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ABSTRACT 

In this study we investigated the involvement of estrogen receptors alpha and beta in both 

sexual behaviour and estradiol-induced enhancement of hippocampal neurogenesis in the adult 

female rat. Our study utilized recently available subtype selective alpha and beta estrogen 

receptor (ER) agonists, propyl-pyrazole triol (PPT) and diarylpropionitrile (DPN) to examine 

each receptor's contribution, individual and co-operative, for these primarily estradiol-mediated 

processes. To evaluate sexual behaviour and cell proliferation, rats were bi-laterally 

ovariectomized (OVX) and received subcutaneous injections of estradiol (10 (ag), PPT and DPN 

alone (1.25, 2.5, 5.0 mg /0 .1 ml DMSO) or in combination (2.5 mg PPT + 2.5 mg DPN/ 0.1 ml 

DMSO). For experiment 1, our findings demonstrate that ERalpha is involved in eliciting both 

proceptive and receptive behaviour. Our laboratory has previously found that estradiol increases 

cell proliferation within 4 hrs in the dentate gyrus of adult female rats, therefore, for experiment 

2 we administered estradiol or the agonist(s) 4 hrs prior to the cell synthesis marker 

bromodeoxyuridine (BrdU; 200 mg/kg). DPN enhanced cell proliferation by approximately 40% 

at all three administered doses (1.25 mg, p<0.008; 2.5 mg, p<0.003; 5 mg, p< 0.005), whereas 

PPT showed increased cell proliferation (by approximately 50%, p< 0.0002) at a specific dose of 

2.5 mg. Our results demonstrate both ERalpha and ERbeta are individually involved in 

estradiol-enhanced cell proliferation. Dual receptor activation resulted in decreased levels of 

proceptivity, receptivity and cell proliferation, compared to either agonist alone, supporting 

previous studies suggesting that ERalpha and ERbeta may modulate each other's activity. Our 

results demonstrate the exclusive involvement of each ER subtype in two distinct physiological 

processes, sexual behaviour and hippocampal cell proliferation and suggest that a component of 

ER regulated cell proliferation may take place through alternative ligand and/or cell-signaling 

mechanisms. < 
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INTRODUCTION 

Estradiol can have profound effects on the brain and behaviour, from involvement in 

sexual behaviour (Pfaff et al., 1994) to the modulation of neuronal proliferation, survival and 

plasticity (McEwen et al., 2001; Behl, 2002). Examining the mechanisms that induce 

neurogenesis in the adult mammalian brain may provide a basis for neuronal replacement 

therapy in neurodegenerative diseases such as Alzheimer's Disease (AD). 

The majority of estradiol's identified transcriptional actions in mammals are mediated by 

the classical estrogen receptor (ER) alpha (White et al., 1987) and the more recently cloned 

ERbeta, (Kuiper et al., 1996; Mosselman et al., 1996; Enmark et al., 1997; Tremblay et al., 

1997). Since the discovery of ERbeta, studying and resolving the mechanisms of action behind 

estrogens and related synthetic drugs has become increasingly complex. For example, the 

synthetic estrogenic agent tamoxifen has both agonist/antagonist properties depending on the 

tissue in which it is examined; it serves as an estrogen-receptor antagonist in breast tissue 

(Jordan, 1995) and the brain (Hilton et al., 2004) however, acts as an estrogen agonist in bone 

(Turner et al., 1987; Moon et al., 1991). Furthermore, the mode of interaction of estrogenic 

agents also depends on the ER subtype involved; for instance, tamoxifen is a mixed 

agonist/antagonist of estrogen receptor alpha (ERalpha) and a pure antagonist of ERbeta 

(Mclnerney and Katzenellenbogen, 1996; Barkhem et al., 1998; Zou et al., 1999; Buteau-Lozano 

et al., 2002). Therefore, understanding the differential effects of estradiol requires the 

consideration of cell context along with receptor subtype involvement. 

ERalpha and ERbeta belong to the steroid hormone superfamily of nuclear receptors that 

act as ligand-inducible transcription factors. ERalpha and ERbeta appear to be complementary 

but not redundant and are genetically and functionally distinct (Simonian and Herbison, 1997; 

Kuiper et al., 1998). Investigation into how estradiol is mediating genomic effects involves 
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determining which receptor(s) is initiating transcription of estrogen-responsive elements (ERE) 

and non-ERE sites within the target cell genome. The use of ER subtype-selective ligands 

provides an alternative, complementary approach to the use of receptor knock out mice (Ogawa 

et al., 1998; Ogawa et al., 1999; Rissman et al, 1999; Kudwa and Rissman, 2003). There are 

several experimental caveats to consider when working with gene knock out animals including, 

pleotropic effects, developmental failures and the production of truncated proteins that have 

uncertain activity in vivo. Recently available ER subtype agonists, propyl-pyrazole triol (PPT), 

an ERalpha agonist and diarylpropionitrile (DPN) an ERbeta agonist are used in the present 

study to examine the individual physiological roles of each of the two receptors and their 

potential co-modulatory effects in mediating two estradiol-dependent processes, sexual 

behaviour and enhanced cell proliferation in the dentate gyrus of adult female rats. 

PPT and DPN are non-steriodal ligands and valuable tools for elucidating the biological 

activity of ERs by selectively targeting each receptor subtype. PPT is a potent ERalpha agonist, 

which does not activate ERbeta. PPT binds to ERalpha with high affinity (50% that of estradiol). 

It has a 410-fold binding selectivity preference for ERalpha and demonstrates almost no binding 

to ERbeta (Kraichely et al., 2000; Stauffer et al., 2000). Additionally, PPT only activates gene 

transcription through ERalpha and the potency selectivity may be greater than 10,000 (Stauffer et 

al., 2000). PPT increased progesterone receptor mRNA expression and suppressed 

experimentally induced hot flashes, both of which are known to be estrogen regulated, 

suggesting its estrogenic effects in the brain induced by ERalpha activation (Harris et al., 2002). 

In contrast, the estrogen receptor agonist DPN has a 70-fold higher binding selectivity for 

ERbeta over ERalpha and is a full ERbeta agonist (Meyers et al., 2001). DPN exhibits a 170-

fold higher relative potency for ERbeta over ERalpha in transcriptional activation studies 

(Meyers et al., 2001). Additionally, DPN significantly reduced anxiogenic behaviour (Lund et 
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al., 2005; Waif and Frye, 2005), which is mediated by ERbeta (Krezel et al., 2001; Imwalle et 

al., 2005; Lund et al., 2005; Waif arid Frye, 2005) demonstrating it's effects in the brain 

mediated through this subtype. The availability of receptor specific agonists provides a 

promising alternative strategy for unraveling ERs role in a multitude of functions. 

