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       This thesis investigates the role of the G-protein coupled estrogen receptor (GPER) in 

learning and memory in female mice. It has recently been shown that estrogens can affect 

learning and memory on a rapid time scale through the classic estrogen receptors, α and β. Very 

little is known about the rapid effects of the GPER on learning and memory, so we investigated 

the effects of GPER activation on social recognition, object recognition, and object placement 

learning within 40 minutes of drug administration. We found that systemic activation of the 

GPER, with the agonist G-1, improved all three learning and memory paradigms in female mice. 

To determine where in the brain these effects might be mediated, we examined the effects of 

systemic administration of G-1 on dendritic spines in the CA1 region of the hippocampus. We 

found that the GPER is involved in increasing dendritic spine in the hippocampus, a process 

thought to be involved in learning and memory. Therefore, we next investigated the role of the 

GPER, specifically in the dorsal hippocampus, in the rapid estrogenic facilitation of learning and 

memory. Intrahippocampal activation of the GPER rapidly improved social recognition and 

object recognition, but not object placement in ovariectomized female mice within 40 minutes. 

Additionally, we found that intrahippocampal administration of G-1 rapidly improved social 

recognition and object recognition when tested in a Y-apparatus, instead of the home cage, where 



 
 

there were minimal spatial cures present. As the medial amygdala is also known to be involved 

in social recognition, we examined the role of the GPER in the medial amygdala on social 

recognition in female mice. We found that intra-medial amygdala activation of the GPER rapidly 

improved social recognition. Therefore, the GPER is involved in the rapid estrogenic facilitation 

of learning and memory in female mice. Specifically, the GPER in the hippocampus is involved 

in the facilitation of social recognition and object recognition, and not necessarily involved in the 

processing of spatial information. Additionally, the GPER in the medial amygdala appears to 

also be involved in the estrogenic facilitation of social recognition.
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Estrogens 

       Estrogens are steroid hormones that are mainly produced in the ovaries of females and the 

testes of males. Estrogens influence a number of physiological systems including the 

reproductive, neuroendocrine, skeletal, adipogenic, and cardiovascular systems (reviewed in Lee, 

Kim & Choi, 2012). Additionally, estrogens are involved in the regulation of a number of 

behaviours including male and female sexual behaviour, aggression, anxiety, and stress 

(reviewed in Tetel & Pfaff, 2010). Furthermore, a number of studies have shown that estrogens 

are involved in the regulation of several different types of learning and memory processes 

(reviewed in Gold & Korol, 2010; Luine, 2014). Estrogens regulate these various processes 

through two different mechanisms, genomic and non-genomic actions, and through at least three 

different receptors, including estrogen receptor (ER) α, ER β, and the G-protein coupled estrogen 

receptor 1 (GPER; Maggiolini & Picard, 2010; Nilsson et al., 2001; Vasudevan & Pfaff, 2008). 

This thesis will focus on estrogen’s effects on learning and memory and their brain sites of 

action, reviewed below. 

       The importance of studying the effects of estrogens on learning and memory is driven by the 

cognitive deficits that are regularly seen in women post-menopause, when estrogen levels 

decline (reviewed in Frick, 2009). Numerous studies have been conducted to determine whether 

hormone replacement therapy is beneficial, while limiting the potential side effects caused by 

increased estrogen levels (reviewed in Frick, 2009; Luine, 2008; 2014). This thesis will provide 

valuable information regarding a relatively novel estrogen receptor, the GPER, and its effects on 

learning and memory, and thus add to the body of literature available to assist with the creation 

of the most beneficial hormone replacement therapies to help women with cognitive decline.   
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Genomic Effects of Estrogens on Learning and Memory 

       Chronic or repeated administration of estrogens has been shown to affect several learning 

and memory tasks. These effects are thought to be due to the genomic effects of estrogens which 

influence the regulation and transcription of genes, a process that takes hours to days to 

complete. Direct genomic actions of estrogens can take place when the endogenous estrogens, 

such as 17β-estradiol bind to either ER α or β. In the nucleus, ER α and β can then alter protein 

expression predominantly by binding to specific estrogen response elements on DNA (reviewed 

in Nilsson et al., 2001). These actions have been shown to affect a number of learning and 

memory tasks including spatial learning, object recognition, and social recognition. 

Genomic Effects of Estrogens on Spatial Learning 

       Spatial learning and memory has been shown to be improved, impaired, or not affected by 

the genomic effects of estrogens. Chronic or repeated estrogen treatment has improved 

performance on the radial arm maze in ovariectomized (OVX)  female rats (Daniel, Fader, 

Spencer & Dohanich, 1997) and OVX female mice (Heikkinen, Puoliväli, Liu, Rissanen & 

Tanila, 2002; Iivonen et al., 2006), the water escape version of the radial arm maze in OVX 

female rats (Bimonte & Denenberg, 1999), the Morris water maze in OVX female rats (Kiss et 

al., 2012; Sandstrom & Williams, 2004), the delayed matching to position task in OVX female 

rats (Gibbs, 2000), and the T-maze in OVX female mice (Heikkinen et al., 2002; Miller, Hyder, 

Assaya, Panarella, Tousignant & Franklin, 1999). Additionally, performance on the object 

placement task (Frye, Duffy & Walf, 2007) and the Morris water maze (Warren an Juraska, 

1997) was better in female rats during the proestrous phase, when estrogen levels are highest 

(Walmer, Wrona, Hughes & Nelson, 1992). Furthermore, a post-training intrahippocampal 

infusion of estradiol improved the performance of male rats in the Morris water maze 24 hours 
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after training (Packard, Kohlmaier & Alexander, 1996). However, in other studies estrogens have 

also been shown to have no effect (Chesler & Juraska, 2000; McClure, Barha & Galea, 2013) as 

well as impair performance of OVX female rats (Daniel & Lee, 2004) and OVX female mice 

(Fugger, Cunningham, Rissman & Foster, 1998; Rissman, Heck, Leonard, Shupnik & 

Gustafsson, 2002) in the Morris water maze, the radial water maze (Fernandez & Frick, 2004, 

Gresack and Frick, 2006) and the T-maze (Iivonen et al., 2006). These mixed results are likely 

due to different spatial learning and memory tasks, the stage of memory tested, the age, sex and 

condition of the rats and mice, as well as the duration and dosage of estrogen treatment. 

Additionally, the type of estrogen treatment can affect the performance of animals in these 

learning and memory tasks as treatment with 17β-estradiol increased the amount of new neurons 

in response to learning a spatial task when compared to control OVX female rats, while 

treatment with estrone did not (McClure, Barha & Galea, 2013). Another explanation for these 

mixed results may be due to the combination of the dose of hormones and the learning strategy 

used by the animals to complete the tasks. Animals administered high levels of estrogen have 

been shown to use allocentric cues while animals administered low levels of estrogen use 

egocentric cues (Korol, 2004). Further research will need to be conducted to clarify the role of 

the genomic actions of estrogens in spatial learning and memory, and which estrogen receptors 

might be mediating these effects. 

Genomic Effects of Estrogens on Object Recognition 

       Several studies have demonstrated that object recognition is improved through the genomic 

effects of estrogen. Chronic treatment with estrogens, via six weeks of oral administration 

(Fernandez & Frick, 2004) or 21 day implanted silastic capsules, improved object recognition in 

OVX female mice (Vaucher et al., 2002) when compared to OVX controls. Additionally, chronic 



 
 

5 
 

administration of estrogen over 23 days through an implanted osmotic minipump attenuated 

stress-induced decline in object recognition performance in OVX female rats (Takuma et al., 

2007). Furthermore, post-training administration of estrogen improved object recognition when 

tested four hours later in OVX female rats (Walf, Rhodes & Frye, 2006). Administration of 

either an ER α or β agonist to OVX female rats, immediately post-training, also improved object 

recognition when tested one week later (Walf et al., 2006). Therefore, both ERs may be involved 

in mediating the genomic effects of estrogens on object recognition in female rats. Conversely, 

Gresack and Frick (2006) showed both impairment in object recognition and no effect on object 

recognition following intermittent (every four days) and chronic 17β-estradiol treatment for three 

months, respectively, in OVX female mice. As with spatial learning and memory, perhaps these 

discrepancies can be attributed to the length and regimen of treatment.  

Genomic Effects of Estrogens on Social Recognition 

       Via their long-term, likely genomic actions, estrogens also affect social recognition, which is 

the ability to distinguish conspecifics (Choleris, Clipperton-Allen, Phan & Kavaliers, 2009). 

Social recognition was improved with two subcutaneous injections of estradiol dirporionate, ten 

and three days before testing in OVX female rats (Hlinák, 1993; Spiteri & Agmo, 2009) and 

following 55 days of chronic estrogen administration through an implanted time-release pellet in 

OVX female mice (Tang, Nakazawa, Romeo, Reeb, Sisti & McEwen, 2005). Several studies 

have also investigated the role of ER α and β in social recognition. Female ER α knockout (KO) 

mice were impaired in social recognition (Choleris, et al., 2003; Choleris et al., 2006; Sanchez-

Andrade & Kendrick, 2009; Sanchez-Andrade & Kendirck, 2011). Additionally, following 

administration of ER α short hairpin RNA, to inactivate the receptor, into the medial 

posterodorsal amygdala, Spiteri and colleagues (2010) reversed improvements in social 
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recognition in female OVX rats who received an acute administration of estrogens and 

progesterone prior to behavioural testing. Thus, the medial amygdala may be one brain region 

involved in mediating 17β-estradiol’s facilitation of social recognition, specifically through ER 

α. Although, this may only be true for females as the role of ER α in social recognition in males 

is more controversial. It has been shown that male α-ERKO mice were both impaired (Imwalle, 

Scordalakes, Rissman, 2002) and not impaired in social recognition (Sanchez-Andrade & 

Kendrick, 2011). These discrepancies may be due to differences in the number of exposures to 

stimulus mice or the type of stimulus mouse used. The effects of ER β on social recognition are 

even more mixed than those of ER α. Choleris and colleagues (2003) found impairments in 

female β-ERKO mice using the habituation-dishabituation paradigm, where test mice were 

exposed to a same-sex conspecific stimulus mouse over a number of trials (habituation), 

followed by exposure to a novel stimulus mouse in the test trial (dishabituation). However, only 

partial impairments in social recognition were found in female β-ERKO mice using a binary 

choice test, where the test mouse was presented with two same-sex conspecific stimulus mice for 

a number of habituation trials, followed by the presentation of a familiar stimulus and novel 

stimulus mouse in the test phase (Choleris et al., 2006). Conversely, Sanchez-Andrade and 

Kendrick (2011) found no impairments in social recognition in β-ERKO mice using a two-day 

habituation-dishabituation paradigm using anesthetised social stimuli. Therefore, ER β does not 

seem to be necessary for social recognition as its involvement changes with the particular social 

recognition paradigm or stimuli used in each experiment. 

Non-genomic Effects of Estrogens on Learning and Memory 

      In contrast to the genomic effects of estrogens which occur over hours to days (Nilsson et al., 

2001), the non-genomic effects of estrogens occur within milliseconds to minutes. These non-
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genomic effects are initiated following the binding of 17β-estradiol to membrane-bound or 

cytosolic ER α or β or the recently discovered G-protein coupled estrogen receptor 1 (GPER). 

