ERα) 

and BrdU/ERα colocalization 

Data from Study 1 demonstrated that estrogen alters BrdU labeling in a species-specific 

manner in certain brain regions of adult female voles.  These effects on cell proliferation may be 

due to estrogen’s action on specific receptors in the brain. Although the presence of estrogen 

receptors in certain brain areas has been reported in the prairie vole (Hnatczuk et al., 1994), to 

our knowledge, no such study has been done in meadow voles.  Therefore, the present study was 

designed to compare the distribution patterns of ERα immunoreactive staining in the brains of 

prairie and meadow voles. In addition, to investigate the possibility of estrogen acting directly on 

the proliferating cells, BrdU and ERα double labeling was performed on brain sections from 

both species.  

 

MATERIALS AND METHODS 

Subjects 

Intact female prairie and meadow voles (4-5 months of age) were used as subjects.  All 

animals received the same series of BrdU injections as described in Study 1, and injections began 

24 hrs prior to sacrifice.   

Brain perfusion/fixation 

Subjects were anesthetized with sodium pentobarbital (0.1mg/10g body weight) and 

perfused through the ascending aorta with 0.9% saline, followed by 3% acrolein/4% 

paraformaldehyde in 0.1M PBS. Brains were removed, postfixed in 4% paraformaldehyde 

overnight and then stored in 30% sucrose in 0.1M PBS.  Thereafter, the brains were cut into 

40µm coronal sections on a microtome, and the sections were stored in 0.1M PBS with 1% 

sodium azide until processing either for ERα immunostaining or for BrdU and ERα double 

labeling.  

ERα immunocytochemistry 

 Floating brain sections at 120µm intervals were rinsed in PBS, incubated in sodium 

borohydride (0.1g/10ml of 0.1M PBS), rinsed in PBS, blocked in 10% normal goat serum in 0.5% 

PBT, and then incubated in rabbit anti-ERα primary IgG (1:25,000; Upstate) in 0.5% PBT for 1 hr 

at room temperature, 48 hrs at 4°C, and overnight at room temperature.  Thereafter, the sections 

were rinsed in 0.1M PBS and incubated in goat anti-rabbit secondary IgG (1:200; Jackson 
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Immuno) in 0.5% PBT for 2 hrs, ABC complex in 0.5% PBT for 90 min, and staining was 

revealed with nickel-DAB. Sections were mounted on slides and coverslipped with Permount. As 

a control, additional brain sections were processed without the primary antibody and specific 

labeling was not present. To reduce variability in the background and to standardize the staining, 

sections from all subjects were processed concurrently. 

Double fluorescence immunolabeling 

Floating brain sections were rinsed in 0.1% PBT, incubated in sodium borohydride, and 

stained for BrdU fluorescence using rat anti-BrdU (1:200; Accurate) as the primary antibody and 

Texas red-conjugated donkey anti-rat IgG (1:200; Jackson Immuno.) as the second antibody, as 

described in Study 1. Thereafter, sections were rinsed, blocked in 10% normal donkey serum in 

0.3% PBT, and then incubated in rabbit anti-ERα primary IgG (1:250; Upstate) in 0.3% PBT 

overnight at room temperature.  The sections were rinsed again and incubated in FITC donkey 

anti-rabbit secondary IgG (1:200; Jackson) in 0.3% PBT for 2 hrs. Finally, sections were rinsed, 

mounted on slides with SlowFade component A and coverslipped. Controls included processing 

the secondary antibodies alone to verify background staining, processing each primary with the 

secondary antibodies to verify laser-specific excitation, and using sequential scans to avoid 

cross-talk between channels. 

Data quantification and analysis 

All slides were coded to disguise group identity. ERα-labeled cells were examined and 

quantified bilaterally throughout the entire rostrocaudal extent of the DG (granule and hilus 

combined), pCorA, pMeA, and VMH on coronal sections. Cell number and region volumes were 

quantified using stereological methods and the optical fractionator probe with Stereo Investigator 

computer software (MicroBrightField, Inc.) on a Leica DMRB microscope. Since a large number 

of ERα-labeled cells were found in the VMH, as opposed to the numbers of BrdU-labeled cells 

in the VMH in Study 1, we were able to use stereological methods with an acceptable coefficient 

of error for the ERα quantification. The coefficient of error was < 0.1 for all of the brain areas, 

except for the DG (coefficient of error mean = 0.23) due to smaller cell numbers. Total cell 

counts and area measurements were determined for each brain area, and cell density (number of 

cells per mm
3
) was calculated for each subject. Species differences in the density of ERα-labeled 

cells for each brain region were analyzed by a t-test.  
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For BrdU and ERα double labeling, cells were quantified in the DG, pCorA, pMeA, and 

VMH.  Cells were visualized under 63× magnification using a Zeiss 510NLO confocal 

microscope.  At least 85 BrdU-labeled cells for the pCorA, 64 for the pMeA, 60 for the VMH, 

and 195 for the DG were counted for each species from two sections/animal.  Individual cells 

stained only with BrdU or with BrdU and ERα were quantified. Percentages were calculated by 

dividing the individual subject's number of double-labeled cells by the corresponding subject's 

total number of BrdU-labeled cells and then multiplying by 100.  Species differences in the 

percentage of BrdU/ERα colocalized cells were analyzed by a t-test for each brain region, and 

differences across the brain regions were analyzed by a one-way ANOVA, followed by a SNK 

post-hoc test.  

 

RESULTS 

Species differences in the ERα -labeled cells  

ERα immunocytochemistry resulted in the specific staining of cells in the brain of both 

species.  In prairie voles, ERα-labeled cells were distributed in several regions including the 

amygdala, hypothalamus, bed nucleus of the stria terminalis and medial preoptic area, similar to 

that reported previously (Hnatczuk et al., 1994).  In addition to these areas, ERα-labeled cells 

were also found in meadow voles in the lateral septum and median preoptic nucleus. Since the 

focus of this study was on the brain regions implicated in Study 1, ERα densities were 

stereologically quantified in the pCorA, pMeA, VMH and DG. Meadow voles displayed higher 

densities of ERα-labeled cells in the pCorA (t=2.63, p<0.05) and VMH (t=2.63, p<0.05) than did 

prairie voles [Fig. 3.6, 3.7].  Significant species differences were not found in the DG or pMeA 

(p>0.05) [Fig. 3.6], although the pMeA did display an overall higher density of ERα-labeled 

cells than any other region.     

Colocalization of BrdU with ERα 

 BrdU-labeled cells in the pCorA, pMeA, VMH and DG were also examined to determine 

if they contained ERα labeling to potentially indicate a direct influence of estrogen on adult cell 

proliferation. Many of the BrdU-labeled cells co-expressed ERα. Species differences were 

detected in the DG with prairie voles displaying a greater percentage of BrdU/ERα colocalized 

cells than meadow voles (prairie: 79.3 ± 10.9%, meadow: 43.1 ± 8.6%; t=2.66, p<0.05), but  
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Figure 3.6. Photomicrographs displaying ERα-labeling in the posterior cortical (pCorA) and 

posterior medial (pMeA) nuclei of the amygdala in [A] prairie and [B] meadow voles. Meadow 

voles appeared to have more ERα-labeled cells in the pCorA, but not pMeA, compared to prairie 

voles. opt: optic tract. Scale bar = 200µm.  Inserts display higher magnification of cells in the 

pMeA. Scale bar = 50µm. 
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Figure 3.7. Species differences in the densities of ERα-labeled cells for selected brain regions. 

Meadow voles displayed higher densities of ERα-labeled cells in the posterior cortical amygdala 

(pCorA) and ventromedial hypothalamus (VMH) than did prairie voles. Significant species 

differences were not found in the posterior medial amygdala (pMeA) or dentate gyrus (DG). *: 

p<0.05; error bars indicate standard error of the mean. 
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Figure 3.8. Nuclei coexpressing BrdU and ERα labeling in the posterior cortical nucleus of the 

amygdala in prairie (A) and meadow (B) voles. Confocal laser microscope images display 

labeling for BrdU (red; left panels), ERα (green; center panels), and both markers (right panels). 

In the right panels, the BrdU and ERα colocalized cells display a yellow image, and cross marks 

on the larger image indicate the location of views along the y-z axis (right) and x-z axis (below) 

to demonstrate 3D colocalization of BrdU and ERα.   Scale bar = 5µm. 
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Table 3.2. Percentage ± SEM of BrdU and ERα double labeled nuclei in the posterior cortical 

amygdala (pCorA), posterior medial amygdala (pMeA), ventromedial hypothalamus (VMH) and 

dentate gyrus of the hippocampus (DG) for prairie and meadow voles. * indicates statistically 

different from one another at p<0.05. 