Estradiol is the primary chemical communicator for the expression of female sexual 

behaviour in all vertebrates (Pfaff et al., 1994). Female rat sexual behaviour has two active 

components, proceptivity (the female's appetitive activities directed at the male) and receptivity 

(lordosis posture). Both ERalpha and ERbeta are expressed differentially in the neural sites for 

mating behaviour (Shughrue et al., 1997; Shughrue and Merchenthaler, 2001; Shima et al., 2003) 

and single neurons in these areas have been shown to contain both ERs (Shughrue et al., 1998), 

specifically, the ventromedial hypothalamus (VMH), which facilitates lordosis (Kennedy, 1964; 

Dorner, 1969; Carrer et al., 1973; Rubin and Barfield, 1983; Meisel et al., 1987; Pfaff, 1989) and 

the medial preoptic area (mPOA), which has been implicated in both appetitive and 

consummately behaviours (Aou et al., 1988; Hoshina et al., 1994; Sakuma, 1995; Kato and 

Sakuma, 2000). Studies using knock-out mice have found that ERalpha is essential for the 

expression of lordosis (Rissman et al., 1997a; Ogawa et al., 1998; Kudwa and Rissman, 2003) 

and demonstrated the survival of reproductive behaviors in ERbeta gene-deficient mice (Ogawa 

et al., 1999; Kudwa and Rissman, 2003). Knockout studies suggest the exclusive involvement 

of ERalpha for female rodent receptivity, however, the role of ERbeta in sexual behaviour 

warrants further investigation. ERbeta is found in the ER-containing POA projections suggested 

to elicit proceptive behaviour and neurons within this area display distinct firing patterns in 

response to proceptive behaviour (Kato and Sakuma, 2000). Additionally, ERbeta has been 

detected along with Fos expression in response to mating stimuli, suggesting involvement in the 

hormonal integration of sensory information (Greco et al., 2003). The aim of experiment 1 was 
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to determine whether the two novel estrogen receptor (ER) agonists, PPT, and DPN alone or in 

combination could elicit either or both aspects of female rat sexual behaviour and if so, at what 

dose(s). 

In recent years, estradiol has also been shown to dynamically influence neurogenesis 

(both cell proliferation and survival) in the adult rodent hippocampus (Tanapat et al., 1999; 

Ormerod and Galea, 2001; Ormerod et al., 2003b; Tanapat et al., 2005). Studies from our 

laboratory have demonstrated that estradiol exposure for 4 hours enhances whereas estradiol 

exposure for 48 hours suppresses cell proliferation in the dentate gyrus of adult female meadow 

voles and rats (Ormerod and Galea, 2001; Ormerod et al., 2003b). Estradiol appears to increase 

cell proliferation directly through a serotonin mechanism (Banasr et al., 2001) and suppress cell 

proliferation by stimulating adrenal activity (Ormerod et al., 2003b). ERalpha and ERbeta 

mRNA have been detected both isolated (Shughrue et al., 1997; Shughrue and Merchenthaler, 

2001) and co-localized (Su et al., 2001) in the adult rat hippocampus. The aim of experiment 2 

was to determine the involvement of each receptor, via ER agonists PPT and DPN, in estradiol-

induced enhancement of cell proliferation within the 4 hour time period. Understanding the 

involvement of each receptor subtype in hippocampal cell proliferation is a primary investigative 

step into determining the mediators involved in the neuroprotective effects of estradiol. 
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MATERIALS AND METHODS 

All experiments were conducted in accordance with the policies established by the 

University of British Columbia and the Canadian Council on Animal Care regarding the ethical 

treatment of animals used for research. Every effort was made to minimize the number of 

animals used per group and their suffering. 

Subjects. 

Seventy-six adult female Sprague-Dawley (250-300 grams) rats were obtained from 

Charles Rivers Laboratories (Quebec, Canada). All rats were housed singly in polyurethane 

cages with access to food (Purina Lab Diet 5012, Richmond, Indiana, USA) and water ad 

libitum. Experiment 1 female animals (n=24) were maintained on a reversed 12:12 hr light dark 

cycle with lights off at 0900 hours. The purpose of the reverse cycle was to schedule testing 

during their active cycle. Twelve sexually experienced Long-Evan male rats (450-500 grams) 

served as stud males for sexual behavior testing. Experiment 2 female rats (n=52) were 

maintained on a 12:12 hour light dark cycle with lights on at 0700 hours to correspond with 

previous literature investigating estradiol's effects on neurogenesis (Tanapat et al., 2001; 

Ormerod et al., 2003b). 

Surgery. 

Approximately 1 to 2 weeks after arrival, all females were bi-laterally ovariectomized. 

First animals were placed in a chamber to which halothane was delivered at an induction flow 

rate of 3% (flow rate of 0 2 was 2%) and maintained on a flow rate of 1 -3% to maintain a stable 

respiratory rate. Animals were given 7 days to recover prior to the commencement of 

experimental manipulation. 
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Experiment 1. ERalpha and ERbeta Involvement in Female Rat Sexual Behaviour. 

Experiment 1 was conducted to determine a physiological relevant dose for two novel 

estrogen receptor (ER) agonists, propyl-pyrazole triol (PPT), an ERalpha specific agonist and 

diarylpropionitrile (DPN), an ERbeta specific agonist to elicit and investigate female rat sexual 

behaviour. Previous work has shown that estradiol acts within the VMH to facilitate receptivity, 

defined as the lordosis response, the posture adopted by a receptive female rat in response to a 

mounting male during mating (Kennedy, 1964; Dorner and Staudt, 1969; Carrer et al., 1973; 

Rubin and Barfield, 1980; Meisel et al., 1987; Pfaff, 1989). ERalpha is the predominant estrogen 

receptor in the VMH and is found in neurons throughout the rostrocaudal extent of this brain 

region (Pfaff and Keiner, 1973; Simerly et al., 1990; Shughrue et al., 1997; Shughrue and 

Merchenthaler, 2001). The importance of this receptor subtype for lordosis was demonstrated in 

studies utilizing ERalpha and ERbeta knock out mice where by the lordosis reflex was either 

eradicated or maintained respectively (Ogawa et al., 1998; Ogawa et al., 1999; Rissman et al., 

1999; Kudwa and Rissman, 2003). However, knock out models have some limitations and ER 

subtype specific agonists provide a complementary method to corroborate ERalpha's exclusive 

involvement for sexual receptivity. Therefore, the first aim of this experiment was to determine 

an effective dose of the ERalpha agonist PPT that could elicit sexual receptivity and proceptivity 

in order to confirm ERalpha versus ERbeta involvement in sexual receptivity and second, to 

further investigate each ER's involvement, individual and/or co-operative, in receptive and 

proceptive behaviour in ovariectomized female rats. More recently, studies have localized a 

second ER subtype, ERbeta, in the VMH (Shughrue and Merchenthaler, 2001; Shima et al., 

2003). Although previous studies have suggested no involvement of ERbeta in sexual behaviour 

with the use of estrogen receptor knock out (ERKO) mice (Ogawa et al, 1999; Kudwa and 

Rissman, 2003), it is necessary to confirm these findings using selective agonists due to the 
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known caveats when working with gene knock out animals. Therefore, we also investigated 

sexual receptivity with the novel ERbeta agonist, DPN. Unlike receptive behaviour, being solely 

defined as the lordosis response, proceptive behaviour includes unique solicitory actions such as 

ear wiggling and hops and darts (Beach, 1976; Hlinak and Madlafousek, 1977). The neural 

circuitry for proceptive behaviour is not yet known, however, the major neural sites implicated 

are the VMH (Aou et al, 1988) and medial preoptic area (mPOA; (Aou et al., 1988; Hoshina et 

al., 1994; Sakuma, 1995; Kato and Sakuma, 2000), which contain both ERalpha and ERbeta 

(Shughrue et al., 1997; Shughrue and Merchenthaler, 2001; Shima et al., 2003), therefore 

agonists specific to each receptor subtype were used to examine proceptive behaviour. To our 

knowledge, sexual behaviour has yet to be examined using ER specific agonists, therefore our 

investigation includes an exclusive approach by employing novel ER agonists individually, and 

in combination, to determine a physiological relevant dose to demonstrate their relative 

contributions towards proceptive and receptive behaviour. A plausible hypothesis is that 

estradiol is mediating sexual behaviour through ERalpha and ERbeta, individually, and/or in 

combination, to elicit proceptive and receptive behaviour in adult female rats. Thus the aim of 

experiment 1 was to determine the relative contribution of each receptor subtype in the two 

active components of female rat sexual behaviour. 