This binding elicits the activation of cell signaling pathways resulting in calcium flux within 

target cells (Thomas, Pang, Filardo & Dong, 2005; reviewed in Vasudevan & Pfaff, 2008). 

       Few studies have investigated the rapid, non-genomic effects of estrogens on learning and 

memory. Luine, Jancome and MacLusky (2003) found improvements in both object recognition 

and object placement tasks when 17β-estradiol was systemically administered to OVX rats 30 

minutes before the sample phase of the task, where the rats were exposed to two identical 

objects. Additionally, object recognition and object placement were improved in OVX mice 

when 17β-estradiol was administered immediately following the sample phase (Walf, Koonce & 

Frye, 2008). In both of these studies, however, there was a four hour delay between the sample 

phase and the test phase, where in object recognition, one of the objects presented was familiar 

and the other was novel, and in object placement, one of the objects was moved to a novel 

location. Therefore, the enhanced acquisition of the learning and memory tasks in the study by 

Luine and colleagues (2003) may be due to both the rapid and long-term effects of estrogens. 

The improvements in the learning and memory tasks in the study by Walf and colleagues (2008) 

however, are likely due to improvements in memory consolidation. Several studies have shown 

that when administered immediately after training, 17β-estradiol can enhance consolidation of 

spatial and object recognition tasks, while administration of 17β-estradiol more than two hours 

post training does not enhance memory consolidation (reviewed in Frick, 2009).  Therefore, the 

rapid effects of estrogens are likely involved in these memory consolidation enhancements. In 

order to specifically and conclusively assess the rapid effects of estrogens, the learning and 
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memory paradigms need to be tested within the time frame associated with the non-genomic 

actions of estrogens.   

       Recently, Phan and colleagues (2012a) have demonstrated that 17β-estradiol can rapidly 

improve social recognition, object recognition, and object placement tasks in ovariectomized 

female mice. These paradigms were developed to investigate the rapid, non-genomic effects of 

estrogens in that both the training (habituation) and testing phases were completed within 40 

minutes of drug administration (Phan et al., 2011; 2012a). Additionally, Phan, and colleagues 

(2011) investigated the role of ER α and β in these same learning and memory tasks. The ER α 

agonist, PPT improved social recognition, and had a small improving effect on object 

recognition and object placement. However, the ER β agonist, DPN impaired social recognition, 

had no effect on object recognition, and improved object placement. These results suggest that 

ER α, at least in part, mediates the rapid effects of estrogens on social recognition, object 

recognition, and object placement. On the other hand, ER β seems to only partly mediate the 

rapid, improving effects of estrogens on object placement while opposing the ER α-mediated 

effects of estrogens on social recognition. Whether the third of the better-known ERs, the GPER, 

is also involved in the mediation of the rapid estrogenic effects on learning and memory is 

currently unknown. 

The Rapid Effects of Estrogens in the Hippocampus 

       The hippocampus is known to be involved in learning and memory processes (reviewed in 

Broadbent, Squire & Clark, 2004). In addition to affecting performance on learning and memory 

tasks, estrogens have also been shown to rapidly affect the hippocampus on a cellular level. 17β-

estradiol rapidly increased glutamatergic synaptic transmission (Teyler, Vardaris, Lewis & 

Rawitch, 1980), long-term potentiation (Foy et al., 1999), and long-term depression (Mukai et 
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al., 2007) in the CA1 region of ex vivo hippocampal slices from male rats. Additionally, 

treatment of male rat hippocampal slices with 17β-estradiol for 30 minutes to two hours 

increased dendritic spine density within the CA1 region (Mukai et al., 2007; Murakami et al., 

2006). Furthermore, systemic administration of 17β-estradiol increased dendritic spine density in 

the CA1 region of the hippocampus in OVX female rats within 30 minutes (MacLusky et al., 

2005) and in OVX female mice within 40 minutes of treatment (Phan et al., 2012a). In OVX 

mice, these estrogenic effects are likely mediated by ER α as PPT similarly increased dendritic 

spine density within the CA1 region of the hippocampus within the same time frame, while the 

ER β agonist did not (Phan et al., 2011). Whether the GPER also contributes to estrogens’ rapid 

effects on dendritic spines remains to be investigated. 

       Given that estrogens affect learning and memory as well as cellular processes within the 

hippocampus, it seemed likely that this region would be involved in mediating at least some of 

the rapid effects of estrogens on learning and memory. Evidence suggests that estrogens in the 

hippocampus have rapid effects when administered both before acquisition and during the 

consolidation of learning and memory tasks. It has been shown that memory retention for both 

object recognition and object placement learning was improved in OVX female mice with 

intrahippocampal infusions of 17β-estradiol (Fan et al., 2010; Fernandez et al., 2008), the ER α 

agonist, PPT, or the ER β agonist, DPN (Boulware et al., 2013). These improvements were seen 

with administration immediately after a training session, where the mice were exposed to two 

identical objects for a total investigation time of 30 seconds, and tested 48 hours later for object 

recognition or 24 hours later for object placement learning. In contrast, mice infused three hours 

after training showed no improvements in memory retention (Fernandez et al., 2008), suggesting 

that the effects of 17β-estradiol need to occur early, and within 3 hours, after memory 
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acquisition. In addition, dorsal hippocampal administration of 17β-estradiol increased p42 ERK, 

PI3K, and Akt activation in the hippocampus within five minutes of administration (Boulware et 

al., 2013; Fan et al., 2010). Preventing the activation of these molecules with specific inhibitors 

blocked the estrogenic effects, suggesting that the estrogen mediated enhancements in memory 

retention were dependent on hippocampal p42 ERK, (Boulware et al., 2013; Fan et al., 2010; 

Fernandez et al., 2008), PI3K, Akt, and mTOR activation in the dorsal hippocampus (Fortress et 

al., 2013). At least for p42 ERK activation, these estrogenic effects are mediated through both 

ER α and β as dorsal hippocampal administration of PPT or DPN also increased ERK activation 

in the hippocampus within five minutes. Therefore, estrogens in the hippocampus play a role in 

mediating the consolidation of object recognition and object placement memory through 

molecular pathways consistent with the rapid, non-genomic effects of estrogens. Whether the 

GPER in the hippocampus is also able to elicit rapid estrogenic actions through these pathways is 

unknown.  

       Estrogens also play a role when administered prior to the acquisition of learning and 

memory tasks when testing occurs five minutes following training and within 40 minutes of 

treatment. Phan and colleagues (2012b) investigated the performance of OVX mice in the social 

recognition, object recognition, and object placement tasks within 40 minutes of a 17β-estradiol 

microinfusion directly into the CA1 region of the hippocampus. Performance in all three learning 

and memory tasks were improved following intrahippocampal microinfusions of 17β-estradiol. 

Once again, ER α appears to be involved in mediating these effects as intrahippocampal 

microinfusions of PPT, an ER α agonist, also improved social recognition, object recognition, 

and object placement, while intrahippocampal microinfusions of DPN, an ER β agonist, did not 

improve object and social recognition and only slightly improved performance in the object 
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placement task (Phan et al., 2012b). Whether GPER in the hippocampus is also involved in the 

rapid effects of estrogens on learning and memory remains to be determined. 

       Phan and colleagues (2013) have also investigated the effects of 17β-estradiol in OVX 

female mice on the social recognition and object recognition tasks in a Y-maze, which reduces 

the spatial and contextual cues present in the task (Winters et al., 2004). This was done to 

determine whether spatial and contextual cues were necessary for the improvements seen in 

these tasks with intrahippocampal microinfusions of 17β-estradiol (Phan et al., 2012b). When 

tested in the Y-maze, object recognition but not social recognition was improved after 17β-

estradiol was microinfused directly to the hippocampus. Subsequently, subcutaneous 

administration of 17β-estradiol did improve social recognition in the Y-maze. Combined, these 

Y-maze results show that 17β-estradiol in the hippocampus can facilitate object recognition 

directly while the improvements in social recognition seen with intrahippocampal microinfusions 

of 17β-estradiol in the home cage may rely on a spatial context (Phan et al., 2013). Thus, it is 

likely that 17β-estradiol in extrahippocampal structures facilitates social recognition directly, 

while estrogens in the hippocampus appear to facilitate memory for the spatial context associated 

with the social recognition task. Which estrogen receptors in the hippocampus might be involved 

in mediating these estrogenic effects in the Y-maze and which other brain regions might be 

involved in mediating the estrogenic effects on social recognition has yet to be determined. 

Estrogens, Social Recognition, and the Medial Amygdala 

       The estrogen mediated improvements in social recognition, in the Y-maze, absent of most 

spatial cues, are likely mediated by a brain region outside of the hippocampus since systemic 

treatment with 17β-estradiol improved social recognition in the Y-maze while intrahippocampal 

treatment did not. One brain region likely involved is the medial amygdala. Social recognition 
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was impaired with N-methyl-D-aspartate lesions of the medial amygdala in mice, suggesting that 

the medial amygdala is necessary for social recognition (Wang, Zhao, Liu & Fu, 2014). Further 

evidence exists for a role of estrogens in the medial amygdala for social recognition. As 

mentioned above, Spiteri and colleagues (2010) have shown a necessary role for ER α in the 

medial amygdala of female rats for improvements in social recognition seen following acute 

administration of estrogens 52 hours before behavioural testing. However, whether social 

recognition can be facilitated on a rapid timescale following treatment with 17β-estradiol or 

activation of ER α, β, or the GPER directly in the medial amygdala, has yet to be determined.  

       It is clear from the literature presented that much research in the estrogen field has been 

devoted to determining whether estrogenic effects are mediated through the classic ER α or β. In 

comparison, very little research has been conducted to determine the role of the relatively 

recently discovered G-protein coupled estrogen receptor (GPER) in learning and memory. As 

such, this thesis aims to investigate the rapid effects of the GPER on learning and memory in 

female mice. 

The G-protein Coupled Estrogen Receptor 

       The G-protein coupled estrogen receptor was first discovered by Carmeci, Thompson, Ring, 

Francke and Weigel (1997) while investigating the difference between ER-positive and ER-

negative breast cancer cells. The GPER is part of the seven transmembrane G-protein coupled 

receptor family (Carmici et al., 1997) and is both structurally and genetically distinct from ER α 

and β (Hammond, Mauk, Ninaci, Nelson & Gibbs, 2009). The GPER has been found in the 

plasma membrane (Filardo et al., 2007), endoplasmic reticulum, and Golgi apparatus (Revankar, 

Cimino, Sklar, Arterburn & Prossnitz, 2005). The GPER elicits rapid cell signaling events in 

response to estradiol (Thomas, Pang, Filardo & Dong, 2005). A selective GPER agonist, G-1 
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(Bologa et al., 2006) and antagonist, G15 (Dennis et al., 2009) have been developed to study the 

effects of the GPER with minimal activation of either of the classic estrogen receptors, ER α and 

β (Bologa et al., 2006).  