 

 

 Prairie Vole Meadow Vole 

pCorA 88.7 ± 6.4 86.4 ± 7.6 

pMeA 80.7 ± 10.6 71.5 ± 14.0 

VMH 56.2 ± 9.3 56.3 ± 11.8 

DG 79.3 ± 10.9* 43.1 ± 8.6* 
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differences between the species were not found in the other brain regions (p>0.05) [Fig. 3.8; 

Table 3.2]. Comparing across brain regions, a higher percentage of the BrdU-labeled cells 

contained ERα labeling in the pCorA (87.6 ± 4.7%) than in the DG (59.6 ± 8.6%) and VMH 

(56.2 ± 7.6%), whereas the percentage in the pMeA (76.1 ± 8.5%) did not differ from any other 

area (F(3,37)=3.78, p<0.05).  

 

DISCUSSION 

Comparisons of vole species with differing life strategies and social behaviors have 

provided an excellent tool for studies of brain development (Wang et al., 1997b; Liu et al., 

2001c), social behavior (Wilson, 1982; Shapiro and Dewsbury, 1990; Salo et al., 1993), central 

neural systems (Insel and Shapiro, 1992; Wang, 1995) and the involvement of these factors on 

the vole’s physiology and behavior (Insel and Shapiro, 1992; Liu et al., 2001b; Lim et al., 2004). 

In the present study, we examined the effects of EB treatment on cell proliferation in the brains 

of ovariectomized adult female prairie and meadow voles.  Meadow voles, in comparison to 

prairie voles, had higher densities of new cells, as identified with BrdU, in the pCorA and DG, 

but not in other subnuclei of the amygdala or VMH.  EB treatment significantly increased the 

density of BrdU-labeled cells in the pCorA and pMeA of female meadow voles.  This effect was 

species-specific for certain brain regions, as EB treatment did not alter cell proliferation in the 

amygdala of the female prairie voles or in the other brain areas examined for both species.  In the 

pCorA and pMeA, a similar percentage of BrdU-labeled cells displayed neuronal (45%) or glial 

(43%) phenotypes. For the distribution of ERα, species-specific patterns were found throughout 

the brain. Female meadow voles had a higher density of ERα-labeled cells in the pCorA and 

VMH than did female prairie voles. Finally, a large population of the BrdU-labeled cells in the 

amygdala coexpressed ERα labeling for both species. Together, these data indicate that estrogen 

differentially influences cell proliferation in a species-specific manner for certain brain regions, 

possibly by acting directly on proliferating cells, in the adult vole.   

 

Species-specific effects of estrogen on cell proliferation in the amygdala  

In our previous study, male exposure and mating significantly enhanced the number of 

BrdU-labeled cells in the amygdala and hypothalamus of female prairie voles (Fowler et al., 

2002).  In female prairie voles, exposure to a male or male sensory cues results in an increase in 
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serum estrogen and estrogen receptor binding in the brain (Dluzen and Carter, 1979; Cohen-

Parsons and Carter, 1987), and estrogen treatment enhances the number of new cells in the SVZ 

(Smith et al., 2001).  Based on these findings, we hypothesized that the increased cell 

proliferation we found in the amygdala and hypothalamus with male experience was due to an 

associated increase in estrogen levels.  However, in the present study, EB treatment did not alter 

the number of BrdU-labeled cells in the amygdala or VMH of the female prairie voles, indicating 

that the effects of male exposure on cell proliferation were most likely not due to an increase in 

serum estrogen alone.  The explanation for such a finding may involve several possibilities. First, 

male-associated cues or interactions with a male (e.g., mating) could have been essential for the 

up-regulation of cell proliferation in the brain of prairie voles.  The amygdala receives direct 

inputs from both the main and accessory olfactory bulbs and projects into several forebrain areas, 

including the medial preoptic area, bed nucleus of the stria terminalis, and VMH (Kevetter and 

Winans, 1981; Lehman and Winans, 1982; Luiten et al., 1983; Meredith, 1991; Dominguez et al., 

2001), and thus, this circuit plays an important role in mediating the effects of chemosensory 

inputs on behavior.  In female voles, male chemosensory cues can influence estrus induction, 

social behavior, and the ability to form a socially relevant memory (Lepri and Wysocki, 1987; 

Williams et al., 1992b; Curtis et al., 2001), and mating can significantly facilitate the formation of 

a social memory (Williams et al., 1992a).  Further, it has been hypothesized that male experience 

is capable of reorganizing the female’s brain for future experience (Carter et al., 1988; Cushing 

and Hite, 1996).  Therefore, exposure to male-associated cues or interactions with a male may 

lead to downstream effects, which could then increase cell proliferation in the adult amygdala and 

hypothalamus of prairie voles. This, in turn, may then influence both physiological and 

behavioral processes.  

  An alternate possibility is that other hormones involved during the male experience 

could have contributed to cell proliferation. During the reproductive response, prolactin increases 

for at least 48 hrs following mating in female voles (Meek and Lee, 1994). In vitro, prolactin 

stimulates neural stem cell proliferation under specific culture conditions, and in vivo, prolactin 

enhances new cell number in the SVZ of female and male rats - an effect that could not be 

induced in females with EB or progesterone treatment (Shingo et al., 2003). Since prolactin is 

also increased during pregnancy, it could have accounted for the enhanced cell proliferation 

previously found in the amygdala and hypothalamus of female prairie voles three weeks after 
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mating and impregnation (Fowler et al., 2002).  If the increased cell numbers in the amygdala are 

due to prolactin, it may indicate a feedback loop, as the posterodorsal medial amygdala appears to 

regulate prolactin secretions following mating behaviors in female rats (Polston and Erskine, 

2001). Male exposure and mating also increase progestin binding sites in the brain of female 

prairie voles, allowing for a putative effect of progestin on proliferation (Cohen-Parsons and 

Carter, 1988).  However, progestin increases 72 hr after the mating episode in female prairie 

voles (Carter et al., 1989), which would have been after BrdU’s incorporation into dividing cells 

in our previous study (Fowler et al., 2002), and thus it seems unlikely to have been involved. In 

addition, progesterone treatment did not have any effect on cell proliferation in the SVZ of female 

mice (Shingo et al., 2003), although the amygdala was not examined, so site-specific effects 

could still be possible. 

One drawback of the present study is that we cannot completely rule out the possibility 

that estrogen was involved in the cell proliferation in the amygdala of male-exposed female 

prairie voles.  The temporal pattern of naturally occurring estrogen release may be important for 

enhanced cell proliferation in the amygdala.  In female prairie voles, serum estrogen levels 

increase following male exposure, reach a peak during lordosis, and then decrease dramatically 

(Carter et al., 1989).  In the present study, estrogen was administrated via constant diffusion from 

implanted Silastic tubing.  Such EB treatment did not result in a temporal pattern mimicking the 

naturally occurring changes of estrogen, and thus may have potentially lead to the lack of effect 

on cell proliferation in prairie voles. Although we did attempt to administer EB with an injection 

schedule that produces a more physiologically relevant level of serum estrogen in prairie voles 

(Smith et al., 2001), significant effects on cell proliferation in the amygdala or DG were still not 

found (C. Fowler, unpublished observations). Certainly, estrogen could have also acted 

synergistically with the above-mentioned or other factors to enhance cell proliferation in our prior 

study (Fowler et al., 2002). 

Although EB treatment did not alter BrdU labeling in the prairie vole brain, it did 

significantly increase the density of BrdU-labeled cells in the amygdala, particularly in the 

pCorA and pMeA, of female meadow voles, indicating that estrogen has species-specific effects 

on cell proliferation in the amygdala. In another report in female meadow voles, EB treatment 

initially enhanced the number of new cells in the DG within 4 hours and then suppressed cell 

proliferation within 48 hours (Ormerod and Galea, 2001). In the current study, we did not find 
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any treatment effects in the DG after 72 hours of EB treatment, so it appears that estrogen’s 

effects on proliferation in the adult DG may only be short-lived. The finding that estrogen 

enhances cell proliferation in the amygdala of female meadow voles is consistent with our recent 

finding in males of the same species in which EB treatment also increased the density of BrdU-

labeled cells in the amygdala (Fowler et al., 2003). Interestingly, the enhanced cell proliferation 

was found specifically in the cortical and medial subnuclei of the amygdala in both studies, 

indicating that those brain regions have a similar susceptibility to estrogen in both male and 

female meadow voles.  

 

Species differences in ERα distribution  

Differences between prairie and meadow voles in the estrogen regulation of cell 

proliferation may be due to an ability of their brains to respond differentially to estrogen. One 

way to examine this possibility would be to compare the two species for their distribution and 

regional densities of estrogen receptors in the brain.  In the present study, ERα-labeled cells were 

found in many forebrain areas of both species.  The distribution pattern of ER-labeled cells in 

female prairie voles is consistent with findings from a previous study (Hnatczuk et al., 1994).  In 

addition, female meadow voles generally displayed a similar pattern of ERα distribution in the 

forebrain with some notable exceptions.  For example, ERα-labeled cells were found in moderate 

levels in both the dorsal and medial portions of the lateral septum and scattered throughout the 

median preoptic nucleus in meadow, but not prairie, voles. Species differences were found in the 

densities of ERα cells in selected brain regions.  In the pCorA and VMH, for example, meadow 

voles had higher densities of cells containing ERα than did prairie voles.  Thus, differential 

distributions of ERα cells are present in the brains of meadow and prairie voles, with meadow 

voles having more brain areas expressing ERα and more ERα containing cells in selected brain 

areas than prairie voles.  