Drug treatment. 

Twenty-four ovariectomized female rats were randomly assigned to 1 of 12 groups 

(n=6/8 per group) and received subcutaneous (s.c.) 0.1 ml injections of either: sesame oil (OIL), 

dimethylsulfoxide (DMSO), estradiol benzoate (EB; 10 ug/0.1 ml OIL), one of 5 doses of the ER 

alpha agonist propyl-pyrazole triol (PPT; 0.3125 mg, 0.625 mg , 1.25 mg, 2.5 mg or 5.0 mg/ 0.1 

ml DMSO), one of 3 doses of the ER beta agonist diarylpropionitrile (DPN; 1.25 mg, 2.5 mg or 

5.0 mg/0.1 ml DMSO) or a combination dose of PPT and DPN (2.5 mg/0.1 ml DMSO) for two 
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consecutive days, 48 hours and 24 hours prior to testing followed by a progesterone injection (P 

= 500 pg P/0.1 ml OIL) which was administered 4 hours prior to testing in accordance with 

(Hansen et al., 1991). Female rats were tested 3 times to account for all treatment groups and 

groups were counterbalanced with re-testing occurring at least 10 days apart in order for the 

treatment to fully dissipate before the next treatment condition. 

Drug preparation. 

The ER alpha agonist, propyl-pyrazole triol (PPT; Tocris Chemicals) and the ER beta 

agonist, diarylpropionitrile (DPN; Tocris Chemicals) were dissolved in dimethylsulfoxide 

(DMSO; Sigma Chemicals). 17beta-estradiol benzoate (Sigma Aldrich Chemicals) was 

combined with sesame oil (Sigma Aldrich Chemicals) over low heat to obtain a concentration of 

10 pg EB per 0.1ml sesame oil (Ormerod et al., 2003a). The solution was mixed and stored in a 

light insensitive container. Progesterone (Sigma Chemicals) was combined with sesame oil 

(Sigma Chemicals) to obtain a concentration of 500 pg progesterone per 0.1 ml sesame oil and 

stored in a light insensitive container. 

Sexual behaviour handling and habituation. , 

Following post-operative recovery (7 days), each animal was handled for 5 minutes on 2 

occasions. Following handling, all animals were habituated to the sex testing apparatus, a bi-

level chamber (described below), for 10 minutes on 2 occasions. 

Testing Procedure and Sexual Behaviour Measurements. 

Female rats were tested for sexual behaviour in a bi-level testing chamber. These 

chambers are narrow in width (width x length; 7 x 24 inches), which maintains an optimal 

sideway orientation of the animal to the experimenter and consist of two levels (height; 30 

inches) connected by a set of ramps on either side. These chambers have been used previously to 

examine the relationship of appetitive and consummatory sexual behaviours in male and female 
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rats (Pfaus et al., 1999). Testing was done within 4-6 hours after progesterone administration, 

with the female rat placed on the top level of the bi-level chamber and a sexually vigorous male 

rat placed on the bottom level. Behaviours were video recorded for 10 min for further analysis. 

The female behaviour measurements evaluated included: 1) level changes, 2) ear wiggling 3) 

hops and darts 4) lordosis quotient, 5) lordosis rating and 6) rejection quotient. In addition, the 

number of mounts and mount attempts by the male rat was recorded to evaluate their sexual 

aggressiveness and mount latency was recorded to examine attractivity of the female rats. 

Distinct proceptive behaviours of female rats were ear wiggling (a rapid oscillatory movement of 

her ears) and hops and darts (jump and scatter within close proximity directly in front of the 

male). The receptive behaviour was the lordosis response; a postural reflex with a dorsiflexion 

of the vertebral column (Hardy and Debold, 1971). Two sexual receptivity measurements were 

determined by examining the lordosis response; the percentage of times the female rat exhibited 

lordosis in response to a sexual contact (lordosis quotient; LQ = # of lordosis response scores of 

2 or 3/# of mounts) and the intensity of lordosis responses (lordosis rating; LR = sum of 0, 1, 2, 

or 3 response scores/# mounts) (Hardy and Debold, 1971; Brandling-Bennett et al., 1999). 

Defensive behaviours were measured by addition of three rejection responses (fending, kicking 

and rolling) with each response receiving one point (rejection quotient; RQ = total number of 

rejection scores/#mounts). 

Statistical Analysis. 

The dependent variables (level changes, ear wiggling, hopping and darting, lordosis 

quotient, lordosis rating, rejection quotient, mount attempts and mount latency) were each 

analyzed using an analysis of variance (ANOVA) with treatment group (OIL, EB, DMSO, 

PPT0.3125, PPT 0.625, PPT 1.25, PPT 2.5, PPT 5, DPN 1.25, DPN 2.5, DPN 5 and PPT&DPN 

2.5) as the independent variable. A priori comparisons used Dunnett's procedure while post-hoc 



comparisons used Neuman-Keul's method unless otherwise specified. All statistical 

procedures set a = 0.05. 

Experiment 2 . ERalpha and ERbeta Involvement in Estradiol-Induced Enhancement of 

Cell Proliferation in the Dentate Gyrus of Adult OVX Female Rats. 

Experiment 2 was conducted to determine whether estrogen receptors, alpha and beta, 

were involved in estradiol-induced enhancement of neurogenesis in the dentate gyrus of adult 

female rats. Neurogenesis (both cell proliferation and survival) in the dentate gyrus is regulated 

by estradiol in a complex manner. A high level of estradiol exposure for 4 h enhances whereas a 

high level of estradiol exposure for 48 h suppresses cell proliferation in the dentate gyrus of both 

adult female meadow voles and rats (Ormerod and Galea, 2001; Ormerod et al., 2003b). These 

findings suggest that estradiol initially enhances and subsequently suppresses cell proliferation. 