       The GPER has been implicated in several cell signaling pathways, elicited by the binding of 

17β-estradiol. The GPER has been shown to transiently activate the mitogen activated kinases 

(MAPK) Erk-1/-2 through a G-protein βγ subunit that activates the Scr-Shc pathway. This results 

in the release of pro-heparin-binding-epidermal growth factor (proHB-EGF) and the trans-

activation of the EGF receptor (EGFR). The EGFR then elicits downstream signaling to activate 

Erk-1/-2 (Filardo, Quinn, Bland & Frackelton, 2000). This last sequence of signaling events is 

referred to as the EGFR to Erk pathway (Figure 1).  In addition to phosphorylating proteins 

involved in polymerization of the actin cytoskeleton, mobilization of myosin, cell cycle check 

points and gene transcription (Chang & Karin, 2001), the activation of Erk-1/-2 by GPER has 

also been shown to mediate the up-regulation of the immediate early gene, c-fos (Maggiolini et 

al., 2004). C-fos plays a role in the regulation of normal cell growth, differentiation, and cellular 

transformation processes (reviewed in Maggiolini et al., 2004). 

       Evidence also suggests that the GPER is bound to a stimulatory G-protein α subunit (Filardo 

et al., 2007; Thomas et al., 2005) which activates adenylyl cyclase (AC), causing an intracellular 

increase in cAMP (Filardo, Quinn, Frackelton & Bland, 2002; Thomas et al., 2005). This GPER-

mediated increase in cAMP is responsible for the inhibition of the estrogen-induced EGFR to 

Erk pathway, returning the levels of Erk-1/-2 activity to baseline. This is achieved through the 

inhibition of Raf-1 activity, an intermediate component in the EGFR to Erk pathway. Raf-1 

activity is inhibited following GPER mediated cAMP-dependent activation of protein kinase A 

(PKA; Filardo et al., 2002; Figure 1).  



 
 

14 
 

       In addition, estrogen stimulation of the GPER has been shown to activate the 

phosphoinositide 3-kinase (PI3K)-Akt pathway, which is involved in proliferative signaling. 

Activation of PI3K causes membrane localization of phosphatidylinositol 3,4,5-triphosphate 

(PIP3), which then recruits Akt to the membrane (Bologa et al., 2006; Dennis et al., 2009; 

Revankar et al., 2005). This pathway requires EGFR activation to generate PIP3 (Revankar et al., 

2005). Furthermore, the GPER has been shown to rapidly mobilize intracellular calcium stores 

(Bologa, 2006; Denis et al., 2009; Filardo et al., 2007; Ren &Wu, 2012), a process that is also 

mediated by EGFR (Revankar et al., 2005; Figure 1). Both the PI3K-Akt pathway and the 

mobilization of intracellular calcium stores have been activated by the GPER agonist, G-1 

(Bologa et al., 2006) and inhibited by the GPER antagonist, G15 (Dennis et al., 2009), further 

confirming that the GPER is responsible for these intracellular events. 

       However, the GPER may not be solely responsible for activating these pathways. ER α has 

also been shown to activate many of the same cell signaling cascades (reviewed in Srivastava, 

Woolfrey & Penzes, 2013), and there is evidence that the activation of both the GPER and ER α 

is necessary for the up-regulation of c-fos and the activation of Erk-1/-2 (Albanito et al., 2007). 

Thus, the activation of cell signaling cascades elicited by the GPER through activation with the 

agonist, G-1, could be mediated by both GPER and ER α concurrently.  
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Figure 1: GPER signaling pathways. Summary of the GPER cell signaling pathways adapted 

from Filardo (2002). 17β-estradiol binds to the GPER, activating the Src-Shc pathway through a 

βα G-protein subunit resulting in the release of pro-heparin-binding-epidermal growth factor 

(proHB-EGF) followed by trans-epidermal growth factor receptor (EGFR) activation. This 

activation results in downstream signaling to Erk-1/-2 as well as the mobilization of intracellular 

calcium stores. The stimulatory α G-protein subunit can activate adenylyl cyclase (AC), which 

increases cAMP, activating protein kinase A (PKA), which then inhibits Raf-1, thus inhibiting 

the EGFR-Erk pathway. The GPER also activates phosphoinositide 3-kinase (PI3K), which 

causes membrane localization of phosphatidylinositol 3,4,5-triphosphate (PIP3), generated from 

EGFR activation. PIP3 then recruits protein kinase B (Akt) to the membrane. 

 

Physiological Effects of the GPER 

       Several GPER KO mouse models have implicated the GPER in physiological functions such 

as the immune response, the proliferative response in the uterine epithelium, and metabolic 

homeostasis. Other studies using RNA interference demonstrate the GPER is involved in 
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primordial ovarian follicle formation as well as inhibition in the proliferation of human bladder 

cells and the migration of ovarian cancer cells (reviewed in Maggiolini & Picard, 2010). Recent 

work has also demonstrated a role for the GPER in sexual behaviour. Acute administration of G-

1, the GPER agonist, 48 and 24 hours before testing increased lordosis behaviour in OVX female 

mice compared to control animals (Anchan, Gafur, Sano, Ogawa & Vasudevan, 2014). Thus, the 

GPER seems to play a role in many peripheral physiological systems, as well as the central 

nervous system. 

       Hazell and colleagues (2009) have localized GPER to several regions of the brain and 

several studies have investigated the effects of the GPER on neurophysiology and 

neuropathology. The GPER, in part, plays a role in calcium oscillations and stimulation of 

primate luteinizing hormone-releasing hormone neurons (Noel, Keen, Baumann, Filardo & 

Terasawa, 2009). The GPER has also been implicated in animal models of mood disorders such 

as anxiety and depression. The GPER agonist, G-1 produced anxiogenic affects in male and 

OVX female mice in the elevated plus maze and the open field tests (Kastenberger, Lutsch & 

Schwarzer, 2012). In contrast, in the open field test, chronic administration of G-1 produced 

anxiolytic effects in OVX female mice (Anchan, Clark, Pollard & Vasudevan, 2014). 

Additionally, in the tail suspension test (a model of depression), G-1 dose-dependently decreased 

immobility time and pre-treatment with GPER antagonist, G15 attenuated this effect in male 

mice. Thus, the GPER appears to play a role in the regulation of depression, possibly through 

actions on the serotonin system (Dennis et al., 2009). Specifically, intra-paraventricular nucleus 

(PVN) infusions of G-1 caused desensitization of the serotonin 5-HT1A receptor in rats (Xu et al., 

2009) and GPER siRNA infusion into the PVN prevented 5-HT1A receptor desensitization, 

confirming that GPER is necessary for estradiol-induced 5-HT1A receptor desensitization 
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(McAllister, Creech, Kimball, Muma & Li, 2012). Because changes in the serotonin 5-HT1A 

receptor have been associated with anxiety and depression (reviewed in McAllister et al., 2012), 

these studies suggest a possible mechanism of GPER’s action in animal models of anxiety and 

depression. Therefore, the GPER is not only implicated in the estrogenic effects on physiological 

functions in the periphery, but may also be involved in mediating behavioural functions from 

within the brain. 

The Effects of the GPER on Learning and Memory 

       Very few studies have been conducted to investigate the role of the GPER in learning and 

memory. Hammond and colleagues (2009) chronically administered G-1 via mini-osmotic 

pumps implanted subcutaneously in the dorsal neck regions of OVX rats for 42 days (5 μg/day) 

and tested their performance in the delayed matching to position (DMP) task while they were 

receiving treatment. The rate of acquisition of this task was lower in OVX rats compared to 

intact controls, and chronic administration of G-1 was able to restore the performance of OVX 

rats to that of the intact animals. Additionally, Hammond and colleagues (2012) have shown that 

G15 dose-dependently (10 μg/day) reduced the performance of intact rats in the DMP task to that 

of OVX controls. Thus, the GPER appears to be necessary for the estrogen-dependent 

acquisition of the DMP task in rats. 

       To determine which brain regions in the rat might be responsible for the GPER-mediated 

improvements in the DMP task, Hammond, Nelson, and Gibbs (2010) assessed the presence of 

GPER mRNA in the hippocampus, septum, frontal cortex, striatum, and nucleus basalis 

magnocellularis. The highest levels of the GPER mRNA were present in the hippocampus, a 

region of the brain that receives substantial cholinergic input (reviewed in Gibbs, 2010). 

Previous studies have shown that estrogens enhance basal forebrain cholinergic function, which 
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may mediate improving effects of estrogens on learning and memory (reviewed in Hammond et 

al., 2010). Hammond and colleagues (2010) have shown that GPER co-localizes within cells that 

also contain choline acetyltransferase. Furthermore, G-1 has been shown to increase 

acetylcholine release within the hippocampus. Thus, Hammond and Gibbs (2011) have attributed 

the improved acquisition of the DMP task in G-1 treated OVX rats to the GPER-mediated 

acetylcholine release from the basal forebrain cholinergic neurons.  

       In addition to the DMP task (Hammond et al., 2009), the GPER has also been shown to play 

a role in the estrogen mediated improvements in a different spatial task using a Y-maze (Hawley, 

Grissom, Moody, Dohanich & Vasudevan, 2014). When OVX female rats were administered an 

acute intramuscular injection of G-1 (25μg) 24 or 48 hours before exposure to two arms of the Y-

maze, they showed increased investigation of the novel third arm in the test phase 48 hours later. 

Therefore, G-1 appears to play a role in the acquisition of spatial memory when administered 

both chronically (Hammond et al., 2009) or acutely (Hawley et al., 2014), days before the 

training session for spatial tasks. Whether the GPER can rapidly affect learning and memory has 

yet to be determined. 

Objectives 

       Given that systemic administration of 17β-estradiol improved social recognition, object 

recognition, and object placement (Phan et al., 2012a) in OVX female mice, and specifically that 

ER α and β are involved in mediating these rapid estrogenic improvements (Phan et al., 2011), 

our first objective was to determine whether the GPER also plays a role in these rapid estrogenic 

effects. To do this, the GPER agonist, G-1 was systemically administered to mice subsequently 

tested on the social recognition, object recognition, or object placement tasks, completed within 

40 minutes of drug administration. Furthermore, systemic administration of 17β-estradiol 
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increased dendritic spine density in the CA1 region of the hippocampus (Phan et al., 2012a), 

likely mediated, at least in part by ER α (Phan et al., 2011); thus we determined whether the 

GPER, when activated via systemic G-1 treatment, also plays a role in mediating the rapid 

estrogenic changes to dendritic spine density in the CA1 region of the hippocampus (Chapter 2).  

       As intrahippocampal administration of 17β-estradiol improved all three learning and 

memory paradigms and activation of hippocampal ER α or β results in similar effects as those 

seen with systemic administration of their respective agonists on learning and memory (Phan et 

al., 2012b), our second objective was to determine the role of hippocampal GPER in the rapid 

effects of estrogens on social recognition, object recognition, and object placement learning 

through direct infusion of the GPER agonist G-1 into the CA1 of the hippocampus of OVX 

female mice (Chapter 3). As the GPER and ER α were both involved in improving learning and 

memory, our third objective was to investigate whether these two receptors can work through 

additive mechanisms to enhance learning and memory. Thus, we infused both the GPER agonist, 

G-1 and the ER α agonist, PPT into the hippocampus at sub-effective doses and tested the mice 

in social recognition, object recognition, and object placement (Chapter 4). 