In light of our BrdU data, species differences in ERα in the pCorA may indicate an 

enhanced responsiveness to estrogen for the meadow vole.  However, we would have also 

expected an ERα species difference in the pMeA, but this difference was not found. Similarly, if 

the ERα density differences predicted enhanced brain responsiveness to estrogen for cell 

proliferation, we would have also expected to see increases in the VMH with the BrdU labeling 
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for meadow voles. Thus, estrogen’s effects may be dependent upon the specificity of ERs on 

certain cells, rather than overall densities. Although one species may have a higher density of ERs, 

the receptors may not be on the appropriate cells to stimulate cell proliferation.  

 

Potential mechanism of estrogen action 

To investigate whether the ERs were localized on the newly proliferated cells, we tested 

for the presence of BrdU and ERα co-labeled cells. ERαs were localized on many of the newly 

proliferated cells within the adult amygdala, allowing for the possibility that estrogen could have 

directly induced cell proliferation. To our knowledge, this is the first documentation in vivo of 

ERαs on newly proliferated cells in the adult brain. In vitro, ERαs and ERβs have been localized 

on neural stem cells in embryonic and adult rats (Brannvall et al., 2002), and estrogen has been 

shown to regulate the proliferation and/or survival of new neurons in the fetal rat amygdala and 

hypothalamus (Arimatsu and Hatanaka, 1986; Chowen et al., 1992). Thus, it is possible that 

estrogen was able to directly stimulate the progenitor cells into a proliferative cell cycle. A 

higher percentage of BrdU and ERα colocalized cells were found in the pCorA, consistent with 

the estrogen-induced increase in the density of BrdU cells in this brain region for meadow voles. 

However, statistical differences in the density of ERα-labeled cells were not found between the 

pMeA and the other brain regions, and species differences were not revealed in either the pCorA 

or pMeA. Therefore, these data still do not completely explain our BrdU species differences. Of 

course, it is possible that limitations may lie in the specificity of our methods; for example, we 

could not determine the percentage of BrdU cells that would actually be induced into additional 

proliferative cell cycles by the presence of estrogen, rather some of the cells may have undergone 

their final cell cycle and begun to mature.   

Another possibility is that estrogen may be acting via an alternate receptor. We chose to 

examine ERα because of its apparent importance in behavioral aspects of reproduction, female 

receptivity and lordosis, and maternal aggression (Rissman et al., 1997; McEwen and Alves, 

1999; Lonstein et al., 2000; Kudwa and Rissman, 2003), and presence in neurogeneic regions of 

the adult brain (Shughrue et al., 1997; Weiland et al., 1997; Brannvall et al., 2002). Furthermore, 

in epithelial cells from the mammary gland of mice, ERα appears to be involved in the induction 

of cell proliferation (Cheng et al., 2004). Although the other nuclear estrogen receptor, ERβ, is 

also located in similar areas of the adult brain (Shughrue and Merchenthaler, 2001), the function 
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of ERβ appears to be different from ERα. For instance, ERβ activation may influence cell 

migration and/or survival (Wang et al., 2003), neurite elongation (Patrone et al., 2000), and 

cortical development (Wang et al., 2003). In addition, compared to ERα, ERβ appears to be less 

important for reproductive behaviors in female mice (Kudwa and Rissman, 2003) and for 

sensory processing of male-associated odor stimuli for the amygdala of female rats (Bennett et 

al., 2002). Although we attempted to examine ERβ in the vole brains, the currently available 

antibodies display inconsistent labeling (McEwen and Alves, 1999), and we could not achieve 

reliable staining with vole tissue, a finding substantiated by another lab (B. Cushing, personal 

communication). Alternatively, estrogen can also bind to a recently identified G-protein coupled 

transmembrane-bound estrogen receptor, leading to activation of other G-protein coupled 

receptors or kinase activity (Kelly and Wagner, 1999; Singh et al., 2000; Toran-Allerand et al., 

2002; Qiu et al., 2003). Induction of cell proliferation could also not be the result of direct 

activation of one type of receptor. Activated ERα and ERβ receptors may interact with each 

other in the same cell (Pettersson et al., 1997; Ogawa et al., 1998; Cheng et al., 2004), suggesting 

differential effects depending on the relative ratio of receptor activation.  More research needs to 

be performed to determine the specific method of activation for estrogen on cell proliferation.  

  Finally, although our BrdU and ERα double-labeling data support the idea of a direct 

influence of estrogen on proliferating cells, we cannot exclude the possibility of an indirect 

mechanism of action. The presence of other hormones/neurotransmitters may modify estrogen’s 

effects in the brain. For example, in the adult rat, serotonin and insulin-like growth factor I (IGF-I) 

can regulate cell proliferation in the dentate gyrus (Aberg et al., 2000; Banasr et al., 2001), and 

estrogen increases serotonin receptor mRNA and IGF-I mRNA expression in the brain (Zhou et 

al., 2002; Shingo and Kito, 2003). Estrogen may also interact with the IGF-I receptor to affect its 

phosphorylation (Mendez et al., 2003). Furthermore, astrocytes contain steroid hormone receptors 

(Finley and Kritzer, 1999), secrete neurotrophic factors, such as BDNF (Ikeda et al., 2001), and 

can induce cell proliferation in vitro (Lim and Alvarez-Buylla, 1999; Song et al., 2002a). Thus, 

one of these factors may have led to an indirect method of estrogen-induced cell proliferation in 

the brain. 

 

 67



Conclusion 

The EB-induced cell proliferation in the amygdala of female meadow voles could have 

several implications for the animal’s physiology and/or behavior. Since estrogen levels in female 

voles are highest during lordosis and mating (Carter et al., 1989), our data suggest that meadow 

voles would experience an increase in cell proliferation in the amygdala during this time period. 

If the new neurons are meant to function immediately, they could contribute to the memory 

formation of a male found in female meadow voles (Salo and Dewsbury, 1995). However, it 

seems unlikely that the new neurons would be able to fully function in such a short time period. A 

more plausible speculation is that the new neurons produced during high estrogen levels function 

in later behaviors, i.e., after they have matured (approximately three weeks later). Interestingly, 

this time length corresponds to the normal gestational period for voles, so time of maturation for 

the new cells would coincide with a need to display maternal behaviors. Indeed, meadow vole 

mothers are the main providers of parental care. She must construct and maintain the nest, nurture 

and feed the pups, retrieve wandering pups, and defend the nest (Hartung and Dewsbury, 1979; 

Gruder-Adams and Getz, 1985). Thus, one hypothesis is that the brain of meadow voles may 

allow for new cells in the amygdala to be produced during times of high estrogen, e.g. 

lordosis/mating, which could then function later in maternal behaviors. Based on the involvement 

of neurons specifically within the cortical and medial regions of the amygdala in maternal 

behavior and aggression and connections to other brain areas, such as the medial preoptic area 

(Numan, 1990; Fleming and Walsh, 1994; Gammie and Nelson, 2001), new neurons could have 

the potential to contribute in brain functioning for pup care and nesting behaviors or for maternal 

aggression for nest/territory defense. However, for a more definitive conclusion, research needs to 

determine the specific type of neuron the new cells mature into in each brain region and the 

contribution of the new cells on the animal’s behavior or physiological processes. 

Finally, by discovering factors that exert site-specific effects on neurogenesis in the adult 

brain or that promote the migration of cells into certain regions, the possibility of therapeutic 

strategies becomes a more viable option for implementation in human patients. For instance, if 

estrogen is able to induce cell proliferation in the amygdala of the adult human, as it does in the 

meadow vole, implications may be present for the treatment of neurodegenerative disorders, such 

as Alzheimer’s disease. Recent evidence may support this concept. One of the prominent regions 

of damage in the Alzheimer’s brain is the amygdala (Hyman et al., 1990), and estrogen treatment 
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decreases the risk developing Alzheimer’s disease in women (Tang et al., 1996) and enhances 

the performance Alzheimer’s patients on a mental ability test (Henderson et al., 1994). Thus, 

estrogen’s beneficial effects may be due to an influence on neurogenesis, and future research 

should be directed at examining this possibility. 
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Chapter 4: 

Newly proliferated cells in the adult male amygdala are affected by gonadal steroid 

hormones 

 

 

 

 

 

 

 

 

 

 

 

 

 

Modified from the following reference: 

 

Fowler CD, Freeman ME, and Wang ZX (2003) Newly proliferated cells in the adult male 

amygdala are affected by gonadal steroid hormones. Journal of Neurobiology, 57(3): 257-269. 
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ABSTRACT 

Gonadal steroid hormones play an important role in the proliferation, survival, and 

activation of neurons.  The present study was performed to examine the effects of testosterone 

and its metabolites on newly proliferated cells in the amygdala of adult male meadow voles 