The aim of this experiment was to determine which estrogen receptor subtype (if any) mediates 

the enhancement in cell proliferation at the 4 h time interval. Both estrogen receptor subtypes 

(ERalpha and ERbeta) are found either in isolation (Shughrue et al., 1997; Shughrue and 

Merchenthaler, 2001) or coexpressed (Su et al., 2001) in the hippocampus. These two subtypes 

have a differential distribution and also vary quantitatively, specifically with ERbeta being more 

abundant in the hippocampus (Shughrue et al., 1997). With regard to regional differences of 

receptor expression in the rat hippocampus, ERalpha (mRNA and protein expression) has been 

identified in the CA1 pyramidal layer, CA3 pyramidal layer and in the hilus of the dentate gyrus 

(Weiland et al., 1997; Orikasa et al., 2000; Blurton-Jones et al., 2004), whereas ERbeta protein 

expression has been identified in the CA2 pyramidal layer, CA3 pyramidal layer, dentate gyrus 

granule cell layer and subiculum (Blurton-Jones et al., 2004). Additionally, non-nuclear 

ERalpha and beta protein expression has been identified in the same corresponding areas as their 

nuclear counterparts in the hippocampus of the adult female rat (Kalita et al., 2005). Thus, both 
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ERalpha and ERbeta are located in areas that could influence estradiol's effects on cell 

proliferation. Therefore, the aim of Experiment 2 was to investigate, with novel ER subtype 

specific ligands, which subtypes were mediating estradiol-induced enhancement of cell 

proliferation. 

Drug Treatment. 

Ovariectomized female Sprague-Dawley rats were randomly assigned to 1 of 10 

treatment groups (n=4/5 per group) and received a single s.c. injection of either: OIL, DMSO, 

EB (10 pg/0.1 ml OIL), one of 3 doses of the ERalpha agonist PPT (1.25 mg, 2.5 mg or 5.0 mg/ 

0.1 ml DMSO), one of 3 doses of the ERbeta agonist DPN (1.25 mg, 2.5 mg or 5.0 mg/0.1 ml 

DMSO) or a PPT and DPN combination dose (2.5 mg/0.1 ml DMSO). Four hours following the 

treatment injection, each animal received an i.p. injection of the cell synthesis marker BrdU in a 

volume of 1.0 ml/lOOg body weight (200 mg BrdU/kg). Changes in blood-brain barrier 

permeability may alter BrdU availability; however, blood-brain barrier permeability is only 

altered by estradiol after at least 3 weeks of exposure in rats (Ziylan et al., 1990). The animals 

were perfused 24 hours after BrdU administration in order to examine cell proliferation, as 24 h 

is sufficient time for one complete mitotic cycle (Cameron and McKay, 2001). 

Drug Preparation. 

The ER alpha agonist, propyl-pyrazole triol (PPT), the ER beta agonist, 

diarylpropionitrile (DPN), 17beta-estradiol benzoate and progesterone were prepared as 

mentioned above in Experiment 1. The cell synthesis marker bromodeoxyuridine (BrdU; Sigma 

Aldrich Chemicals), a marker of dividing cells (Nowakowski et al., 1989), was prepared just 

prior to injection. BrdU was dissolved in a concentration of 20mg/ml warm freshly prepared 

0.9% saline (buffered with 7 pi 2N NaOH/ml saline). 
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Histology. 

Rats were anaesthetized with sodium pentobarbital and then perfused with 4% 

paraformaldehyde within 24 hours (to assess cell proliferation) or 4 days (to assess cell 

phenotype) after injection of BrdU. A 24-hour survival time post-BrdU injection was followed 

to allow for one mitotic division. The phenotype of BrdU-ir cells was determined in the 4 day 

survival group using confocal microscopy and counting the number of BrdU cells co-labeled 

with doublecortin (DCX is a microtubule-associated protein expressed by migrating and 

differentiating granule neurons (Francis et al., 1999; Gleeson et al, 1999; Jin et al., 2001) or glial 

fibrillary acidic protein (GFAP; an astroglia marker) immunoreactivity-ir (Cameron et al., 1993; 

Gould et al., 1999; Smith et al., 2001). Following extraction, brains were stored in 4% 

paraformaldehyde for 48 hrs, before transfer into a solution of tris-buffered saline (TBS; Trizma 

HCI, Trizma Base + NaCl) for a minimum 24 hrs (all at 4 degrees Celsius). Brains were sliced 

through the entire extent of the dentate gyrus (18-20 sections per rat) in a bath of TBS (PH 7.5) 

using an oscillating tissue slicer (Leica VT1000S) in a bath of TBS. The 40 um sections were 

stored in sterile culture plates filled with TBS prior to BrdU immunohistochemistry processing. 

BrdU-labeled cells were counted on peroxidase treated tissue and the phenotype of new cells was 

determined on fluorescent probe-treated tissue. 

BrdU Immunohistochemistry. 

Tissue was processed to reveal BrdU labeling by applying solutions to the free-floating 

tissue sections. The sections were rinsed repeatedly between steps in TBS (0.1 M tris-phosphate 

buffer in 0.9 % saline; pH 7.4) unless stated otherwise. DNA was denatured by applying 2 N 

HCI for 30 min at 37°C. Sections were blocked with 3.0% normal horse serum (NHS) for 30 

min and then incubated overnight in mouse monoclonal antibody against BrdU (1:200+3% 

NHS+10% Triton-X; Boehringer Mannheim, Laval, Quebec, Canada) at room temperature. The 
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following day, sections were incubated in mouse secondary antisera (1:129+3% normal horse 

serum; Vector Laboratories, Burlington, ON, Canada) for 4 h. Sections were incubated in 

avidin-biotin horseradish peroxidase complex (ABC Elite Kit; 1:50; Vector Laboratories) for 120 

min. Sections were reacted for approximately 10 min in 0.02% diaminobenzidine (DAB; Sigma 

Aldrich Chemicals) with 0.0003%) H2O2. The sections were mounted on slides treated with 3% 

3-aminopropyltriethoxy-silane in acetone (Sigma Chemicals) to enhance slide adherence and 

dried overnight. The sections were counterstained with cresyl violet'acetate, dehydrated and 

coverslipped with Pernio unt (Fisher Scientific, Nepeon, CD A). 

Fluorescent Microscopy 

Immunofluorescent labeling was done on free floating tissue to verify the phenotype of 

BrdU-labeled cells by applying solutions directly into culture-wells containing separate sets of 

sections. Each set was triple-stained with fluorescent probes to assess BrdU-, DCX-, and GFAP-

ir. Unless otherwise stated, all sections were rinsed several times with tris-buffered saline (TBS; 

pH 7.5) between steps. Sections were blocked in a TBS Plus solution (3% normal donkey serum 

(Jackson Immunoresearch), 3% triton-X 10%) for 20 minutes. Sections were incubated over 

night in a cocktail of TBS Plus (3% normal donkey serum, 1% triton-X 10%) containing goat 

polyclonal anti-DCX (1:200; Santa Cruz) and mouse monoclonal anti-GFAP (1:200; Novocastra) 

at 4°C. Sections were incubated in a cocktail of donkey antigoat Cy3 (1:200; Jackson 

Immunoresearch) to visualize DCX and donkey antimouse Alexa647 (1:200; Invitrogen Canada) 

to visualize GFAP, for 4 hrs. Sections were fixed in 4% paraformaldehyde for 10 minutes. 

Sections were rinsed twice with 0.9% saline. DNA was denatured by applying 2 N HCI for 30 

minutes at 37°C. Sections were blocked in a TBS Plus solution (3% normal donkey serum, 3% 

triton-X 10%) for 20 minutes. Sections were incubated in donkey antirat fluorescein (1:500; 
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Jackson Immunoresearch) to visualize anti-BrdU. Sections were then rinsed and coverslipped 

with an antifading agent (Molecular Probes) and stored at 4°C. 