       The social recognition, object recognition, and object placement paradigms have been 

previously performed in the test mouse home cage (Phan et al., 2011; 2012a). However, this 

results in a number of spatial and contextual cues that the mouse can use to assist with 

remembering the stimuli. Hence, it is difficult to determine whether improvements in social or 

object recognition are due to improvements in memory for the stimuli themselves or for the 

contextual cues associated with them (Winters, Forwood, Cowell, Saksida & Bussey, 2004). 

Thus, a Y-maze was used to minimize spatial and contextual cues to determine whether 

intrahippocampal administration of 17β-estradiol improved recognition specifically. 
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Intrahippocampal administration of 17β-estradiol improved object recognition but not social 

recognition in the Y-maze (Phan et al., 2013). Hence, our fourth objective was to determine 

whether the GPER in the hippocampus is involved in mediating the estrogenic improvements on 

object recognition in the Y-maze and whether activation of GPER alone in the hippocampus 

improves social recognition in the Y-maze (Chapter 5). 

       As intrahippocampal administration of 17β-estradiol had no effect on social recognition in 

the Y-maze, it is likely that a brain region outside of the hippocampus is responsible for 

mediating the effects of estrogens on social recognition specifically. This is further supported by 

improvements in social recognition in the Y-maze following systemic administration of 17β-

estradiol (Phan et al., 2013). A brain region likely involved is the medial amygdala, as ER α in 

the medial amygdala is necessary for estrogen-mediated enhancements in social recognition 

(Spiteri et al., 2010). Therefore, our fifth objective was to determine the rapid effects of the 

GPER agonist, G-1, in the medial amygdala on social recognition in OVX female mice (Chapter 

6).  
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CHAPTER 2: Rapid Effects of the G-protein Coupled Estrogen Receptor (GPER) 

on Learning and Dorsal Hippocampus Dendritic Spines in Female Mice 
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Abstract  

       Recently, estrogen receptors (ER) have been implicated in rapid learning processes. We 

have previously shown that 17β-estradiol, ERα and ERβ agonists can improve learning within 

40min of drug administration in mice. However, estrogen action at the classical receptors may 

only in part explain these rapid learning effects. Chronic treatment of a G-protein coupled 

estrogen receptor (GPER) agonist has been shown to affect learning and memory in 

ovariectomized rats, yet little is known about its rapid learning effects. Therefore we investigated 

whether the GPER agonist G-1 at 1µg/kg, 6µg/kg, 10µg/kg, and 30µg/kg could affect social 

recognition, object recognition, and object placement learning in ovariectomized CD1 mice 

within 40min of drug administration. We also examined rapid effects of G-1 on CA1 

hippocampal dendritic spine density and length within 40min of drug administration, but in the 

absence of any learning tests. Results suggest a rapid enhancing effect of GPER activation on 

social recognition, object recognition and object placement learning. G-1 treatment also resulted 

in increased dendritic spine density in the stratum radiatum of the CA1 hippocampus. Hence 

GPER, along with the classical ERs, may mediate the rapid effects of estrogen on learning and 

neuronal plasticity. To our knowledge, this is the first report of GPER effects occurring within a 

40min time frame. 
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Introduction  

       Estrogens have been shown to influence learning and memory through both genomic and 

more recently, non-genomic mechanisms. Through the former, estrogen receptors (ER) regulate 

the transcription of target genes and typically require hours or days upon activation to have an 

effect on learning. Through the latter, ERs initiate the downstream activation of a variety of 

extracellular signaling molecules which promote dendritic spine plasticity and influence 

learning. Unlike genetic pathways, non-genomic estrogen action can affect learning within 

minutes of ER activation (reviewed in Sellers et al., 2014). The G-protein coupled estrogen 

receptor 1 (GPER) has been implicated in the non-genomic and rapid actions of estrogens but its 

contribution to learning and memory via this mechanism remains to be investigated. 

       Previously, we demonstrated that 17β-estradiol, an ERα, and an ERβ agonist can affect 

performance in learning tests within 40min of drug administration in ovariectomized CD1 female 

mice. Both 17β-estradiol and an ERα agonist (PPT), improved social recognition, object 

recognition and object placement learning whereas a selective ERβ agonist (DPN) facilitated 

object placement learning and impaired social recognition at higher doses (Phan et al., 2011; 

2012). Furthermore, in a separate set of experiments, yet within the same 40min timeline, 17β-

estradiol and the ERα agonist, PPT, increased dendritic spine density in the stratum radiatum 

subregion of the CA1 hippocampus in experimentally naïve ovariectomized CD1 female mice. 

The ERβ agonist, DPN, however, did not increase dendritic spine density (Phan et al., 2011; 

2012). The involvement of GPER in rapid learning and hippocampal dendritic spines is 

unknown. 

       Focus on GPER as a possible mediator of the non-genomic actions of estrogens is supported 

by its localization at extranuclear sites in the brain, including the endoplasmic reticulum, Golgi 
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apparatus, and dendritic spines (Akama et al., 2013, Funakoshi et al., 2006, Hammond et al., 

2011 and Brailoiu et al., 2007). Furthermore, GPER has been shown to rapidly activate multiple 

kinase pathways that are involved in non-genomic estrogen cell signaling (reviewed in Luine, 

2014; Sellers et al., 2014) and implicated in memory processes (Fernandez et al., 2008; Fan et 

al., 2010).  Similar to 17β-estradiol, in vivo administration of the GPER agonist, G-1, rapidly 

enhanced activation of kinases, Akt and ERK, in the hippocampal CA1 region of rats. Notably, 

kinase activation was attenuated in response to 17β-estradiol in GPER antisense 

oligodeoxynucleotide knockdown rats (Tang et al., 2014).  

       Although not yet demonstrated on a rapid timescale, GPER has been shown to affect 

learning and memory. Chronic treatment with the GPER agonist, G-1, reduces the time of 

acquisition of a delayed matching to position (DMP) T-maze task in ovariectomized rats in 

comparison to control vehicle-treated rats (Hammond et al., 2009). In the same DMP task, 

treatment with the GPER antagonist, G-15, impaired spatial learning in ovariectomized and 

gonadally intact rats treated with estradiol (Hammond et al., 2012). Additionally, short-term 

treatment with G-1, 24 or 48h before acquisition of a spatial task, improved spatial recognition 

learning in ovariectomized rats when tested 48h later (Hawley et al., 2014).  

       The evidence for GPER mediating the rapid actions of estrogens in the brain suggests that 

GPER, along with ERα and ERβ, may play a role in learning and memory on a rapid time scale. 

However, to the best of our knowledge, there are no studies assessing the rapid effects of GPER 

on learning or memory. Therefore, the first objective of this study was to determine whether 

selective activation of GPER with the receptor agonist, G-1, has rapid effects on learning and 

memory. We used three different spontaneous learning paradigms to examine the rapid effects of 

GPER. These paradigms were previously shown to be rapidly affected by ERα and ERβ agonists 
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and 17β-estradiol (Phan et al., 2011; 2012), do not require previous training, and can be 

completed within 40 min after drug treatment. This allowed us to examine the rapid effects of 

GPER when memories are still transcriptionally independent (Bourtchuladze et al., 1994; Da 

Silva et al., 2008; Nguyen et al., 1994). These paradigms are conceptually different versions of 

the same test, designed to assess different, yet not completely independent, aspects of learning 

and memory, namely: social, non-social and spatial recognition. Furthermore, since the 

hippocampus has been implicated in all of these tests, our second objective was to investigate the 

effects of GPER on dendritic spines within the CA1 area of the hippocampus as one possible 

mechanism for any effects found in the learning experiments.  

Materials and Methods 

Subjects 

       Subjects were naïve, ovariectomized female CD1 mice (Mus musculus) 2mth of age (Charles 

River, QC). Nine mice were randomly chosen to be stimulus mice (age matched for social 

recognition paradigms), and 29 animals were used for dendritic spine analyses. Remaining mice 

were tested in behavioural paradigms, between 10-15d after ovariectomy surgery (described 

below). They were housed on a reversed light/dark cycle (12:12h, lights off at 08:00h) at 

21±1°C.  Mice were pair housed three days after surgery until three days before testing, then 

individually housed until the experiment. Subjects were housed with corncob bedding and 

environmental enrichment in clear polyethylene cages (16cm x 12cm x 26cm) and received 

rodent chow (Teklad Global 14% Protein Rodent Maintenance Diet, Harlan Teklad, WI) and tap 

water ad libitum. The cages were not cleaned for at least three days prior to testing to establish a 

home cage territory. Test mice were only used in one experiment, with 9-14 per group of 
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treatment. Research was conducted in accordance with the Canadian Council on Animal Care 

and approved by the Institutional Animal Care and Use Committee of the University of Guelph. 

       The evening before testing, experimental mice were moved into the testing room to 

acclimate and body weights were taken. Vaginal smears were also taken with a wet cotton swab 

to assess the completeness of the ovariectomies. Vaginal cells were transferred onto slides, 

stained with Giemsa (Sigma-Aldrich, ON) and examined under 10x objective. Estrous cycle 

stages were defined based on vaginal cytology as follows: diestrus predominantly consisted of 

leukocytes; proestrus primarily consisted of nucleated epithelial cells; estrus when non-nucleated 

cornified cells were predominant.  All behavioural paradigms were conducted under red light, 

during the dark phase of their light cycle in the home cage of the mice. 

Ovariectomy Surgery 

       All mice underwent bilateral ovariectomy surgery as in Clipperton et al. (2012) and Phan et 

al. (2011; 2012). Briefly, mice were anesthetized with isoflourane (CDMV, St. Hyacinthe, QC) 

then their back was cleaned and shaved, and a 1cm incision was made in the skin. Incisions were 

made bilaterally in the muscle above the ovaries, the ovaries were drawn out, clamped at the 

uterus and the ovary was cut above the clamp. The uterus was then put back into the abdominal 

cavity and the incision in the skin was closed with 1 or 2 MikRon autoclip 9 mm wound clips 

(MikRon Precision Inc, Gardena, CA). Mice were single housed following surgery. 

Drugs 

       Mice were subcutaneously injected with G-1 (Tocris Biosciences, UK), which was 

suspended in sesame seed oil at dosages of 1µg/kg, 6µg/kg, 10µg/kg, and 30µg/kg at 10mL/kg. 

These dosages have been selected on the basis of G-1 binding affinity characteristics (Bologa et 

al., 2006) and the doses shown to be effective in reducing mobility in a mouse tail suspension 
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test (Dennis et al., 2009). Vehicle-control animals received 10mL/kg of sesame seed oil. All 

treatments were administered subcutaneously and group assignment was randomized using a 

random number generator. The injection site was sealed with instant drying glue (Instant Krazy 

glue, Elmer’s Products Canada, Toronto, ON) to prevent drug leakage. 

Rapid Learning Paradigms 

       Animals were injected with G-1 or the vehicle 15min prior to learning paradigms. 15min 

following injection the mice were exposed to two sample phases, 5min in length and 5min apart. 