(Microtus pennsylvanicus).  Treatment with testosterone propionate (TP) in castrated males 

resulted in plasma testosterone levels similar to males following mating.  TP-treated males 

displayed a significant increase in the density of cells labeled with a cell proliferation marker 

(BrdU) in the amygdala. Treatment with estradiol benzoate (EB) exerted a similar effect as TP 

on the density of BrdU labeled cells, whereas 5α-dihydrotestosterone (DHT) was ineffective. A 

larger proportion (~44%) of the BrdU labeled cells in the amygdala displayed a neuronal 

phenotype, and a lesser percentage (~35%) displayed a glial progenitor phenotype; however, 

treatment effects were not found in either population of cells. Hormonal effects were not present 

in the dentate gyrus of the hippocampus or ventromedial hypothalamus. Finally, a time course 

study indicated that BrdU-labeled cells in the amygdala are present as early as 30-min following 

an acute injection of BrdU.  Together, these data suggest that gonadal steroid hormones increase 

the number of newly proliferated cells in the amygdala, most likely by acting through an 

estrogenic mechanism, and these effects may be exerted on locally proliferating progenitors 

within the amygdala.   
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INTRODUCTION 

Adult mammalian neurogenesis may be influenced by a variety of exogenous and 

endogenous factors.  In the dentate gyrus of the hippocampus (DG) in rodents, the number of 

new cells increases in response to environmental complexity (Kempermann et al., 1997; Nilsson 

et al., 1999), hippocampal-dependent learning (Gould et al., 1999b) or wheel running (van Praag 

et al., 1999a).  In contrast, psychosocial stress leads to a decrease in the number of new cells in 

the DG of tree shrews (Gould et al., 1997).  The mechanisms underlying these effects may be 

attributed to changes in the animal's hormonal and/or neurotransmitter levels.  For example, the 

inhibitory effects of stress on neurogenesis may occur via adrenal steroids, such as 

glucocorticoids (Cameron and Gould, 1994; Fuchs et al., 2001), whereas the enhancement of 

new cells may be influenced by the presence of serotonin or brain-derived neurotrophic factor 

(Brezun and Daszuta, 1999, 2000; Pencea et al., 2001).  

Although cells undergoing neurogenesis in the adult mammalian brain have been 

primarily documented in the DG and subventricular zone (SVZ), several other brain regions have 

been identified to contain newly proliferated cells.  These regions include the amygdala and 

hypothalamus of voles and hamsters (Huang et al., 1998; Fowler et al., 2002), neocortex and 

amygdala of primates (Gould et al., 1999a; Bernier et al., 2002), and striatum, septum and 

thalamus of rats (Pencea et al., 2001).  Since the amygdala is responsive to gonadal hormones 

(Insel, 1990; Coolen and Wood, 1999) and has been implicated in reproductively associated 

behaviors, such as olfactory/pheromonal processing (Luiten et al., 1985; Meredith, 1991), social 

learning and memory (Kirkpatrick et al., 1994; Cahill et al., 1996; Demas et al., 1997) and 

copulatory actions (Harris and Sachs, 1975; Dominguez et al., 2001), this region is of particular 

interest for the study of the hormonal effects on neurogenesis.   

 Gonadal steroid hormones may exert influential effects on cognition, memory and mood 

in mammals, including humans (Vermeulen, 1993; Wang et al., 1996; Wolf and Kirschbaum, 

2002).  On the cellular level, these hormones may play a role in the proliferation (Ormerod and 

Galea, 2001), survival (Leranth et al., 2000), and activation (Insel, 1990) of neurons.  

Interestingly, estrogen administration does produce an increase in the number of new cells in the 

DG of adult female rats and meadow voles (Tanapat et al., 1999; Ormerod and Galea, 2001) and 

in the SVZ of adult female prairie voles (Smith et al., 2001).  In the present study, we examined 

the effects of the gonadal steroid hormone, testosterone, and then its metabolites, estrogen and 

 72



5α-dihydrotestosterone (DHT), on the addition of new cells in the amygdala of male meadow 

voles (Microtus pennsylvanicus).  We also identified the neuronal or glial phenotype of the 

newly proliferated cells in the amygdala.  Finally, a time course study was performed to assess 

whether cells in the amygdala are proliferating locally.   

  

MATERIALS AND METHODS 

Subjects 

Subjects were sexually naive adult male meadow voles (Microtus pennsylvanicus) that 

were offspring of the F3 generation of a laboratory-breeding colony.  The voles were weaned at 

21 days of age and housed in same-sex sibling pairs in plastic cages (29 × 18 × 13 cm) that 

contained cedar chip bedding.  All cages were maintained under 14L:10D photoperiod with 

lights on at 0700.  Temperature was kept at 21 ± 1°C.  Animals were provided ad libitum with 

food (rabbit chow and sunflower seeds) and water.  Subjects were randomly assigned to 

experimental groups.    

Treatment Groups 

 In the first experiment, subjects (2-3 months old) were castrated, followed by a recovery 

period of 2-3 weeks.   Thereafter, they were implanted with Silastic tubing (10 mm long, 1.98 

mm i.d., 3.18 mm o.d.) filled with oil vehicle (n=7) or testosterone propionate (TP, n=7; 

0.1mg/µl sesame oil, ~20µl each).  In the second experiment, subjects (3-5 months old) were 

castrated, allowed to recover for 2-3 weeks, and were then divided into 4 groups that received 

implants of Silastic tubing filled with either oil vehicle (control, n=5), TP (n=6; 0.1mg/µl oil), 

5α-dihydrotestosterone (DHT, n=7; 0.1mg/µl oil), or estradiol benzoate (EB, n=6; ~1.5mg each).  

In both experiments, subjects received hormonal or control treatment until sacrifice, which 

occurred 72 hr after tubing implantation.  In the third experiment, intact male meadow voles (2-4 

months old) that received no hormonal treatment were used as subjects to examine the presence 

of newly proliferated cells.  Subjects were sacrificed at 30 min or 1, 6, or 24 hr following an 

acute injection of BrdU (n=3 for each time point). 

Injections of BrdU  

To label proliferating cells, subjects were injected with a cell proliferation marker, 5-

bromo-2’-deoxyuridine (BrdU; Sigma: St. Louis, MO). In Exp 1 and 2, injections began 48 hr 

following tubing implantation and continued at 6 hr intervals during the next 24 hr of treatment 
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(total of four injections per animal).  Injections of BrdU were given intraperitoneally (ip; 50 µg/g 

body weight) in 0.9% NaCl and 0.007N NaOH, as described previously (Smith et al., 2001).  In 

experiment 3, one injection of a higher concentration of BrdU (300 µg/g body weight) was given 

to maximally label the number of proliferating cells, as indicated in a recent report (Cameron and 

McKay, 2001), and the subjects were then sacrificed either 30 min or 1, 6, or 24 hr later. 

 Brain Perfusion/Fixation 

Subjects were anesthetized with sodium pentobarbital (0.1mg/10g body weight) and 

perfused through the ascending aorta using 0.9% saline followed by 4% paraformaldehyde in 

0.1M phosphate buffer solution (PBS; pH 7.4).  Brains were harvested, post-fixed for 2 hr in 4% 

paraformaldehyde and then stored in 30% sucrose in PBS.  Brains were cut into 40µm coronal 

sections on a microtome, and the sections were stored in 0.1M PBS with 1% sodium azide until 

processing either for peroxidase BrdU immunostaining or for triple fluorescence immunolabeling.  

BrdU Immunocytochemistry 

Floating brain sections at 120µm intervals were processed for BrdU immunostaining.  

Sections were treated with 2N HCl for 30 min at 60°C and then with 0.1M borate buffer at room 

temperature for 25 min.  After rinsing in 0.1M PBS, sections were incubated in 0.3% hydrogen 

peroxide and 10% methanol in 0.1M PBS for 15 min; 0.5% Triton X-100 in 0.1M PBS with 10% 

normal goat serum (blocking serum) for 60 min; and rat anti-BrdU monoclonal antibody (1:1,000; 

Accurate: Westbury, NY) in blocking serum at 4°C overnight.  Sections were then rinsed and 

incubated in biotinylated goat anti-rat IgG (1:200; Jackson ImmunoResearch: West Grove, PA) 

in blocking serum for 2 hr at room temperature.  Thereafter, sections were incubated in ABC 

Vector Elite in 0.1M PBS for 90 min and immunoreactivity was revealed using 3'-

diaminobenzidine (DAB; Sigma).  To reduce variability in the background and to standardize the 

staining, sections from all subjects in each experiment were processed concurrently for BrdU 

immunostaining.  As previously shown (Fowler et al., 2002), controls included processing brain 

sections without the primary antibody and processing brain sections from animals that did not 

receive injections of BrdU; in either case, BrdU immunoreactive staining was not detected.  