Data Analysis. 

The slides were coded prior to analysis so that at the time of counting the experimenter 

was blind to the conditions. Total BrdU-ir cell through the granule cell layer and subgranular 

zone (defined as approximately the 50 pm band between the granule cell layer and the hilus 

(Palmer et al., 2000) were stereologically estimated using peroxidase-treated tissue. To 

stereologically estimate cell numbers, total BrdU-labeled cells were counted on every 5th section 

(one side per section) throughout the dentate gyrus per rat. Cells were considered BrdU-labeled 

. and counted if they exhibited oval or medium round cell bodies (Cameron et al., 1993; Ormerod 

and Galea, 2001). BrdU-ir cells were counted with a 100X objective on a Nikon Elipse (E600) 

light microscope, and the total number of cells was estimated using a procedure by Tanapat et 

al., 1999. Dentate gyrus area estimates were measured using the software program Simple PCI 

and dentate gyrus volume estimates were made using Cavalieri's principle (Gundersen et al., 

1988). 

BrdU-ir cell phenotypes for 3 treatment groups (PPT 2.5 mg/0.1 ml DMSO, DPN 2.5 

mg/0.1 ml DMSO and DMSO) were analyzed on fluorescent probe-treated tissue. Twenty-five 

BrdU-labeled cells on five sections per brain (40 pm apart; n=3 per group) were counted where 

the infrapyramidal and suprapyramidal blades join at the crest and their phenotype confirmed on 

a confocal microscope (BioRad 2000) using a 63X objective. The percentage of BrdU-ir cells 

that expressed a neuronal (DCX-ir) or glial (GFAP-ir) phenotype was determined. Z-sections at 

0.4 pm intervals were taken and optical stacks of 10 images were created with NIH Image for PC 

(http://www.scioncorp/com/pages/menu.htm) (Scion Corporation, Frederick, Maryland) and 

imported into Adobe Photoshop (Adobe Systems, Inc., San Jose, California) for channel 

http://www.scioncorp/com/pages/menu.htm
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merging. Digital manipulations were restricted to contrast enhancements and color level 

adjustments. 

Statistical Analysis. 

For experiment 2 the dependent variables (total BrdU-ir cells, dentate gyrus volume, 

percentage BrdU/DCX-ir cells or BrdU/GFAP-ir cells) were analyzed using an analysis of 

variance (ANOVA) with group (OIL, EB, DMSO, PPT 1.25, PPT 2.5, PPT 5.0, DPN 1.25, DPN 

2.5, DPN 5.0 and PPT&DPN 2.5), respectively as the independent variable. A priori 

comparisons used Dunnett's procedure while post-hoc comparisons used Neuman-Keul's 

method unless otherwise specified. All statistical procedures were set at a = 0.05. 



16 

RESULTS 

Experiment 1. ERalpha and ERbeta Involvement in Female Rat Sexual Behaviour. 

There was no significant effect of treatment on the number of mounts [F(l 1,64) = 1.27, p 

> 0.26], demonstrating that all males were initially equally sexually vigorous irrespective of 

female treatment. During the mating tests, there was no effect of treatment on mount latency 

[F(l 1,64) = 1.17, p > 0.32], indicating that female attractivity to the males was not effected. 

Treatment with agonists did not affect general motor ability. 

The number of level changes did not significantly differ between treatments [F(l 1,64) = 

0.46, p > 0.92], demonstrating that regardless of treatment gross overall motor activity was not 

effected. 

ERalpha agonist treatment induces Proceptive Behaviour. 

There was a significant main effect of treatment on ear wiggling [F(l 1,64) = 10.23, p < 

0.0001; Fig. 1A & B]. Post-hoc analysis revealed that EB and PPT 5 females showed 

significantly more ear wiggling relative to their respective vehicles (p <_.0001; p < 0.0007, 

respectively). There were no other significant differences between treatment groups. The 

concomitant administration of PPT and DPN dose produced very little effect on ear wiggling, 

specifically, only one female (1/6) from this treatment group exhibited ear wiggling. 

There was a significant effect of treatment on hopping and darting between treatments 

[F(l 1,64) = 3.20, p < 0. 002; Fig. 2A & B). Post-hoc analysis revealed that both the EB and PPT 

2.5 treated groups demonstrated significantly more hopping and darting relative to their 

respective vehicles (p < 0.03; p < 0.01, respectively). PPT 2.5 treated animals exhibited more 

hopping and darting (by approximately 30%) than the EB treated animals, however this 

difference was not statistically significant (p > 0.29). Treatment groups PPT 1.25, PPT 5 and the 

combination dose (PPT and DPN) demonstrated lower frequencies of hopping and darting. The 
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two lower doses of PPT and the three DPN dose groups did not display any significant 

hopping and darting and there was no significant difference relative to vehicle (all p's > 0.8). 
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OIL EBDMSG0.310.6251.25 2.5 5 P&D2.5 

PPT 

OIL EB DMSO 1.25 2.5 5 

DPN 

Fig. 1 A. &B. Frequency of ear wiggling as a function of treatment in female rats. For Figure 
1A and IB, the OIL, EB and DMSO treated rats are the same groups and have been included in 
each graph for comparative purposes against each subtype agonist, PPT and DPN, respectively. 
(A) The EB and PPT 5 showed significantly more ear wiggling relative to their respective 
vehicles (p < . 0001; p < 0.0007, respectively). Ear wiggling of the female rats administered the 
combination agonist treatment (PPT and DPN 2.5 mg/0.1 ml DMSO) did not statistically differ 
from vehicle. (B) DPN treated females did not exhibit any ear wiggling suggesting no 
involvement of ERbeta in this proceptive behaviour. Error bars indicate standard error of mean 
(n = 6-8). * Significantly different from control group (OIL or DMSO)(p < 0.05). 
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OIL EBDMSO0.310.6251.25 2.5 5 P&D2.5 

PPT 
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OIL EB DMSO 1.25 2.5 5 

DPN 

Fig. 2 A. & B. Number of hops and darts as a function of treatment in female rats. For Figure 
2A and 2B, the OIL, EB and DMSO treated rats are the same groups and have been included in 
each graph for comparative purposes against each subtype agonist, PPT and DPN, respectively. 
(A) EB and PPT 2.5 demonstrated significantly more hopping and darting relative to their 
respective vehicles (p <.03; p < 0.01, respectively). The combination agonist treatment (PPT 
and DPN 2.5 mg/0.1 ml DMSO) did not statistically differ from vehicle. (B) DPN treated 
females did not exhibit any hopping and darting suggesting no involvement of ERbeta in this 
proceptive behaviour. Error bars indicate standard error of the mean (n = 6 -8). * 
Significantly different from control group (OIL or DMSO) (p < 0.05). 
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ERalpha agonist, PPT elicits Receptive Behaviour in a dose-dependent manner. 

There was a significant effect of treatment on lordosis quotient [F(l 1,64) = 10.70, p < 

0.0001; Fig. 3A & B]. Post-hoc analysis demonstrated that EB, PPT 2.5 and PPT 5 treated rats 

demonstrated a significantly higher lordosis quotient relative to their respective vehicle (p < 

0.0001, p < 0.01, p < 0.0001, respectively). There were no other significant differences between 

groups (all p's > 0.1). 