The test was 5min long and was administered 5min after the second sample phase (Figure 2). 

Testing was completed 40min after injection to focus on the rapid effects of GPER on learning. 

All samples and tests were recorded with a video camera under infrared light for behavioural 

analysis (8mm Handycam Nightshot, Sony, ON). All stimulus objects and cylinders (described 

below) were washed with an odourless detergent (Alconox) and baking soda to remove odour 

cues before and between sample and tests, so that the novelty of the objects (Glass cubes, 

stainless steel drain catchers, and plastic hairclips) and cylinders remained consistent. Pilot 

studies showed that mice had no preference to one type of object over any other. This paradigm 

is considered "difficult" as control mice do not demonstrate learning, allowing the assessment of 

possible enhancing effects of G-1 (Phan et al., 2011; 2012). 

Social Recognition Paradigm 

       This paradigm was equivalent to that used in Phan et al. (2011; 2012). Stimulus mice (2-

4mth old, ovariectomized CD1 mice were presented in clear Plexiglas cylinders (7-cm diameter, 

12-cm high) with 36 holes (4-mm diameter) around the bottom third of the cylinder, allowing the 

passage of olfactory cues.  During samples, the test mouse was exposed to two stimulus mice 

within the home cage, the spatial locations of which were held consistent throughout testing 



 
 

28 
 

(Figure 2). At test, a novel individual replaced one of the two stimulus mice (counterbalanced). 

During the interest intervals, two empty Plexiglas cylinders replaced those containing the 

stimulus mice. 

Object Recognition Paradigm 

       Two different objects were presented to the test mice in consistent spatial locations during 

samples (Figure 2). The objects were held in place using Velcro and were removed during the 

inter-test intervals. During the test, one of these objects was replaced with a novel object, the 

location of which was counterbalanced across experimental mice. In order to improve the 

detection of enhancing treatment effects, the object recognition paradigm was developed to make 

it difficult for control animals to learn (Phan et al., 2011; 2012). Additionally, a second study 

was conducted in which the two sample objects were identical. This made the paradigm slightly 

less “difficult” and created an intermediate testing condition between the “easy” and “difficult” 

paradigms, to further assess possible enhancing drug effects on performance.  

Object Placement Paradigm 

       Two identical objects were placed in the home cage of test mice in the same two positions 

during samples (Figure 2). During test, one of the two objects was displaced to a novel location 

within the home cage. As above, objects were held in place using Velcro and removed during 

inter-test intervals. The displaced object was counterbalanced across experimental mice. 
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Figure 2: Schematic of rapid learning paradigms. In social recognition, two conspecifics are 

presented in the sample phase. In the test phase one is novel and one is familiar. In the difficult 

object recognition paradigm, two different objects are presented in the sample phase. In the 

easier object recognition paradigm (not shown), both objects are identical in the sample phase. In 

the object recognition test phase, one object is novel and one is familiar. In object placement, 

two identical objects are presented in the sample phase. In the test phase, one of these objects is 

moved to a new location.  
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Behavioural Data Analysis 

       Test mice behaviour during the learning paradigms was collected using The Observer Video 

Analysis software (Noldus Information Techonology, Wageningen, Netherlands) by trained 

observers, blind to the treatment of the mice. Twelve behaviours were recorded, listed in Table 1. 

Investigation behaviour, defined as active sniffing of the stimuli (objects or stimulus mice), has 

been shown to be the best measure of social recognition, object recognition, and spatial memory 

(Engelmann et al., 1995; Ennaceur & Delacour, 1988; Phan et al., 2011). 

       Preferential investigation for the novel stimulus was used to determine whether mice 

recognized the novel or displaced stimulus during test because mice naturally investigate novel 

stimuli over familiar ones (Ennaceur & Delacour, 1988). An investigation ratio (IR) was 

calculated as follows: IR=N/(N+F), where N is the investigation duration of the novel or 

displaced stimulus during test (or during samples, the investigation duration of the stimulus that 

will be replaced or displaced at test), and F is the investigation duration of the familiar stimulus. 

Comparison of the investigation ratio during test (IRTest) to the average investigation ratio from 

the same mice over both sample phases (IRHab) was used to assess the recognition of novel 

stimulus by the mice and to compensate for slight variations in investigation ratios from the 

various groups of mice during the sample phases. In addition, total stimulus investigation (N+F) 

was calculated for each sample and test phase as a measure of motivation for the mice to explore 

the stimuli. 
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Table 1: List and description of mouse behaviours recorded during paradigms. 

Behaviour Description 

Stretch Approach Stretching towards stimulus with hind paws planted 

Sniff Stimulus Sniff/Investigation of stimulus 

Bite Stimulus Biting cylinder or objects 

Dig Moving of bedding backwards with forepaws 

Bury Moving of bedding forwards with forepaws 

Horizontal Activity Includes walk, explore, sniff that does not fall into any of the 

above categories 

Vertical Activity Rear and lean on wall, lid sniff, lid chew (two paws on the 

floor of the cage), single jump 

Inactivity Sit, laydown, sleep, freeze 

Self Groom Self groom and scratch 

Stereotypies Strange behaviours: spinturns, repeated jumps, repeated lid 

chews (>3), head shakes, etc.  

Non-social Investigation Non-social sniffing of cylinder (above holes) 

Sit on Object Sitting/climbing on object 

 

Dendritic Spine Analysis 

       Twenty-nine 2.5-3mth old experimentally naïve ovariectomized female CD1 mice were 

injected subcutaneously with G-1 or vehicle, returned to home cage, then euthanized 40min later 

using CO2.  Golgi-Cox staining followed the method described by Kolb et al. (2003) and Phan et 

al. (2011, 2012). Brains were extracted and placed into Golgi-Cox solution (1% potassium 

dichromate, 0.8% potassium monochromate, 1% mercuric chloride), then stored for 3-4wk in the 

dark.  The brains were then soaked in 20% sucrose in phosphate buffered saline (PBS) for 48 

hours at 4°C. A vibrating microtome (Leica VT1000x, Leica Microsystems, Richmond Hill, ON, 
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Canada) was used to section the brains at 200µm after which they were placed in 6% sucrose and 

stored for 24h at 4ºC.  Free-floating sections were processed in 4% paraformaldehyde for 15min, 

1% NH4OH for 15min, and fixed in 1% Kodak rapid fixative for 15-60min. The slices were 

rinsed using milliQ water between each step for 5min. The sections were mounted on gelatin-

coated slides, air dried for 1.5-2hr, followed by dehydration in a serial ethanol solution of 50%, 

70%, 95%, 100%, 100% and 2 xylene solutions for 1min each. Lastly, DPX mountant for 

histology (Sigma-Aldrich, Oakville, ON, Canada) was used to cover-slip the slides. 

      CA1 hippocampal neuron images were captured using a microscope with a 63x oil objective 

(Figure 7; Axio Imager D1 microscope, captured with an AxioCam MRc5 digital camera and 

AxioVision 4.6 software; Carl Zeiss, ON). Image J software (version 1.38x, National Institute of 

Health, MD) was used to analyze dendritic spine length and number by an observer blind to the 

treatments. Measurements of dendritic spines were taken from apical dendrites in the stratum 

radiatum and lacunosum-moleculare. The stratum radiatum subregion was measured from 40-

60% of the apical dendrite.  The lacunosum-moleculare subregion was measured from 90-100% 

of the length of the apical dendrite (Figure 7A). Five CA1 neurons per animal were analyzed and 

an average value was calculated per mouse. Spine density was calculated as number of spines per 

m of dendrite length per dendritic subregion for each neuron. Spine lengths were calculated as 

average length of spines per dendritic subregion for each neuron.  Spine length was measured 

from the distal tip of the spine head to the edge of the dendrite.  

Statistical Analysis 

       Behavioural data were analyzed with two-way repeated measures ANOVAs. The between 

groups factors were the treatment groups and the repeated measures factors were sample 

(averaged from both phases for IR) and test. All investigation ratio data was arcsine transformed. 
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(SigmaStat version 3.5, Systat Software, Inc., IL). In order to minimize type I errors, a priori 

binary mean comparisons were planned in the statistical model to assess changes in mouse 

behaviour from IRHab to IRTest within each group (paired t-test). One-way ANOVAs were used to 

assess effects of treatment with comparisons (independent sample t-tests) planned between the 

IRTest of each G-1 treated group and the vehicle control group. One-way ANOVAs were used to 

analyze effects of G-1 treatment had on dendritic spine density and average spine length, and 

Tukey’s Test post hocs were used with significant results. Results were considered statistically 

significant when p<0.05.  

Results  

Only statistically significant results are reported below. 

Social recognition 

       Results suggest a rapid improving effect of G-1 on social recognition. The two-way repeated 

measures ANOVA for investigation ratio showed a significant interaction between paradigm 

phase and treatment (F(4,52)=3.07, p<0.05). Specifically, a priori binary mean comparisons 

revealed that  the investigation ratio at test was significantly higher than at sample for the 6ug/kg 

group treated with G-1 but not for all other doses and the vehicle control group (vehicle: t=0.05, 

df=10, N.S., 6μg/kg: t=4.52, df=10, p=0.001, Figure 3A). Thus, only those mice treated with 

6µg/kg of G-1 were able to demonstrate social recognition. Total social investigation times 

(amount of time spent sniffing both stimulus animals) were not significantly different between 

treatment groups, and mice demonstrated normal habituation to stimulus animals (Figure 3B). 

There were no other effects of G-1 treatment on other behaviours analyzed including horizontal 

activity, rearing or grooming, suggesting that social recognition improvements were not due to 

changes in overall activity or other behaviours. 
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Figure 3: Rapid effects of the GPER agonist, G-1 on the social recognition paradigm. All 

groups include 9-14 animals. Bar graphs illustrate the investigation ratio (gray bars represent the 

average sample investigation ratio, black bars represent test investigation ratio). Line graphs 

represent total investigation duration of the stimuli (S indicates sample). A) Animals 

administered 6μg/kg G-1 successfully demonstrated social recognition. B) Total investigation 

duration of stimulus mice was not affected by G-1 administration. Asterisks above black bars 

indicate a significant difference between average sample and test investigation ratios within a 

group. Mean ± SE **p<0.01. 
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Object Recognition 

       Treatment with G-1 appears to have improved object recognition in mice. The overall 

repeated measures ANOVA on investigation ratio revealed a main effect of paradigm phase 

(F(1,54)=38.07, p<0.0001). The investigation ratio at test was significantly higher than at sample 

for groups treated with 1µg/kg, 10µg/kg, and 30µg/kg whereas the vehicle control group and 

6ug/kg group was not (vehicle: t=2.08, df=11, N.S., 1g/kg: t=4.17, df=11, p<0.01, 10g/kg: 

t=2.89, df=9, p<0.05, 30g/kg: t=3.44, df=10, p<0.01, Figure 4A). There was no effect of 

treatment on total investigation of the objects (Figure 4B) or any other behaviour analyzed, 

suggesting the effects of G-1 on object recognition were not secondary to changes in other 

behaviours. Additionally, the less "difficult" study, with two of the same objects at sample, 

produced similar results. The two-way repeated measures ANOVA showed a main effect of 

phase (F(1,43)=22.10, p<0.0001). The investigation ratio at test was only significantly higher than 

at sample for groups treated with 1ug/kg and 30ug/kg of G-1, with a trend towards significance 

with 10ug/kg G-1 and there was no effect of treatment on total investigation duration (Figure 4 