Triple Fluorescence Immunolabeling 

To determine the phenotype of the BrdU-labeled cells, floating sections at 120µm 

intervals were processed for BrdU, TuJ1, and NG2 fluorescence triple labeling.  TuJ1 is a mouse 

monoclonal IgG that recognizes a neuron-specific class III β-tubulin.  This tubulin is considered 
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to be the earliest marker for cells that have begun to differentiate into neurons (Alexander et al., 

1991; Kameda et al., 1993). NG2 is a polyclonal IgG that recognizes NG2, an integral membrane 

proteoglycan expressed on glial progenitor cells (Nishiyama et al., 1995); this proteoglycan has 

been identified in cells which mature into astrocytes (Fidler et al., 1999; Dawson et al., 2000), 

oligodendrocytes (Butt and Berry, 2000; Mallon et al., 2002) and microglia (Chang et al., 2000; 

Jones et al., 2002).  Both TuJ1 and NG2 have been used to identify the phenotype of newly 

proliferated cells in adult brains (Shihabuddin et al., 2000; Fowler et al., 2002). 

To triple label, sections were rinsed, blocked with 10% normal donkey serum in 0.1% 

triton X-100 and 0.1M PBS, and incubated in rabbit anti-NG2 (1:150; Chemicon) at 4°C 

overnight.  On day 2, the sections was rinsed and incubated in Cy5-conjugated donkey anti-

rabbit IgG (1:100; Jackson Immuno.) for 2 hr.  Next, the sections were rinsed, incubated in 10% 

normal goat serum in 0.1% triton-0.1M PBS, and then incubated in mouse anti-TuJ1 (1:500; 

Covance) at 4°C overnight.  Following rinsing on day 3, the sections were incubated in Alexa-

488 conjugated goat anti-mouse IgG (1:400; Molecular Probes) for 2 hr.  Then, they were 

processed for BrdU immunocytochemistry by incubating in normal donkey serum, rat anti-BrdU 

(1:200; Accurate) in 0.1M PBS with 0.1% Triton X-100 (PBT) at 4°C 36 hr, and Texas red-

conjugated donkey anti-rat IgG (1:200; Jackson Immuno.) for 2 hr at room temperature.  

Sections were rinsed, mounted on slides with slowfade component A (Molecular Probes) and 

coverslipped. 

Data Quantification and Analysis 

All slides were coded to disguise group identity.  For peroxidase BrdU immunostaining, 

BrdU-labeled cells were examined and quantified bilaterally in the dentate gyrus of the 

hippocampus (DG), central (CeA), medial (MeA) and cortical (CorA) nuclei of the amygdala, 

and ventromedial nucleus of the hypothalamus (VMH) on coronal sections for all groups in Exp 

1 and 2.  For Exp 3, BrdU-labeled cells in the CeA, MeA, CorA, and VMH were examined on 

sagittal sections and quantified on coronal sections.  

BrdU-labeled cells were visualized under 40× magnification using a Zeiss AxioskopII 

microscope. BrdU-labeled cells were counted in the hilus, granule, and molecular cell layers of 

the DG (corresponding to Plates 29-32 in Paxinos and Watson, 1998) for seven to eight sections 

per animal; groups did not differ in the number of sections counted.  In the central, medial and 

cortical nuclei of the amygdala (Plates 28-29 in Paxinos and Watson, 1998) and VMH (Plates 
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30-32 in Paxinos and Watson, 1998) three sections were counted per animal.  Furthermore, the 

areas of these brain regions were measured using the NIH IMAGE program.  The images were 

projected to a computer screen and the boundaries of each region were traced bilaterally.  Since 

no region demonstrated an overall left-right asymmetry, both sides were combined and the area 

within each tracing was calculated.  In all regions, the sections were carefully matched between 

animals.  Cell counts and area measurements were averaged over the number of sections 

analyzed for each brain area, and cell density (number of cells per mm
2
) was calculated for each 

subject.  Group differences in the size of the region and the density of BrdU-labeled cells for 

each region were analyzed either by a t-test (Exp 1) or by a one-way analysis of variance 

(ANOVA), followed by a Student-Newman-Keul’s (SNK) post-hoc test (Exp 2 and 3).  Since the 

BrdU-labeled nuclei were ~5µm in diameter and sections at 120µm intervals were counted, the 

possibility of counting split cells on different sections was minimized to less than 10%, 

according to the equation of Abercrombie (Guillery and Herrup, 1997). 

BrdU, TuJ1, and NG2 labeled cells were quantified in the amygdala for Exp 1 and 2.  

Cells were visualized under 63× magnification using a Zeiss 510NLO confocal microscope.  At 

least 170 cells were counted per group from two sections/animal.  Individual cells stained for 

BrdU/TuJ1, BrdU/NG2 or BrdU alone were counted.  Percentages were calculated for the 

individual subject's number of double-labeled cells divided by the corresponding subject's total 

number of BrdU-labeled cells and multiplied by 100.  Group differences in the percentage of 

BrdU-labeled cells containing a neuronal (TuJ1) or glial (NG2) marker were analyzed by a one-

way ANOVA.  

Radioimmunoassays (RIAs) 

  Prior to sacrifice, blood samples were obtained from the jugular vein.  Blood was drawn 

with 20 µl of 0.2M EDTA in the syringe to prevent clotting.  Following collection, blood was 

placed in centrifuge tubes on ice and was then centrifuged at 3,000 rpm for 25 min.  The 

resulting plasma was stored at –80 °C.  Plasma concentrations of testosterone were measured in 

duplicate by a Coat-a-Count total testosterone kit and of estradiol in duplicate by a Coat-a-Count 

estradiol kit (Diagnostic Products Corp.).  For the testosterone kit, plasma from castrated male 

voles was added to the standards to control for nonspecific competition in male vole plasma and 

to prevent nonspecific binding of iodinated testosterone. Differing volumes of vole plasma were 

parallel to the standard curve of testosterone and estradiol, thus verifying the kits for use in voles.  
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For the testosterone and estradiol assays, the sensitivities were 4 and 8 pg/ml, respectively, and 

the intra-assay and inter-assay coefficients of variation were both < 5%. Sample values were 

analyzed by a t-test or ANOVA, followed by a SNK post-hoc test.  

 

RESULTS 

Experiment 1 

The size of each measured region did not differ between the two treatment groups 

(p>0.05).  BrdU immunocytochemistry produced dense nuclear staining of cells in specific 

regions of the vole brain.  In the amygdala, the TP-treated males had a significantly higher 

density of BrdU-labeled cells compared to the oil-treated group (t=3.81, p<0.05) (Fig. 4.1a,b & 

4.2).  Specifically, the TP-treated group displayed a higher density of BrdU-labeled cells in the 

cortical (t=3.13, p<0.05) and medial (t=5.47, p<0.001) nuclei, but not in the central nucleus, of 

the amygdala (t=0.74, p>0.05) (Fig 4.2b).  Group differences were not found in the DG (t=0.24, 

p>0.05) and VMH (t=0.76, p>0.05) (Fig. 4.1c,d & 4.2a). For the control group, the density of 

BrdU-labeled
 
cells in the DG was approximately 5.6-times the cell density in the amygdala and 

6.8-times the cell density in the VMH. Following the TP-treatment, the density of BrdU-labeled 

cells in the DG was approximately 2.4-times the cell density in the amygdala. 

Experiment 2 

In the amygdala, the EB-treated group had a significantly higher density of BrdU-labeled 

cells than did the DHT- and oil-treated groups (F(3,20)=7.52; p<0.05) (Fig. 4.3a).  Upon 

performing a post-hoc contrast test, the TP-treated group appeared to approach significance in 

having a higher density of BrdU-labeled cells than the oil-treated group (p=0.059). For the 

specific subnuclei, the TP- and EB-treated groups had a higher density of BrdU-labeled cells in 

the cortical (F(3,20)=18.14; p<0.001) and medial (F(3,20)=9.68; p<0.001) nuclei, but not in the 

central nucleus (F(3,20)=3.07, p>0.05), of the amygdala than did the DHT- or oil-treated groups; 

the latter two groups did not differ from each other (Fig. 4.3b).  Group differences in the density 

of BrdU-labeled cells were not seen in the DG (F(3,21)=1.93; p>0.05) or VMH (F(3,21)=0.63; 

p>0.05) (Fig. 4.3a).  Further, no group differences were found for the area of each brain region 

measured (p>0.05). 
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Figure 4.1.   Photomicrographs of BrdU-labeled cells following oil (control) or testosterone 

propionate (TP) treatment.  (A-B) In the amygdala, the control group (A) shows less BrdU-

labeled cells than the TP-treated group (B).  Scale bar = 200µm. CeA: central nucleus; CorA: 

cortical nucleus; MeA: medial nucleus; opt: optic tract. (C-D) In the DG, the control group (C) 

did not differ from the TP-treated group (D). Scale bar = 100µm. GrL: granule cell layer; Hil: 

hilus. 
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Figure 4.2.   The effects of testosterone propionate (TP) treatment on the mean density of BrdU-

labeled cells in male meadow voles.  (A) TP-treatment significantly increased the density of 

BrdU-labeled cells in the amygdala (Amy), but not in the dentate gyrus of the hippocampus (DG) 

or ventromedial nucleus of the hypothalamus (VMH). (B) In the subnuclei of the amygdala, TP-

treatment induced an increase in the density of BrdU-labeled cells in the cortical (CorA) and 

medial (MeA), but not central (CeA), nuclei. *: p<0.05; error bars indicate standard error of the 

mean. 
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Figure 4.3. The effects of testosterone propionate (TP), estrogen benzoate (EB), or 5α-

dihydrotestosterone (DHT) on the mean density of BrdU-labeled cells in male meadow voles.  