There was a significant effect of treatment on lordosis rating [F(l 1,64) = 10.68, p < 

0.0001; Fig. 4A & B). Post-hoc analysis demonstrated that EB-treated and PPT 5 treated 

females displayed significantly and PPT 2.5 treated females tended to have a higher lordosis 

rating (LR) relative to their vehicles (EB p < 0.0001; PPT 2.5, p < 0.06; PPT 5, p< 0.0001). 

There were no other significant differences between groups (all p's > 0.1). 

There was an effect of treatment on rejection quotient [F(l 1,64) = 2.20, p < 0.025; Fig. 

5A & B]. Post-hoc analyses revealed that EB treated animals demonstrated significantly less 

rejection behaviour relative to vehicle (p < 0.016). There were no other significant differences 

between groups (all p's > 0.5). 
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Fig. 3 A. & B. Lordosis quotient (LQ) as a function of treatment in female rats. For Figure 3A 
and 3B, the OIL, EB and DMSO treated rats are the same groups and have been included in 
each graph for comparative purposes against each subtype agonist, PPT and DPN, respectively. 
(A) EB, PPT 2.5 and PPT 5 treated rats demonstrated a significantly higher LQ relative to their 
respective vehicle (p < 0.0001, p <0.01, p < 0.0001, respectively) in a dose-dependent manner. 
P&D2.5 treatedfemales did not statistically differ from vehicle. (B) DPN treated females did 
not display the lordosis posture. Error bars indicate standard error of the mean (n = 6 -8). 
* Significantly different from control group (OIL or DMSO) (p < 0.05). 
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OIL EB DMSO 1.25 2.5 5 

DPN 

Fig. 4 A. & B. Lordosis rating (LR) as a function of treatment in female rats. For Figure 4A and 
4B, the OIL, EB and DMSO treated rats are the same groups and have been included in each 
graph for comparative purposes against each subtype agonist, PPT and DPN, respectively. (A) 
EB and PPT 5 treated females displayed significantly and PPT 2.5 tended to have a higher LR 
relative to their vehicles (EB p < 0.0001; PPT 2.5, p< 0.06; PPT 5, p< 0.0001). (B) DPN 
treated females did not statistically differ from vehicle. Error bars indicate standard error of the 
mean (n = 6 -8). * Significantly different from control group (OIL or DMSO) (p < 0.05). 



OIL EBDMSC0.310.6251.25 2.5 5 P&D2.5 

OIL EB DMSO 1.25 2.5 5 

DPN 

Fig. 5 A. & B. Rejection quotient as a function of treatment in female rats. For Figure 5A and 
5B, the OIL, EB and DMSO treated rats are the same groups and have been included in each 
graph for comparative purposes against each subtype agonist, PPT and DPN, respectively. (A) 
EB treated animals demonstrated significantly less rejection behaviour relative to vehicle (p < 
0.016). All PPT doses (PPT1.25, PPT2.5 andPPT5) and combined agonist (P&D2.5) treated 
rats demonstrated no significant differences relative to vehicle (all p's > 0.5). (B) There was no 
significant differences in rejection quotient for all DPN treated rats relative to vehicle (all p's> 
0.5). Error bars indicate standard error of the mean (n = 6 -8). * Significantly different from 
control group (OIL or DMSO) (p < 0.05). 
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ERalpha and ERbeta in the Dentate Gyrus of Adult OVXFemale Rats. 

The number of BrdU-labeled cells significantly differed between groups [F(9, 42) - 6.42; 

p < 0.00001]. As expected, we replicated the finding that estradiol increases cell proliferation at 

the 4 hr time period, analyses demonstrated that EB females had significantly more labeled cells 

(approximately 50%), relative to vehicle (OIL) (p < 0.002; Fig. 6A). There was no statistical 

difference between the two vehicles groups, OIL and DMSO (p > 0.14). The ERalpha agonist, 

PPT significantly increased cell proliferation (approximately 50%), relative to vehicle only at a 

dose of 2.5 mg (p < 0.0002); Fig 6A). However, analysis demonstrated that the ERbeta agonist, 

DPN, significantly increased cell proliferation (approximately 40%), at all three doses relative to 

vehicle (DPN 1.25 mg, p < 0.008; DPN 2.5 mg, p < 0.003; DPN 5 mg, p < 0.005; Fig 6B). The 

results indicate that both ER subtypes are mediating estradiol enhanced cell proliferation. The 

agonists in combination demonstrated a non-significant trend for an increase in cell proliferation 

relative to vehicle (p < 0.06; Fig 6A.) compared to each agonist alone. This finding is consistent 

with previous studies indicating that ERbeta may modulate, by suppression, ERalpha 

transcriptional activity, and therefore influence the relative expression level of the two subtypes 

and alter the cellular response to an agonist (Hall and McDonnell, 1999; Frasor et al., 2003). 
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Fig. 6 A) Mean (± S.E.M.) number of new cells in the dentate gyrus of adult female rats given 
BrdU 4 hrs after a treatment injection. The vehicle groups and estradiol group are the same for 
both figures and have been included on both graphs for comparison purposes. Estradiol 
significantly increased the number of BrdU-ir cells relative to the vehicle group, OIL (p < 
0.002). PPT at a dose of 2.5 mg significantly increased the number of BrdU-ir cells relative to 
the vehicle (p < 0.0002). B) DPN at all 3 doses significantly increased the number of BrdU-ir 
cells relative to the vehicle (DPN 1.25, p< 0.008; DPN 2.5, p< 0.003; DPN 5,p< 0.005). * 
Significantly different from control group (OIL or DMSO) (p < 0.05). 
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Total area of the granule cell layer and subgranular zone did not statistically differ 

between groups indicating that treatment did not affect dentate gyrus volume [F(9,42) = 0.57; p > 

0.82]. Each group had 20 sections analyzed with one side of each section counted. 

Table 1. Mean (± S.E.M.) dentate gyrus volume of vehicle, estradiol and agonist-treated rats in 

Experiment 2. 

Condition Volume (mm3) 
OIL 1.26 ±0.08 
EB 1.15 ±0.07 
DMSO 1.25 ±0.05 
PPT 1.25 1.28 ±0.07 
PPT 2.5 1.19 ±0.07 
PPT 5 1.27 ±0.07 
DPN 1.25 1.27 ±0.07 
DPN 2.5 1.31 ±0.08 
DPN 5 1.34 ±0.07 
PPT & DPN 2.5 1.25 ±0.07 

Most 4-day-old BrdU labeled cells expressed the neuronal protein DCX (approximately 

64%) and this percentage was consistent across all treatment groups (F(3,6) = 0.87; p > 0.50). 

Fewer BrdU-labeled cells expressed the glial marker GFAP (approximately 29%) and this 

percentage did not statistically differ between groups (F(3,6) = 0.34, p > 0.79). 

Table 2. Mean (± S.E.M.) Percentage of BrdU-ir cells expressing a neuronal (Doublecortin-ir) or 

glial (GFAP-ir) phenotype. 