C, D).  
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Figure 4: Rapid effects of the GPER agonist, G-1 on object recognition. All groups include 

10-12 animals. Bar graphs illustrate the investigation ratio (gray bars represent the average 

sample investigation ratio, black bars represent test investigation ratio). Line graphs represent 

total investigation duration of the stimuli (S indicates sample). A) Mice administered 1, 10 and 

30μg/kg G-1 successfully demonstrated object recognition when two different objects were 

presented in the sample phase. B) Investigation of objects was not affected by administration of 

G-1. C) Animals administered 1 and 30μg/kg G-1 successfully demonstrated object recognition 
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when 2 identical objects were presented in the sample phase. D) Total investigation duration of 

stimulus mice was not affected by G-1 administration. Asterisks above black bars indicate a 

significant difference between average sample and test investigation ratios within a group. Mean 

± SE *p<0.05 **p<0.01. 
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Object Placement  

       Results suggest treatment with G-1 rapidly facilitated performance in the object placement 

test. The two-way repeated measures ANOVA showed a main effect of phase (F(1,49)=22.64, 

p<0.0001). Specifically, animals receiving 6µg/kg and 10µg/kg of G-1 demonstrated successful 

discrimination of the displaced object, while all groups and vehicle control did not. Planned 

comparisons indicate a significantly higher investigation ratio during test compared to sample in 

G-1 treated groups (vehicle: t=1.36, df=11, N.S., 6g/kg: t=3.02, df=11, p<0.05, 10g/kg: 

t=3.12, df=9, p<0.05, Figure 5A). There was no significant effect of treatment on total 

investigation of the objects (Figure 5B) or any other behaviour analyzed, suggesting the effects 

of G-1 were specific to object placement performance. 
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Figure 5: Rapid effects of the GPER agonist, G-1 on the object placement paradigm. All 

groups include 9-14 animals. Bar graphs illustrate the investigation ratio (gray bars represent the 

average sample investigation ratio, black bars represent test investigation ratio). Line graphs 

represent total investigation duration of the stimuli (S indicates sample). A) Mice administered 6 

and 10μg/kg G-1 successfully demonstrated object placement learning. B) Investigation of 

objects was not affected by administration of G-1. Asterisks above black bars indicate a 

significant difference between average sample and test investigation ratios within a group. Mean 

± SE *p<0.05. 
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Dendritic Spines 

       Hippocampal dendritic spines were rapidly affected by G-1. There was a significant main 

effect of treatment on spine density in the stratum radiatum (Spine density: F=13.24, df=4,28 , 

p<0.001, Figure 6A). Tukey’s post hoc tests showed a significant increase in dendritic spine 

density in mice treated with 6µg/kg (q=9.30, p<0.001, Figure 7C) and 30µg/kg (q=5.36, p<0.01, 

Figure 7D), and a trend towards a significant increase in spine density in mice treated with 

1µg/kg (q=4.04, p=0.06) when compared to vehicle controls (Figure 7B). Additionally, mice 

treated with 6g/kg had significantly higher dendritic spine density than mice treated with 

1µg/kg (q=5.26, p<0.01) and 10µg/kg G-1 (q=7.88, p<0.001; Figure 6A) and mice treated with 

30µg/kg showed a trend towards significantly higher dendritic spine density than mice treated 

with 10µg/kg G-1 (q=4.00, p=0.06). However, there was no effect of G-1 on spine length in the 

stratum radiatum (Figure 6B) and changes in spine density (Figure 6C) and length (Figure 6D) in 

the lacunosum-moleculare were not statistically significant. 
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Figure 6: Rapid effects of the GPER agonist, G-1 on dendritic spine density in the CA1 

region of the hippocampus. All groups include measures from 6 mice except 30μg/kg which is 

from 5 mice. A) Dendritic spine density was rapidly increased in the stratum radiatum with 6 and 

30μg/kg G-1 administration. B) Dendritic spine length in the stratum radiatum was not affected 

by G-1 administration. C) Dendritic spine density in the lacunosum-moleculare was not affected 

by G-1 administration. D) G-1 administration had no effect on dendritic spine length in the 

lacunosum-moleculare. Asterisks over bars indicate a significant difference between G-1 

treatment and vehicle. Number signs over bars indicate a significant difference from 6μg/kg G-1. 

Means ± SE **p<0.01, ***p<0.001, ##p<0.01, ###p<0.001.  
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Figure 7: Images of Golgi-Cox-stained hippocampal CA1 neurons. Pyr, pyramidal cell layer; 

rad, stratum radiatum; l-m, lacunosum-moleculare. A) Scale bar 100μm. B-D) Images of 

secondary dendrites from CA1 pyramidal neurons, from the stratum radiatum of female mice 

treated with vehicle, 6 or 30μg/kg G-1. Scale bars 5μm. 

 

 

Table 2: Summary of results. 

Treatment 

Social 

Recognitio

n 

Object Recognition 

   Easier           Difficult 

Object 

Placement 

Dendritic Spine Density 

SR                 LM 

Vehicle -- -- -- -- -- -- 

1μg/kg G-1 -- ↑ ↑ -- -- -- 

6μg/kg G-1 ↑ -- -- ↑ ↑ -- 

10μg/kg G-

1 
-- ↑ -- ↑ -- -- 

30μg/kg G-

1 
-- ↑ ↑ -- ↑ -- 

↑ improved learning/increased dendritic spine density 

 -- no effect 
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Discussion 

Rapid effects of GPER selective agonist G-1 on Learning 

       Taken together, our results suggest treatment with G-1 facilitates social recognition, object 

recognition, and object placement performance 40min after systemic administration. G-1 

treatment appears to have improved social recognition learning at 6µg/kg, object recognition at 

1µg/kg, 10µg/kg and 30µg/kg and object placement at 6µg/kg and 10µg/kg (Table 2). For all 

paradigms tested, groups administered G-1 at the dosages specified above, successfully 

completed the learning paradigms, while vehicle controls did not. These results suggest that 

GPER rapidly enhances general learning and memory processes, since effects were not specific 

to one learning paradigm. 

       We also found that treatment with G-1 did not affect other behaviours (Table 1) recorded 

from these animals. Thus, the rapid effects of GPER on learning and memory are not secondary 

to changes in other behaviours, such as overall activity or motivation to investigate conspecifics 

or objects. Since these learning paradigms depend on the response of test animals to novelty, 

enhancements in performance could also be a product of increased interest in novelty per se. 

However, this appears unlikely since there were no drug treatment effects on total investigation 

durations in any learning paradigm tested during sample 1, when both stimuli were equally 

novel. However, it may be possible that this would occur at the 35min post drug administration 

time point when the test phase was performed (Figure 2). 

       We have previously shown that 17-estradiol enhances social recognition, object recognition 

and object placement learning in female mice (Phan et al., 2012). Similarly, mice treated with the 

ERα agonist, PPT, showed improved performance on all three learning paradigms, whereas the 

ER agonist, DPN, did not improve social or object recognition, but improved object placement 
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performance only (Phan et al., 2011). The effects of G-1 on learning are consistent with those 

found with PPT and 17-estradiol (Phan et al., 2011; 2012). However, the enhancement in 

performance seen with 17-estradiol appears to be more robust than the effects of G-1 because in 

the 17-estradiol study, the IRTest of the treated mice was significantly higher than that of vehicle 

control mice (Phan et al., 2012). In this study, the same comparisons for the G-1 treated mice 

that showed social, object, or placement recognition were not significant. This suggests the 

possibility that both GPER and ERα may be mediating the rapid effects of estrogen on learning 

and memory, perhaps in a synergistic fashion. However, the results of studies using the ERα 

agonist PPT must be interpreted with caution since it has been suggested that the drug may 

function as a GPER agonist as well (Petrie et al., 2013).  Without the use of precautionary 

measures to prevent PPT activity at GPER, one cannot rule out the possibility that the PPT 

effects were at least in part GPER mediated.  In this regard, the combined activation of ERand 

GPER by PPT may explain why PPT effects (Phan et al., 2011) appear stronger than the G-1 

effects reported here.  

       The G-1 effects on social recognition and object placement tasks show the common (for 

estrogen studies, see review Luine, 2014) inverted U-shaped dose response curve, with greater 

effects at the intermediate doses. It is noticeable, however, that the effects of G-1 in both 

experiments on object recognition (and dendritic spines, as discussed below) appear to follow a 

U-shaped dose response curve with greatest effects at the highest and lowest doses. While the 

reason for this is currently unclear, it seems reasonable to speculate that the effects of very low 

doses of this highly selective agonist (Bologa et al., 2006) would be rather specifically due to 

GPER activation. The effects of the higher doses, instead, may be due to the non-specific action 

of G-1 on other receptors/systems. Action at the classic ERs appears unlikely, as G-1 was shown 
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to have very low binding to ER and ER (Bologa et al., 2006). There is, however, some 

evidence that G-1 binds ERα36 in addition to other G-protein coupled receptors, such as the 

mineralcorticoid receptor (rev. in Srivastava & Evans, 2013). Action of G-1 at other less 

characterized ERs, such as the Gq-mER (reviewed in Luine, 2014) has not been assessed yet and 

remains possible. As an alternative explanation for the U-shaped dose response curve, some 

doses of G-1 may elicit different signaling pathways. For instance, in cancer cells, the GPER has 

been shown to activate an ERK dependent signaling pathway (Filardo et al., 2000) as well as a 

PKA dependent signaling pathway (Filardo et al., 2002), and this PKA pathway has been shown 

regulate the ERK pathway, returning ERK to baseline levels (Filardo et al., 2002). Therefore, it 

is possible that the 10μg/kg G-1 dose initiates cell signaling pathways that cancel out and thus do 

not result in changes in object recognition learning and memory or dendritic spine density. 

Although the doses affecting learning and memory differ between paradigms, it appears as 

though the doses of G-1 that do improve learning and memory are paralleled by those that also 

increase dendritic spine density, suggesting both processes may share a common GPER-

mediated molecular mechanism.  

Rapid effects of GPER selective agonist G-1 on Dendritic Spines 

       G-1 treatment resulted in very rapid dendritic spine changes in the CA1 region of the 

hippocampus within 40min of administration. G-1 at a dosage of 6µg/kg and 30µg/kg 

significantly increased dendritic spine densities in the stratum radiatum, with 1µg/kg trending 

towards significance, but not in the lacunosum-moleculare subregion of the CA1 hippocampus. 

G-1 did not result in changes in dendritic spine length in either region. These results are 

consistent with our previous investigations on the rapid effects of 17β-estradiol on hippocampal 

dendritic spine density. Similarly, 17β-estradiol treatment increased dendritic spine density in the 
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stratum radiatum, but not in the lacunosum-moleculare (Phan et al., 2012), contrary to studies on 

the genomic effects of estrogens which report effects in both regions (Gould et al., 1990). 