(A) EB treatment induced an increase in the density of BrdU-labeled cells in the amygdala 

(Amy), but not the dentate gyrus of the hippocampus (DG) or ventromedial hypothalamus 

(VMH), as compared to the control. (B) Within subnuclei of the amygdala, an increase in the 

density of BrdU-labeled cells following TP or EB treatment was present in the cortical (CorA) 

and medial (MeA), but not central (CeA), nuclei. Letters represent the results of the post hoc test; 

non-shared letters indicate statistical difference at p<0.05; and error bars indicate standard error 

of the mean. 
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The testosterone and estradiol RIAs confirmed group assignment.  The TP-treated group 

had a higher level of plasma testosterone (11.4 ± 1.4 ng/ml) than did the oil- (0.8 ± 0.1 ng/ml) or 

DHT-treated groups (0.9 ± 0.2 ng/ml) (F(2,16)=74.56; p<0.001).  An additional testosterone RIA 

was then performed to compare TP-treated values against naturally occurring testosterone levels.  

The plasma testosterone levels of TP-treated males (N=5) did not differ from males sacrificed 

after mating (N=3), and both were higher than sexually naive males (N=3) (F(2,8)=12.06, p<0.05) 

(Fig. 4.4). The EB-treated group had a higher level of plasma estradiol (1.0 ± 0.3 ng/ml) than did 

the oil-treated group (< detection limits of 8 pg/ml).   

 To confirm phenotypes, new cells were labeled with BrdU and a neuronal (TuJ1) or glial 

(NG2) marker (Fig. 4.5).  No differences were found in the percentage of BrdU-labeled cells 

colocalized with either TuJ1 or NG2.  Overall, approximately 44.2% of the cells labeled for 

BrdU and TuJ1, 34.5% for BrdU and NG2, and 21.3% for BrdU alone (Table 4.1).  The 21.3% 

of BrdU-labeled cells that did not co-label with TuJ1 or NG2 may indicate undifferentiated 

progenitors, differentiated cells having not yet begun to express either of these markers, mature 

neurons that may not express TuJ1, or mature glial cells no longer containing NG2.  Thus, the 

actual percentage of new neurons or glia may be higher depending on the eventual fate of these 

cells or the presence of other markers. 

Experiment 3 

 A time course experiment was performed on intact, untreated males to investigate 

whether cells are proliferating locally within the amygdala or VMH. On coronal and sagittal 

sections, BrdU-labeled cells were visualized in the amygdala and VMH at 30 min, 1, 6, and 24 hr 

following an acute injection of BrdU (Fig. 4.7a). BrdU-labeled cells were then quantified on the 

coronal sections (Fig. 4.6).  In the amygdala, the 1 hr and 6 hr groups did not differ from each 

other; however, both groups had a density of BrdU-labeled cells that was higher than the 30 min 

group but lower than the 24 hr group (F(3,8)=13.25; p<0.05). In the MeA, the 24 hr group had a 

higher density of cells than did the 30 min group (F(3,8)=4.10; p<0.05).  Group differences in 

BrdU cell density were not found in the CorA (F(3,8)=0.15; p>0.05) or CeA (F(3,8)=2.74; p>0.05) 

or in the VMH (F(3,8)=1.31; p>0.05). Prior reports have described a “stream” of migrating cells 

into the cerebral cortex (Gould et al., 1999a); however, upon qualitative analysis, we could not 

visually identify any observable migratory stream pattern from the SVZ into the amygdala at  
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Figure 4.4.  Mean plasma testosterone levels in meadow voles.  Testosterone propionate (TP) 

treated males displayed levels similar to males that had mated with a female (Mated), both of 

which were significantly higher than sexually naive males (Naive). Letters represent the results 

of the post hoc test; non-shared letters indicate statistical difference at p<0.05; and error bars 

indicate standard error of the mean. 
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Figure 4.5.  Confocal laser microscope images of nuclei stained for BrdU, TuJ1 and/or NG2 in 

the amygdala of male meadow voles.  (A-D) Images display staining for (A) BrdU [red], (B) 

TuJ1 [green], (C) NG2 [blue], and (D) all three markers. BrdU and TuJ1 colocalized cells 

display a yellow image (arrow), and a BrdU only labeled cell displays a red image. Scale 

bar=10µm. (E) Zoomed image of newborn neuron. Views along the y-z axis (right) and x-z axis 

(below) demonstrate 3D colocalization of BrdU and TuJ1. Scale bar=5µm. (F-I) Images display 

staining for (F) BrdU [red], (G) TuJ1 [green], (H) NG2 [blue], and (I) all three markers. BrdU 

and NG2 colocalized cells display a purple image (arrow). Scale bar=10µm. (J) Zoomed image 

of newborn glial cells. Views along the y-z axis (right) and x-z axis (below) demonstrate 3D 

colocalization of BrdU and NG2. Scale bar=5µm. 
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Figure 4.6. The density of BrdU-labeled cells at 30 min, 1, 6, and 24 hr following an acute BrdU 

injection.  (A) In the amygdala (Amy), the 1 hr and 6 hr groups did not differ from each other; 

however, both groups had a density of BrdU-labeled cells that was higher than the 30 min group 

but lower than the 24 hr group.  Significant differences were not found in the ventromedial 

hypothalamus (VMH).  (B) Within subnuclei of the amygdala, in the medial nucleus (MeA), the 

24 hr group had a higher density of BrdU-labeled cells than did the 30-min group, but the 1 hr 

and 6 hr groups did not differ from any other groups.  Differences were not found in the cortical 

(CorA) or central (CeA) nuclei. Letters represent the results of the post hoc test; non-shared 

letters indicate statistical difference at p<0.05; and error bars indicate standard error of the mean. 
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Figure 4.7.   Phenotype of BrdU-labeled nuclei in the amygdala at 30 min. (A) Sagittal section 

photomicrograph of BrdU-labeled cells in the amygdala (Amy) 30-min after an acute injection of 

BrdU. Scale bar = 100µm.  The insert displays a higher magnification of BrdU-labeling within 

the amygdala. Scale bar = 5µm. hpc: hippocampal complex; ic: internal capsule; LV: lateral 

ventricle; opt: optic tract. (B-D) Confocal laser microscope images of cells stained for BrdU, 

TuJ1 and/or NG2 in the amygdala 30-min after an acute injection of BrdU.  Cells displayed 

staining for (B) BrdU/TuJ1, (C) BrdU/NG2, and (D) BrdU alone. Scale bar = 10µm. 
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Table 4.1. Percentage ± SEM of BrdU nuclei double-labeled with a neuronal (TuJ1) or glial 
(NG2) marker in the amygdala. 
 
 

 

Treatment 
 

BrdU/TuJ1 
 

BrdU/NG2 
 

BrdU alone 

Control 41.0 ± 9.4 36.8 ± 12.3 22.2 ± 5.1 

TP 32.8 ± 8.9 46.4 ± 6.4 20.9 ± 6.2 

EB 44.7 ± 7.1 33.7 ± 6.5 21.6 ±3.0 

DHT 58.3 ± 15.9 21.0 ± 7.9 20.8 ± 9.1 

OVERALL 44.2% 34.5% 21.3% 
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these time points.  BrdU-labeling was considered specific since labeled cells could not be found 

in animals that did not receive BrdU injections (negative control). Further, BrdU/TuJ1/NG2 

immunolabeling was also performed to identify the phenotype of the cells present 30 min 

following the BrdU injection.  Cells colocalized with BrdU/TuJ1 and BrdU/NG2 were identified 

within the amygdala at this time point (Fig. 4.7b).   

 

DISCUSSION 

In the present study, we found that testosterone propionate (TP) or estrogen benzoate 

(EB), but not 5α-dihydrotestosterone (DHT), exerted increases in the density of new cells in the 

cortical and medial nuclei of the amygdala in adult male meadow voles.  Plasma testosterone 

levels in the TP-treated males were similar to males following mating, indicating that hormonal 

treatment reached physiological levels.  The majority of the new cells displayed neuronal (~42%) 

or glial (~35%) phenotypes.  Finally, new cells were identified in the amygdala and VMH as 

early as 30-min following an acute injection of BrdU.  Together, these data suggest that gonadal 

steroid hormones affect the density of newly proliferated cells in the amygdala, most likely by 

acting through an estrogenic mechanism, and these effects may be exerted on cells locally 

proliferating within the amygdala.   