Condition % Doublecortin-ir % GFAP-ir 
PPT 2.5 (n = 3) 65.3 ±4.8 29.3 ±5 .3 
DPN 2.5 (n = 3) 62.6 ±3.5 30.6 ±1.3 
DMSO (n = 3) 58.6 ± 1.3 30.6 ±2 .6 
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Fig. 7. Two newly synthesized BrdU-labeled cells located in the subgranular zone of an adult 

female rat administered 10 pg of estradiol. 

Figure 8. A newly synthesized cell that has incorporated BrdU (immunoreactive for anti-BrdU 

conjugated with FITC) is shown in green. Cells expressing the immature neuronal protein 

double cortin are shown in red (immunoreactive for anti-DCX conjugated with CY3) and cells 

expressing the glial protein GFAP are shown in blue (immunoreactive for anti-GFAP conjugated 

with Alexa647). The white arrow points to a newly synthesized cell that has incorporated BrdU 

(green label) and is expressing the immature neuronal protein double cortin (surrounding red 

label) in the subgranular granular zone of an OVXfemale rat treated with 2.5 mg PPT. No 

significant differences were observed between groups in the number of new cells that expressed 

DCXor GFAP (p>0.50 andp>0.79, respectively). 
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DISCUSSION 

The results from the present experiment clearly show a dissociation in function between 

ERalpha and ERbeta using the newly available ERalpha and beta selective agonists, propyl-

pyrazole triol (PPT) and diarylpropionitrile (DPN). Both ERs appear to be involved in estradiol-

induced enhancement in adult hippocampal neurogenesis. Intriguingly, both agonists in 

combination did not stimulate cell proliferation to the same degree as estradiol, which suggests 

each receptor is working independently in upregulating neurogenesis in the hippocampus. The 

ERalpha agonist, PPT, elicited sexual proceptivity and receptivity when administered a minimal 

treatment dose of 2.5 mg of PPT, however the ERbeta agonist, DPN, and the combined agonist 

treatment (2.5 mg) did not elicit any proceptive or receptive behaviour. Therefore, our findings 

indicate ERalpha but not ERbeta is involved in both proceptive and receptive female sexual 

behaviour, which is consistent and extends prior findings in knockout animal studies (Ogawa et 

al., 1998; Ogawa et al., 1999; Rissman et al., 1999; Kudwa and Rissman, 2003). 

Regulation of proceptive and receptive female rat sexual behaviour is through ERalpha 

Our results for Experiment 1 show that ERbeta is not essential to elicit proceptive and 

receptive behaviour, although this subtype is present in both neural areas (VMH and mPOA) 

implicated in proceptive and receptive behaviour (Aou et al., 1988; Hoshina et al., 1994; 

Sakuma, 1995; Shughrue et al., 1997; Kato and Sakuma, 2000; Shughrue and Merchenthaler, 

2001; Greco et al., 2003; Shima et al., 2003). Our results demonstrating exclusive involvement 

of ERalpha in sexual behaviour is in complete agreement with knockout studies that found no 

reproductive behaviour in female mice lacking a functional estrogen receptor alpha gene 

(Rissman et al., 1997b; Wersinger et al., 1997; Ogawa et al., 1998) and the survival of 

reproductive behaviour in estrogen receptor beta-deficient mice (Ogawa et al, 1999; Ogawa et 

al., 2000; Kudwa and Rissman, 2003). Our findings are also consistent with studies 
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demonstrating that each ER subtype has the ability to regulate different genes and have 

separate or shared functional roles when both expressed in the same neural area. For instance, 

ERalpha in the hippocampus has been suggested to influence neuronal morphology by 

stimulating dentritic branching (Audesirk et al., 2003) whereas ERalpha (Fugger et al., 1998) and 

ERbeta (Rissman et al., 2002) have been suggested to play a role in spatial learning. Previous 

knock out studies and our observations using an ERbeta selective agonist provides additional 

evidence that ERbeta is not essential for female rodent sexual behaviour. Alternatively, ERbeta 

may possess a more subtle role in the regulation of sexual behaviour by acting as a modulator of 

ERalpha's transcriptional activity, as in our study the combined dose of PPT and DPN did not 

enhance female sexual behavior. Previous studies examining ER dependent processes have 

suggested a regulatory role for ERbeta; findings have revealed an extended period of receptivity 

in ERbeta knock out mice (Ogawa et al., 1999), a decrease in cellular response to estrogen (Hall 

and McDonnell, 1999; Frasor et al., 2003) and a decrease in uterine weight gain (Frasor et 

al.,2003). Studies demonstrating ERbeta's ability to modulate ERalpha activity are beginning to 

elucidate how estradiol can regulate a plethora of distinct effects in a variety of cellular and 

physiological contexts. 

Both ERalpha and ERbeta are involved in estradiol-induced upregulation of cell proliferation 

Consistent with previous literature we found that exposure to a high dose of estradiol for 

4 h increased the number of BrdU-labeled cells (assessed 24 h post-BrdU) in adult female rats 

(Ormerod et al., 2003b). The ERalpha agonist, PPT, demonstrated a significant increase in cell 

proliferation at a dose of 2.5 mg, while the ER beta agonist, diarylpropionitrile (DPN), showed a 

significant increase in cell proliferation at all 3 administered doses (1.25, 2.5 and 5 mg) relative 

to vehicle-treated rats. Administration of the agonists in combination demonstrated a weaker 

increase in cell proliferation, which may be an indication of ERbeta modulating ERalpha activity 
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in a response-specific and dose-dependent manner (Hall and McDonnell, 1999; Frasor et al., 

2003). Moreover, given that the agonists when administered alone or in combination did not 

generate an equivalent response in cell proliferation as estradiol alone suggests several 

alternative possibilities for estradiol enhanced cell proliferation including; a ligand-independent 

mechanism (Perez-Martin et al., 2003), and/or a novel estradiol receptor (Toran-Allerand et al., 

2002), or the agonists are limited in their ability to transactivate each of their respective estrogen 

responsive gene elements and subsequent molecular cascades. This is the first demonstration 

that estradiol-induced enhancement of hippocampal neurogenesis is partially mediated by both 

estrogen receptors (ERs), alpha and beta. 

The significant increase in cell proliferation by the ERbeta agonist DPN for all 

administered doses may be consistent with the evidence suggesting that ERbeta has a 

predominant presence in the hippocampus over ERalpha (Shughrue et al., 1997; Shughrue and 

Merchenthaler, 2001). The abundance of ERbeta is partially due to it's presence on astrocytes 

(Azcoitia et al., 1999). Intriguingly, astrocytes and/or cells that express GFAP may possess the 

ability to divide and generate new neurons in the subgranular zone of the hippocampus (Seri et 

al., 2001; Seri et al., 2004). Although speculative, this suggests there may be a direct effect of 

estrogen or estrogen-like agents on these cells. Indeed, although ER expression has not been 

observed on dividing hippocampal progenitors, progenitors harvested from the subventricular 

zone of fetal and adult rats express both ERalpha and ERbeta (Brannvall et al, 2002), suggesting 

that estradiol could mediate its effects on cell proliferation directly. Although ERalpha is the 

stronger transcriptional activator of the two ER subtypes, our current results using ER subtype-

selective ligands and the qualitative difference between each subtype indicate that ERbeta may 

be a more potent regulator of the estradiol-mediated increase in cell production in the 

hippocampus at this particular time frame of estradiol administration. 
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PPT administration resulted in a significant increase in cell proliferation at only one 

dose, suggesting that ERalpha has lesser involvement in estradiol-induced enhancement of 

hippocampal cell proliferation. This finding may be due to the lower quantitative expression of 

ERalpha (Shughrue et al., 1997) or due to down-regulation of this subtype after acute estradiol 

administration (Cheng et al., 2004). ER subtype expression has been shown to fluctuate in 

proliferating epithelial cells after acute estradiol administration in a time-dependent manner 

analogous to our study, specifically, 4 h following acute estradiol administration ERalpha was 

down-regulated while ERbeta was unchanged (Cheng et al., 2004). In order to further establish 

the level of involvement of ER subtypes for mediating changes in estradiol-induced hippocampal 

cell proliferation, future studies will need to identify and quantify their presence as well as 

colocalize with proliferation markers. 