Moreover, ERα agonist PPT resulted in increases in both the stratum radiatum and the 

lacunosum-moleculare while ERβ agonist DPN affected neither region (Phan et al., 2011). That 

spine length would not be affected by G-1 in the present study is also consistent with previous 

studies showing that 17-estradiol and PPT did not affect dendritic spine length (Phan et al., 

2011; Phan et al., 2012). It is possible that with a longer exposure to the treatments, an effect on 

spine length would also be found (as in Christensen et al., 2011; Mukai et al., 2010). Together, 

these findings show that the actions of GPER agonist, G-1, along with ERα agonist, PPT, are 

consistent with the rapid effects of 17β-estradiol on dendritic spine density in the hippocampus.  

       The effects of G-1 on spine density are consistent with other studies that found estrogens 

rapidly increase synapses or spine density (MacLusky et al., 2005; Murakami et al., 2006; 

Srivastava et al., 2008; Srivastava & Evans, 2013). Rapid estrogen-mediated increases in spine 

density are thought to occur through the activation of cell signalling cascades which lead to 

downstream events that remodel the actin cytoskeleton in a manner that affects dendritic spine 

formation and development (Sanchez et al., 2012; Srivastava et al., 2013; Sellers et al., 2014). 

One such cascade, the MAPK/ERK pathway, is integral to estrogen induced dendritic spine 

increase (reviewed in Srivastava et al., 2013) and has been shown to be activated by GPER 

(Filardo et al., 2000). In addition, GPER has been shown to interact with scaffolding proteins 

such as SAP97 in the hippocampus of mice (Waters et al., 2015), suggesting a possible 

mechanism for G-1 induced increases in dendritic spines.  

       The rapid increase in hippocampal spine density following G-1 treatment parallels the rapid 

improvements in the learning and memory paradigms. These effects are also consistent with our 
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previous work using 17β-estradiol and ERα agonist PPT, which also rapidly increased CA1 

dendritic spines in a manner that paralleled enhancements in performance on learning paradigms 

(Phan et al., 2011; 2012). Therefore, it is possible that increased connections within brain 

structures relevant to learning and memory through estrogenic action may be mediated, in part, 

by GPER and aid in the early encoding of new information. Since experience and learning affect 

the development and morphology of dendritic spines (Yu & Zuo, 2011), it would be interesting 

to investigate whether learning-driven and GPER-driven dendritic spine changes interact in mice 

that are also tested in the learning paradigms after treatment with G-1.  

Conclusions 

       To the best of our knowledge, this is the first report demonstrating behavioural learning 

effects or dendritic spine changes using GPER receptor agonist G-1 within 40min of drug 

administration. This time frame is consistent with the rapid effects of estrogens and ER selective 

agonists on neuronal electrophysiology and cell signalling mechanisms (Srivastava et al., 2013; 

Sellers et al., 2014). This study suggests that GPER may contribute to estrogens ability to rapidly 

influence learning and synaptic connections, likely in combination with other ERs, particularly 

ER.  The learning improvements occurred in a time in which memory is reported to be 

independent of transcription (Bourtchuladze et al., 1994; Da Silva et al., 2008; Nguyen et al., 

1994). Thus, our results suggest that GPER may rapidly enhance learning and memory in a non-

genomic manner. Furthermore, we show G-1 rapidly increases dendritic spine density in the CA1 

stratum radiatum in the same time frame as the improving effects of G-1 seen in the learning 

paradigms. Whether these new spines are involved in the rapid effects on learning and memory 

remains to be determined. 
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       GPER has been shown to activate both rapid and genomic pathways (Srivastava & Evans, 

2013) which are likely not independent of each other. Physiologically, the responses to estrogen 

are the result of an interaction between genomic and non-genomic signalling (Vasudevan & 

Pfaff, 2008). This interaction in relation to learning and memory requires further investigation. 

The effects of estrogens on learning and memory have been demonstrated to be quite complex, 

ranging from impairing to improving (reviewed in Choleris et al., 2008; Ervin et al., 2013). A 

more thorough understanding of rapid and genomic responses of estrogens within different brain 

regions and through different ERs may help elucidate their variable effects on learning and 

memory. 
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CHAPTER 3: The rapid effects of the GPER in the hippocampus on learning and 

memory in female mice   
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Introduction 

       The long-term effects of estrogens on learning and memory have been investigated 

extensively (reviewed in Gold & Korol, 2010; Luine, 2014) and it is becoming increasingly 

evident that the relatively novel G-protein coupled estrogen receptor 1 (GPER) is involved in 

mediating these estrogenic effects in addition to the classic estrogen receptors (ER) α and β. To 

date, two single studies have shown that the GPER is involved in the long-term estrogenic 

facilitation of spatial memory. The acquisition of the delayed matching to position (DMP) task in 

OVX female rats depends on the GPER as administration of the antagonist, G15 to intact female 

rats reduced performance to that of OVX controls (Hammond et al., 2012) while administration 

of the agonist, G-1 to OVX rats improved performance to that of intact females (Hammond et al., 

2009). Additionally, the GPER improved spatial learning in OVX female rats in a Y-maze task 

when testing occurred 48 hours after training (Hawley et al., 2014) Therefore, the long-term 

actions of estrogens were involved in facilitating spatial memory in female rats via the GPER.  

       More recently, it has become evident that estrogens can also affect learning and memory on 

a short-term, rapid time scale. These rapid, likely non-genomic effects are elicited by estrogens, 

such as 17β-estradiol, binding to membrane-bound ERs such as α, β, or the GPER, resulting in 

changes to cell signaling processes, for example, via changes to intracellular calcium flux 

(Thomas et al., 2005; reviewed in Vasudevan and Pfaff, 2008). It has been shown that estrogens 

can affect different types of learning and memory, including social recognition, object 

recognition, and object placement learning on a time scale consistent with the non-genomic 

effects of estrogens. Specifically, systemic administration of 17β-estradiol prior to acquisition 

improves performance in all three types of learning and memory tasks within 40 minutes of 

treatment (Phan et al., 2012a). These estrogenic effects appear to be predominantly mediated 
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through ER α and the GPER as systemic administration of either the ER α agonist, PPT (Phan et 

al., 2011), or the GPER agonist, G-1 (Gabor et al., 2015; Chapter 2), improved social 

recognition, object recognition, and object placement learning within 40 minutes, while systemic 

administration of the ER β agonist, DPN rapidly improved only object placement learning (Phan 

et al., 2011). Therefore, estrogens are involved in mediating different types of learning and 

memory via at least three different receptors on a time scale consistent with their non-genomic 

actions. 

       In addition to rapidly affecting learning and memory, estrogens have also been shown to 

rapidly enhance dendritic spine density in the CA1 region of the hippocampus. Treatment of 

male rat hippocampal slices for 0.5-2 hours with 17β-estradiol increased dendritic spine density 

in the CA1 region (Mukai et al., 2007; Murakami et al., 2006). Similarly, systemic 

administration of 17β-estradiol increased dendritic spine density in the CA1 region of OVX 

female rats within 30 minutes (MacLusky et al., 2005). In OVX female mice, dendritic spine 

density was also increased in the CA1 region within 40 minutes of systemic 17β-estradiol 

administration (Phan et al., 2012a).  These increases are likely mediated through ER α and the 

GPER as systemic treatment with PPT (Phan et al., 2011) or G-1 (Chapter 2) also increased 

dendritic spine density within the CA1 region within 40 minutes of administration. Hence, the 

CA1 region of the hippocampus is a good candidate for the mediation of the rapid estrogenic 

facilitation of learning and memory mentioned above. 

      Recently, Phan and colleagues (2012b) have shown that estrogens in the CA1 region of the 

hippocampus can facilitate learning and memory on a rapid time scale. Intrahippocampal 

administration of 17β-estradiol improved social recognition, object recognition, and object 

placement learning within 40 minutes of administration in OVX female mice. These effects were 
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likely predominantly mediated through ER α as intrahippocampal administration of PPT also 

improved performance on all three learning and memory paradigms, while DPN only improved 

object placement learning. Therefore, the estrogenic facilitation of learning and memory seen 

with systemic administration of 17β-estradiol (Phan et al., 2012a) and the ER α and β agonists 

(Phan et al., 2011) is, at least in part, mediated by the CA1 region of the hippocampus. Whether 

the GPER in the CA1 region is also involved in facilitating learning and memory is unknown. 

       The objective of this study was to investigate the role of the GPER in the hippocampus in 

the rapid estrogenic facilitation of social recognition, object recognition, and object placement 

learning in OVX female mice. These paradigms were completed within 40 minutes of drug 

administration to specifically investigate the rapid, likely non-genomic effects of estrogens in the 

same behavioural paradigms used by Phan and colleagues (2011, 2012a, 2012b) and Gabor and 

colleagues (2015; Chapter 2).  

Methods 

Subjects 

       Subjects were female CD1 mice (Mus musculus), purchased at 2 months of age (Charles 

River, QC). Mice were pair housed upon arrival and single-housed following ovariectomy and 

intra-hippocampal bilateral cannula implantation surgeries. The mice were tested 10-15 days 

after surgery. Subjects were housed with corncob bedding and environmental enrichment in clear 

polyethylene cages (16 x 12 x 26 cm), on a 12:12-h reversed light/dark cycle (lights off at 0800 

h) and received rodent chow (Tecklad Global 14% Protein Rodent Maintenance Diet, Harlan 

Teklad, WI) and water ad libitum. Ambient temperature was 21 ± 1 C. Animal cages were not 

cleaned at least 3 days before the experiment to establish a home cage territory. All behavioural 

tests were conducted in the home cage during the dark phase of the light cycle under red light 
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illumination. Mice were moved into the testing room the night before the experiment and vaginal 

smears were taken and collected on microscope slides to ensure the ovariectomy was complete. 

Giemsa Stain (Sigma-Aldrich Canada Ltd., Oakville, ON) was used to stain the slides. The 

estrous phase of each mouse was then determined using descriptions and images by Byers, 

Wiles, Dunn, and Taft (2012). Proestrus was defined as the predominant appearance of nucleated 

epithelial cells and very few leucocytes, estrus by a vast amount of large cornified cells, 

metestrus/diestrus 1 by many leucocytes and few cornified cells, and diestrus 2 by many 

leukocytes. Research was conducted in accordance with the Canadian Council on Animal Care 

and approved by University of Guelph’s Animal Care and Use Committee.  