 

Gonadal steroid hormones influence cell proliferation 

In the mammalian brain, testosterone may exert its effects directly or via aromatization 

into estrogen (Naftolin et al., 1975) or reduction into DHT (Lieberburg and McEwen, 1977). We 

found that TP or EB treatment increased the density of new cells in the amygdala, particularly in 

the medial (MeA) and cortical (CorA) nuclei. In contrast, DHT treatment was ineffective.  The 

similarities between the TP and EB, but not DHT, effects indicate that testosterone may likely 

act through an estrogen receptor mediated mechanism to affect the proliferation of new cells in 

the amygdala. It is interesting to note that testosterone and its metabolites also act on certain 

reproductive behaviors and neurotransmitters in a similar manner. For example, in male hamsters, 

implants of testosterone or estradiol, but not DHT, in the MeA stimulate sexual activity in 

castrated males (Wood and Newman, 1995; Wood, 1996), and aromatase inhibition decreases 

mating-associated behaviors (Steel and Hutchison, 1987).  In gonadectomized rats, vasopressin 

mRNA in the MeA and serotonin receptor and transporter mRNAs in the dorsal raphe nucleus 
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display an increased expression with testosterone or estrogen, but not DHT, treatment (Wang and 

De Vries, 1995; Fink et al., 1999).  However, if DHT is given in combination with estrogen, it 

increases the number of AVP mRNA labeled cells in MeA (Wang and De Vries, 1995). Since 

androgen receptor immunoreactivity in the MeA of castrated male rats can be increased by 

estrogen treatment (Lynch and Story, 2000), the effects of DHT on the central nervous system 

may rely on the presence of estrogen (DeVries et al., 1994).  Therefore, we cannot exclude the 

possibility that DHT may be able to act synergistically with estrogen to influence cell 

proliferation.  

Several lines of evidence support this possibility of local gonadal steroid action within 

the amygdala.  First, estrogen receptor containing cells are present in the amygdala, particularly 

in the MeA and CorA, in a variety of rodent species, including rats (Pfaff and Keiner, 1973; 

Simerly et al., 1990), hamsters (Wood et al., 1992) and voles (Hnatczuk et al., 1994; see Chapter 

3).  Second, high levels of aromatase activity are found in the MeA and CorA of male rats, and 

castration does not affect these levels (Roselli et al., 1984; Roselli and Resko, 1987). After 

testosterone infusions in castrated male rats, high levels of estrogen can be found in the 

amygdala (Lieberburg and McEwen, 1977). Finally, testosterone or estrogen treatment has been 

found to affect the neuroanatomy of the amygdala in rodents, possibly due to changes in 

neuronal soma size or neurogenesis.  In female rats, estrogen treatment prior to postnatal day 30 

increases MeA volume (Mizukami et al., 1983), and in adult, castrated male hamsters, 

testosterone administration also increases MeA volume (Cooke et al., 2002). Interestingly, the 

latter finding could not be attributed to changes in soma size, presenting the possibility of 

increased neurogenesis in response to testosterone for this species. 

The underlying mechanisms for the steroid regulation of cell proliferation in adulthood 

are still unknown. However, since steroid hormones are able to alter the transcription rates of 

genes (Simerly, 1990), one may speculate that estrogen can induce or facilitate progenitor cells 

to enter the cell cycle.  Alternatively, estrogen may act on other cells, which, in turn, cause local 

progenitor cells to proliferate.  For instance, astrocytes contain steroid hormone receptors (Finley 

and Kritzer, 1999) and have been shown to induce cell proliferation in vitro (Lim and Alvarez-

Buylla, 1999; Song et al., 2002a).  In response to steroid hormones, astrocytes may secrete 

neurochemicals, such as brain-derived neurotrophic factor (BDNF) (Ikeda et al., 2001), which 

has been shown to enhance cell proliferation and survival in the adult brain (Pencea et al., 2001). 
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Thus, if stem or progenitor cells are locally situated within the amygdala, it is feasible that local 

astrocytes function to induce these cells to undergo proliferation. 

The TP-treated and mated males had similar levels of plasma testosterone, both of which 

were higher than sexually naive males in the present study or males captured during the breeding 

season in a previous experiment (~1.8 ng/ml, Galea and McEwen, 1999).   These data suggest 

that mating was accompanied by an increase in plasma testosterone, and the TP treatment 

resulted in a level of testosterone similar to naturally occurring physiological levels following 

mating in male meadow voles. Indeed, reports have indicated that testosterone levels become 

elevated significantly after ejaculation in the closely related male prairie voles (increase from 

~1.4 to 8.8 ng/ml; Gaines et al., 1985), and a comparable level of testosterone in male meadow 

voles increases the attractiveness of male odors to females (Ferkin et al., 1994).  A drawback in 

the present study was that blood samples were only taken at sacrifice, so it was unclear whether 

this level of testosterone was consistent throughout the 72 hr of treatment.  Therefore, the 

observed effects on cell proliferation may be due to the initial rising levels of infused TP, 

maintained infusion rate, or maximal level of TP released. 

 

New cells proliferate locally within the amygdala 

In a previous study of rats, the rate of migration for new cells derived from the SVZa into 

the olfactory bulb was calculated as 22.8 µm/hr (Luskin and Boone, 1994).   If we assume the 

same rate for migration into the amygdala, we would expect it to take about 13 hr for the cell in 

Fig. 4.6a to migrate from the nearest lateral ventricle into the amygdala.  Certainly, we cannot 

exclude the possibility that new cells from the SVZa could migrate into the amygdala much 

faster, but this rate would need to be at least 26 times faster than the rate into the olfactory bulb.  

Therefore, since BrdU-labeled cells were identified in the amygdala 30-min post injection, BrdU 

may only be incorporated during S-phase of the cell cycle, and a very high rate of migration 

would be necessary for migration from a ventricle, one may infer with high probability that these 

cells are dividing locally, rather than dividing and then migrating from a ventricular region.  

Furthermore, these data suggest that the differences seen in Exp. 1 & 2 occurred due to the 

actions of the hormones on locally proliferating progenitors.  However, we are currently unable 

to draw a definitive conclusion about the presence of stem cells within the amygdala.  It has been 

estimated that stem cells proliferate approximately once every four weeks (Morshead et al., 
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1994), producing progenitor cells that may continue progress through subsequent divisions ~17 

hr while migrating (Smith and Luskin, 1998).  Thus, it is possible that stem cells are located in 

the better-known proliferative population, such as the SVZ, and produce progenitors which 

migrate to the amygdala and continue to proliferate locally within this region.  On the other hand, 

we cannot discount the possibility that stem cells are localized within the adult amygdala, a 

notion that is currently debatable.  Some data suggest that stem cells are not localized outside of 

the ventricular subependyma, e.g., within the adult DG (Seaberg and van Der Kooy, 2002), 

whereas others suggest that stem cells are present in the DG and in other non-neurogenic zones 

of the adult brain (Palmer et al., 1997; Palmer et al., 1999). 

 

Possible functional significance of new cells in the amygdala 

The amygdala has been implicated in many reproductively associated functions and 

behaviors, such as olfactory/pheromonal processing (Luiten et al., 1985; Meredith, 1991), social 

learning and memory (Kirkpatrick et al., 1994; Demas et al., 1997), copulatory actions (Harris 

and Sachs, 1975; Dominguez et al., 2001), and aggressive behavior (Albert and Walsh, 1984; 

Wang et al., 1997a).  In the present study, TP or EB treatment increased the density of new cells 

in the amygdala of adult male meadow voles; importantly, the TP treatment induced plasma 

testosterone levels similar to levels following mating, indicating the physiological relevance of 

the findings. In male meadow voles, testosterone plays an important role in a male’s 

attractiveness to a female (Ferkin et al., 1994) and preference for a specific female’s odor (Ferkin, 

1992).  Periods of reproduction have been correlated with high levels of testosterone and 

aggression (Boonstra et al., 1994; Galea and McEwen, 1999), and aggression increases a male’s 

reproductive success (Storey and Snow, 1990).  Although not known in meadow voles, direct 

implants of testosterone into the MeA enhance sexual activity in male hamsters (Wood and 

Newman, 1995), and the amygdala is implicated in aggressive and social behaviors in male 

prairie voles (Kirkpatrick et al., 1994; Wang et al., 1997a).  Therefore, it is possible that new 

cells in the amygdala may mature and contribute to one or more of these reproductively 

associated functions and/or behaviors.  Recent findings appear to support the concept that adult-

born neurons mature and function in the brain: in male golden hamsters, new neurons in the 

olfactory bulb become activated following exposure to females in estrus (Huang and Bittman, 
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2002), and in mice, diminished numbers of new cells in the DG is correlated with deficits in 

learning and memory abilities (Shors et al., 2001).  