ERalpha and ERbeta demonstrate opposing roles to regulate transcriptional activity 

The agonists in combination did not demonstrate an additive effect to mimic the number 

of cells generated with estradiol exposure, nor did it increase the level of proceptivity or 

receptivity relative to the ERalpha agonist administration for sexual behaviour. Instead, a weak 

increase in cell proliferation was observed and sexual behaviour elicited was reduced. Our 

results suggest that ERalpha has a predominant role in sexual behaviour and the notable decrease 

for both proceptive and receptive behaviour when both agonists were administered may be due to 

ERbeta's ability to modulate the transcriptional activity of ERalpha (Weihua et al., 2000). In 

vitro studies have shown opposing action and dominance of ERbeta over ERalpha in activation 

of cyclin Dl gene expression, (Liu et al., 2002) as well as differential ligand activation, where 

ERalpha activates and ERbeta inhibits transcription (Paech et al., 1997). These results are 

supported by further work in mammalian cells (Hall and McDonnell, 1999; Pettersson et al., 

2000) and in ER knockout mice (Couse et al., 2001; Pettersson and Gustafsson, 2001) which also 
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found that ERalpha mediates the proliferative effects, while ERbeta favours suppression of 

gene expression. Lastly, although controversial, a novel estrogen receptor may be involved with 

evidence suggesting that an indirect genomic pathway, by activation of MAPK (an important 

signaling pathway for cell division) along with family member kinases (ERK1 and ERK2) 

mediates through a novel, putative estradiol receptor, termed ER-X (Toran-Allerand et al., 2002). 

Estradiol-induced enhancement of cell proliferation may also be modulated through a ligand 

independent mechanism 

In addition to hormone-mediated activation, the estradiol-induced enhancement of cell 

proliferation may also involve a ligand-independent mechanism. For instance, estradiol 

regulates a variety of growth factors including the expression of brain-derived neurotrophic 

factor (BDNF) and nerve growth factor (NGF) (Simpkins et al, 1997), trkA (Gibbs, 1994) and 

insulin growth factor (IGF) (Toran-Allerand et al., 1988). Estradiol's influence on cell 

proliferation may be partially mediated through the regulation of BDNF, which affects neuronal 

survival, differentiation and synaptic plasticity (Lu and Chow, 1999; Thoenen, 2000). Evidence 

suggests the involvement of a ligand independent signaling pathway between BDNF and 

estradiol for any molecular cascade mediated through estradiol's classical signaling pathway, 

including estradiol-enhanced hippocampal neurogenesis. Studies have identified an estrogen 

response element (ERE)-like sequence within the BDNF gene (Sohrabji et al., 1995) and 

ERalpha and BDNF have been found co-localized in the hippocampus (Solum and Handa, 2002; 

Blurton-Jones et al., 2004). Studies examining the effect of short-term estradiol treatment on 

BDNF expression levels in female rats have given conflicting results, exhibiting decreased 

BDNF protein levels (Murphy et al., 1998; Gibbs, 1999), no change (Gibbs, 1998) or increased 

BDNF mRNA levels (Gibbs, 1999). Future studies are required to provide further insight into 
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the relationship between estradiol and BDNF levels and how this may be contributing towards 

estradiol enhanced hippocampal neurogenesis. 

Another potential ligand interacting with estradiol and influencing new neuron 

production is IGF-I that has demonstrated neural effects including proliferation, migration and 

differentiation on progenitor cells (Drago et al., 1991; Dicicco-Bloom et al., 1998; Aberg et al., 

2000; Learish et al., 2000; Arsenijevic et al., 2001). Studies have shown that the expression of 

IGF-I receptors in the hippocampus is up-regulated by estrogen receptors (Cardona-Gomez et al., 

2001). Moreover, a recent study has shown an interaction between IGF-I and estrogen receptors 

for the induction of increased cell proliferation in the dentate gyrus of adult ovariectomized rats 

(Perez-Martin et al., 2003). An interesting observation was that ICI 182,780, an estrogen 

receptor antagonist, had an inhibitory effect on IGF-I induced enhancement of cell proliferation 

suggesting that estrogen receptors are directly involved in IGF-I's modulation of adult 

hippocampal neurogenesis. Additionally, the inhibitory effect of ICI 182,780 was observed in 

the absence of estradiol treatment, demonstrating ER activity by IGF-I in the absence of 

estradiol. Future studies examining the relationship between IGF-I signaling and estrogen 

receptors will further elucidate the ligand-independent mechanisms potentially contributing to 

estradiol-induced enhancement of hippocampal neurogenesis. 
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CONCLUSION 

In conclusion, we have shown that both estrogen receptors, alpha and beta, are involved 

in estradiol-induced enhancement of hippocampal neurogenesis in the female rat and that 

ERalpha, but not ER beta, is primarily involved in eliciting both proceptive and receptive female 

sexual behavior. Our previous studies have demonstrated that estradiol has the ability to increase 

proliferation in a time-dependent manner and future studies will determine whether this increase 

in granule cells has a functional outcome on behaviour. Certainly, estradiol has been shown to 

regulate cognitive function in a complex manner (Hampson, 1990; Galea et al., 1996; Galea et 

al., 2001; Holmes et al., 2002). Understanding how estradiol dynamically regulates neurogenesis 

is of vital importance to further evaluate the potential therapeutic role of estradiol to promote 

proliferation and survival of endogenous neural stem cells. The present study adds to our 

understanding of how estradiol mediates an increase of hippocampal neurogenesis by 

demonstrating that although both ER subtypes are involved, each cognate receptor suggests to 

have an individual rather than a co-operative level of involvement that may be dependent on a 

variety of mechanisms as well as an assortment of molecules whose interactions with estradiol 

will be the focus in future studies. The quantity of ER subtypes and their respective activity is 

altered in neurodegenerative diseases, specifically, ERbeta is upregulated in brains of AD 

patients (Savaskan et al., 2001) and inhibition of ERbeta's pathway is crucial in the development 

of neurodegenerative diseases (Zhang et al., 2004). Therefore, research indicates the importance 

of understanding the activity of these subtypes, how they modulate neurogenesis and their 

therapeutic potential for advancing neurodegenerative treatments. 
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