 

Conclusion 

In male meadow voles, hormonal status influences the density of new neurons and glia in the 

MeA and CorA. Differences on cell proliferation were not seen in the DG and VMH for any 

hormonal treatment. Since increases were seen with TP and EB, but not DHT, and since 

progenitors appear to be proliferating within the amygdala, it is hypothesized that the hormonal 

effects on new cells are most likely occurring via estrogenic mechanisms locally within the 

amygdala.  In mammals, including humans, gonadal hormones are involved in the development, 

differentiation, and protection of the central nervous system (Garcia-Segura et al., 1994; Romeo 

et al., 2002), and the amygdala has been implicated in a variety of cognitive and behavioral 

functions (Albert and Walsh, 1984; Cahill et al., 1996). Therefore, in future studies, it will be 

both interesting and essential to determine the functional significance of new cell incorporation 

in the adult amygdala. 
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Chapter 5: 

Conclusions and Future Directions 
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CONCLUSIONS 

 In this dissertation, I have examined the influence of social environment and gonadal 

steroid hormones on neurogenesis in the adult vole brain. Prior research has primarily focused on 

factors that regulate cell proliferation and/or survival in the adult DG and SVZ. Here, we 

demonstrate the presence of neurogenesis in other regions of the brain, including the amygdala 

and hypothalamus, and show that the proliferation of cells in these regions may be influenced 

exogenously by social environment or endogenously by steroid hormones. These findings are 

important to our understanding of brain plasticity, as new cells in these areas have the potential 

to mature and contribute to function.  

In Chapter 2, we investigated whether social environment could alter neurogenesis in 

certain brain regions of the adult female prairie vole. Newly proliferated cells were identified in 

the DG, SVZ, olfactory bulb, amygdala, hypothalamus, neocortex, and caudate/putamen. At two 

days, social isolation increased the proliferation of new cells in the SVZ compared to female 

exposure, and male exposure enhanced cell proliferation in the amygdala and hypothalamus 

compared to social isolation.  At three weeks, in the amygdala, male exposure resulted in a larger 

number of new cells compared to social isolation, and in the hypothalamus, male exposure led to 

an increase in the number of new cells compared to female exposure. Social environment was 

not able to induce significant treatment effects in the DG, olfactory bulb, cingulate cortex, or 

caudate/putamen. New cells coexpressed TuJ1 or NeuN in the SVZ, DG, olfactory bulb, 

amygdala and hypothalamus, indicating that new neurons were being produced in these brain 

regions. Finally, a small number of cells undergoing apoptosis were identified, suggesting that 

the differences in BrdU-labeling were due to cell proliferation, rather than cell death. These data 

indicate that social environment alters neuron proliferation in a stimulus-specific manner in 

certain regions of the adult female prairie vole brain. 

As male-exposure enhanced cell proliferation in the female prairie vole amygdala and 

hypothalamus, we hypothesized that this effect was due to elevated estrogen levels associated 

with mating. Thus, in Chapter 3, we examined the influence of estrogen on cell proliferation in 

the adult vole brain. Since prairie and meadow voles are closely related species that differ in life 

strategy and social behavior, we speculated that they might also differ in their estrogen 

regulation of cell proliferation. Female prairie and meadow voles were ovariectomized and 

examined for the ability of estrogen to influence cell proliferation. Overall, female meadow voles 
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had a higher density of new cells in the amygdala and DG than did prairie voles. In meadow 

voles, EB treatment enhanced the density of new cells in the amygdala, particularly in the pCorA 

and pMeA, whereas effects were not found in the prairie vole.  Differences of EB on BrdU 

labeling were also not found in the DG, central nucleus of the amygdala, or VMH.  In the pCorA 

and pMeA, overall, about 45% of the BrdU-labeled cells displayed a neuronal phenotype and 

43% displayed a glial phenotype. To investigate whether a species difference existed in the 

brain’s ability to respond to estrogen, the distribution of ERα was mapped in both species of 

voles. In the pCorA, meadow voles had a higher density of cells containing ERα in comparison 

to prairie voles. Many of the BrdU-labeled cells in the brain of both species coexpressed ERα 

labeling, suggesting that estrogen may directly stimulate cell proliferation. These data indicate 

that estrogen influences cell proliferation in the adult meadow, but not prairie, vole amygdala. 

Although the ERα data could not completely explain the species differences in BrdU labeling, 

the fact that ERα were localized on BrdU cells supports the possibility of a direct relationship of 

estrogen on cell proliferation. 

Finally, in Chapter 4, we examined whether the gonadal steroid hormone testosterone and 

its metabolites, EB and DHT, could influence cell proliferation in adult male meadow voles.  

Treatment with TP in castrated males resulted in plasma testosterone levels similar to males 

following mating and in a significant increase in the density of new cells in the amygdala as 

compared to controls. Similar effects on the density of new cells in the amygdala were found 

with EB, but not DHT, treatment. Both new neurons and glia were produced in the amygdala, 

although a somewhat larger proportion of BrdU-labeled cells had a neuronal, rather than glial, 

phenotype. In the DG and VMH, hormone treatment did not induce statistically significant 

differences from the control. Since BrdU-labeled cells were identified in the amygdala as early 

as 30-min following an acute injection of BrdU, cells appear to be proliferating within the 

amygdala. Thus, gonadal steroid hormones influence the number of newly proliferated cells in 

the adult male amygdala, most likely by acting through an estrogenic mechanism, and these 

effects may be exerted on locally proliferating progenitors within the amygdala. Together, the 

data presented throughout this dissertation indicate that social environment affects neuron 

proliferation in a stimulus- and site-specific manner in adult female prairie voles and gonadal 

steroid hormones influence cell proliferation in the amygdala of adult female and male meadow 

voles, possibly by acting directly on proliferating cells. 

 94



 

FUTURE DIRECTIONS 

 Although we have answered the fundamental question of whether social environment and 

gonadal steroid hormones influence adult neurogenesis, many issues remain to be addressed to 

provide a more complete understanding of the mechanisms underlying these effects and the 

importance on the animal’s physiology and behavior. First, since estrogen alone did not appear to 

be involved in the male-induced cell proliferation for the female prairie vole amygdala, other 

factors could to be investigated, such as the involvement of sensory aspects of the male 

experience (e.g., tactile stimulation from the act of mating or chemosensory input), other 

hormones (e.g., prolactin), or neurotransmitters (e.g., BDNF). In addition, estrogen may interact 

with these factors to influence cell proliferation, so coadministration of estrogen with other 

factors could provide additional insights. Second, male exposure also influenced the number of 

new cells at three weeks. Given the fact that the male-exposed females became pregnant and 

were sacrificed three days following the birth of their pups, hormones associated with pregnancy 

and parturition could be investigated for their influence on cell proliferation or survival. 

Additionally, it would be interesting to determine whether similar results could be obtained by a 

pseudopregnant condition to investigate the effects of hormonal changes absent of other stimuli 

associated with pregnancy. Once a specific factor, or several factors, has been identified that 

influence cell proliferation or survival, underlying mechanisms of activation could then be 

examined. 

 In the meadow voles, treatment with EB in females and EB or TP in males increased cell 

proliferation in the amygdala. Further research could address whether this effect is specific to 

proliferation by examining the hormones’ effects on cell survival. In addition, in the males, DHT 

did not influence the density of new cells, but it could act synergistically with EB to affect 

proliferation. In the females, the ERα data did not completely explain the differences found in 

BrdU labeling. Thus, the distribution of other estrogen receptors, such as the estrogen receptor β 

or the membrane bound estrogen receptor, could be mapped and examined for their presence on 

progenitor cells in the adult brain. It would also be important to administer the agonists and 

antagonists for each of the receptors to determine the specific effect on cell proliferation, and in 

vitro studies in progenitors derived from the adult amygdala could examine whether these 

agonists and antagonists directly induce cell proliferation. If a direct activation of cell 
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proliferation cannot be established, indirect mechanisms of action, such as via glial cells and 

BDNF, could then be investigated. To more specifically determine the mechanism in males, 

agonists and antagonists for testosterone and its metabolites could also be systematically 

administered to determine their effects on proliferation. 

 Other more general questions may also be addressed in future research. To begin with, 

localizing neural stem cells within the amygdala would be a significant research finding. In 

addition, identifying the type of cells being produced in the adult amygdala would be important. 

As new cells incorporated into the olfactory bulb mainly mature into interneurons, it may also 

occur in the amygdala and hypothalamus; if not, research may address other potential types of 

neurons being produced and whether their axons project long distances to other brain regions.  It 

would also be important to establish the ability of these new cells to function, and what 

implications their presence may have on the animal’s physiology and/or behavior. For example, 

a study with the vole model would be to administer an anti-mitotic drug site-specifically into the 

amygdala and then examine whether the female prairie vole can form a social memory (e.g., a 

partner preference) or whether the female meadow vole experiences deficits in maternal behavior. 

To verify the generalizability of the findings, other species could also be investigated for the 

presence of new cells in the amygdala and hypothalamus and to determine whether social 

environment and hormones can exert similar effects on cell proliferation in these species. Finally, 

the implications of these findings could eventually be tested in humans as a basis for the 

development of therapeutic strategies for conditions such as dementia or neurodegenerative 

disorders. 
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