Ovariectomy and Cannulation Surgeries 

       All mice were ovariectomized as described by Clipperton and colleagues (2012) and had 

bilateral guide cannulas (HRS Scientific, Montreal, QC) implanted into the cortex directly above 

the CA1 region of the hippocampus while anesthetized with isoflurane (CDMV, St. Hyacinthe, 

QC). The ovariectomy and cannulation surgeries were completed at the same time. For the 

ovariectomy surgery, the lower back of the mouse was shaved, cleaned, and a 1 cm incision was 

made in the skin. On each side, 0.5 cm incisions were made in the muscles overlying the ovaries 

and each ovary was drawn out of the incision. The uterus was clamped just below the ovary and 

the ovary was then removed by cutting just above the clamp. The uterus was placed back into the 

abdominal cavity and the incision was stapled with 1 or 2 MikRon autoclip 9 mm wound clips 

(MikRon Precision Inc, Gardena, CA). For the cannulation surgery, an incision was made in the 

skin on the dorsal surface of the head and two holes were drilled into the skull for the guide 

cannulas, 1.5mm lateral to the sagittal suture, each 1.7mm posterior to Bregma. Through the 

guide cannulas, the injector (HRS Scientific, Montreal, QC) reached 2.3 mm ventral and into the 
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dorsal hippocampus. The guide cannulas were held in place with Lang Jet Repair Acrylic 

(Central Dental, Scarborough, ON). Three additional holes, one in the frontal bone, and one in 

each parietal bone, were drilled to insert jeweler’s screws (HRS Scientific, Montreal, QC) to 

anchor the dental cement in place. Mice were single-housed following the surgery.  

Drug 

       G-1 is a selective GPER agonist with a high affinity to GPER. G-1 and 17β-estradiol 

produce a similar physiological response in the cell as G-1 causes the same intracellular calcium 

influx as 17β-estradiol. G-1 has very little binding affinity for ERα or ERβ (Bologa et al., 2006) 

and can therefore be used as a tool to explore the function of the GPER. 

       Mice received a 0.05 µL bilateral microinfusion of G-1. The vehicle was artificial cerebral 

spinal fluid (aCSF, 119 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO4●7H2O, 2.5 mM CaCl2, 1 mM 

NaH2PO4, 26 mM Na2HCO3, and 11 mM Glucose in water) and 0.02% ethanol. The experiments 

for each behavioural paradigm included 4 treatment groups: vehicle, 50 nM G-1, 100 nM G-1, 

and 200 nM G-1. The treatment (0.5 µL) was microinfused into the brain at a rate of 0.2 µL/min 

through each injector (that extended 1mm below the guide cannula) using a Harvard infusion 

pump (PHD 2000). Treatments were assigned using a random number generator. For all 

experiments, each mouse received only one treatment and all animals were experimentally naïve; 

none were tested in more than one behavioural paradigm. 

       After the behavioural paradigm was completed, the mice received a bilateral intracranial 

microinfusion of 1% Chicago Sky Blue dye (0.5 µL, Sigma-Aldrich Canada Ltd., Oakville, ON) 

at a rate of 0.2 µL/min. Mice were euthanized with CO2 40 minutes after the dye infusion to 

mimic the timing of the behavioural paradigms. The brains were extracted and immersion-fixed 

with 10% formalin (approximately 2 weeks at 4 C), followed by 30% sucrose (2-3 days at 4 C) 
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and stored at -20 C until sliced using a cryostat microtome. Coronal sections (40 μm) were 

mounted on slides and the location of the dye was used to determine whether the treatment was 

infused into the CA1 region of the hippocampus. An atlas was used to identify the region within 

the brain (Paxinos & Franklin, 2001). Of the total number of animals used in all three 

experiments, 26% of mice were excluded due to missed cannula placements (Figure 8). 

  



 
 

56 
 

 

 

Figure 8: Dorsal hippocampus injector placements and dye spread. Injector placements for 

mice implanted with bilateral guide cannulas for the administration of G-1 directly into the 

dorsal hippocampus for each of the A) social recognition, B) object recognition, and C) object 

placement experiments. Only mice with the injector in the dorsal hippocampus were shown. All 

other mice were excluded from the behavioural analysis. Black dots indicate mice who received 

vehicle treatment, red dots indicate 50nM G-1, green dots indicate 100nM G-1, and blue dots 

indicate 200nM G-1 treatment. D) Dye spread in the anterior portion of the dorsal hippocampus. 
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E) Injector location and dye spread in the dorsal hippocampus. F) Dye spread in the posterior 

portion of the dorsal hippocampus. 
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Rapid Learning Paradigms 

       The animals received intrahippocampal microinfusions of G-1, PPT, G-1+PPT or the vehicle 

15 minutes prior to the learning and memory paradigms. The paradigms were completed within 

40 minutes of drug administration within the home cage to investigate the rapid effects of 

activation of the GPER within the hippocampus. To assess enhancing effects of treatment on 

learning and memory, the “difficult” paradigms developed by Phan et al. (2011) were used. 

These paradigms were designed so that the control animals could not show recognition. Each 

paradigm consisted of two habituations and one test session, each 5 minutes in length with 5-

minute intertest intervals. Habituations and tests were video recorded under infrared light (8mm 

Handycam Nightshot, Sony, Cambridge, ON, Canada; Everio camcorder, JVC, Mississauga, ON, 

Canada). Objects were held in position using Velcro and removed during intertest intervals. 

Between exposures, objects and cylinders (described below) were washed using odorless 

detergent (Alconox) and baking soda to remove odor cues and air dried. This was to ensure 

stimulus investigation was not driven by odor cues lingering from previous experimental phases.  

Social Recognition Paradigm 

       Stimulus mice (group-housed ovariectomized 2-3 month old CD1 mice) were presented to 

the test mouse in clear Plexiglas cylinders (height: 16 cm, diameter: 7 cm) with holes in the 

bottom to allow olfactory cues to pass through. Stimulus mice were habituated to the cylinders 

prior to the start of behavioural testing. The test mouse was exposed to the same two stimulus 

mice in consistent positions within the home cage during the habituation sessions of the 

behavioural paradigms. During the test session, one of the two stimulus mice was replaced with a 

novel individual and the mouse replaced was counterbalanced. 
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Object Recognition Paradigm 

       During the habituation sessions, two different objects were presented to the test mouse in 

home cage. In the test, one of the objects was replaced by a novel object and the object replaced 

was counterbalanced. Objects were held in consistent positions throughout the paradigm. The 

objects used were stainless steel drain covers, brown plastic hair clips, or glass cubes. 

Object Placement Paradigm 

       During the habituation sessions, the test mouse was presented with two identical objects in 

consistent positions. During the test, one of the two objects was moved to a novel location and 

the object moved was counterbalanced. The objects used were stainless steel drain covers, brown 

plastic hair clips, or glass cubes. 

Behavioural Analysis 

       The Observer Video Analysis software (Noldus information Technology, Wageningen, 

Netherlands) was used to record 12 behaviours of the mice (Table 3) during the habituation and 

the test sessions of the paradigm. A trained observer recorded the behaviours while blind to the 

treatments.  

       These paradigms exploit the fact that mice will investigate a novel or displaced stimulus 

more than a previously encountered stimulus, and sniffing is typically used as a measure of 

investigation (Choleris et al., 2003; Dere et al., 2007; Phan et al., 2011, 2012a). An investigation 

ratio (IR) was calculated as follows: IR=N/(N+F), where N is the total investigation duration of 

the novel or displaced stimulus (or during the habituations, the stimulus to be changed or 

displaced) and F is the total investigation duration of the other stimulus.  

       These “difficult” paradigms were designed so the vehicle group would not show a 

preference for novelty, thus allowing for the assessment of enhancing effects of treatment. 
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Significant increases in the investigation ratio during the test session (IRTest) compared to the 

average investigation ratios from two habituation sessions (IRHab) demonstrates that the mice had 

a preference for investigating the novel or displaced stimulus, and therefore they could recognize 

the previously encountered stimulus in the test session. Mice that spent less than 5% of the test 

session duration (<15 seconds) investigating the social stimuli or less than 3% of the test session 

duration (<10 seconds) investigating object stimuli (approximately 7% of total animals) and mice 

that spent less than 5 seconds investigating the stimuli in either of the habituations 

(approximately 3% of total animals) were excluded from the analysis. Additionally, mice that 

were IRTest outliers (greater than 2 standard deviations above and below the mean) were also 

excluded from the analysis (approximately 3% of total animals). 

  



 
 

61 
 

Table 3: List and description of mouse behaviours recorded during paradigms. 

Behaviour Description 

Stretch Approach Stretching towards stimulus with hind paws planted 

Sniff Stimulus Sniff/Investigation of stimulus 

Bite Stimulus Biting cylinder or objects 

Dig Moving of bedding backwards with forepaws 

Bury Moving of bedding forwards with forepaws 

Horizontal Activity Includes walk, explore, sniff that does not fall into any of the above 

categories 

Vertical Activity Rear and lean on wall, lid sniff, lid chew (two paws on the floor of 

the cage), single jump 

Inactivity Sit, laydown, sleep, freeze 

Self Groom Self groom and scratch 

Stereotypies Strange behaviours: spinturns, repeated jumps, repeated lid chews 

(>3), head shakes, etc.  

Non-social Investigation Non-social sniffing of cylinder (above holes) 

Sit on Object Sitting/climbing on object 
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Statistical Analysis 

       Investigation ratios for habituation 1 and habituation 2 were averaged for analysis. The 

arcsin transformed investigation ratios were analyzed with a mixed-design repeated measures 

ANOVA with treatment as the main factor and the session of the paradigm (average habituation 

and test) as the repeated-measure dependent variable. To reduce type I errors, specific a priori 

binary mean comparisons were planned to assess the effects of the treatment at test. Specifically, 

paired t-tests were used to assess differences between IRHab and IRTest within each treatment 

group. Statistical significance between IRHab and IRTest indicates that learning may have 

occurred. Additionally, a one-way ANOVA was used to assess treatment effects on IRTest. 

Whether any test investigation ratios were significantly different from vehicle was assessed with 

Tukey’s post hocs. The duration of the other behaviours (Table 3) were analyzed using a mixed-

design repeated measures ANOVA with treatment as the main factor and the session of the 

paradigm (habituation 1, habituation 2, and test) as the repeated-measures dependent variable. 

When the interaction was significant, one-way ANOVAs and Tukey’s post hocs were used to 

determine whether there were significant dose-dependent differences in behaviours between 

treated and vehicle groups in each session of the paradigm. When normality failed, Kruskal-

Wallis ANOVAs were performed followed by Dunn’s post hocs. SPSS was used for all mixed-

design repeated measures ANOVAs and Sigmastat version 3.5 was used for all other statistical 

analyses (Systat Software, Chicago, IL). Statistical significance was set at p<0.05. 

Results 

Hippocampal activation of the GPER improved Social Recognition 

       The results suggest that activation of the GPER in the dorsal hippocampus improved social 

recognition in OVX female mice within 40 minutes. The 2-way repeated measures ANOVA for 
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IRHab and IRTest across treatment groups showed a main effect of paradigm phase (F1,41=11.35, 

p<0.005). A priori binary mean comparisons revealed that IRTest was statistically significantly 

higher than that of IRHab within the 50nM G-1 (t=-3.98, df=10, p<0.005) and 200nM G-1 groups 

(t=-2.74, df=10, p<0.05, Figure 9A). There were no statistically significant differences between 

IRHab and IRTest in the vehicle or 100nM groups nor was there a statistically significant difference 

in IRTest between treatment groups. Additionally, there were no statistically significant 

differences in total investigation duration between treatment groups (Figure 9B). Therefore, the 

50nM and 200nM G-1 groups were able to show social recognition learning while the vehicle 

and 100nM G-1 groups were not.   

Hippocampal Activation of the GPER improved Object Recognition 

       Activation of the GPER in the dorsal hippocampus seems to rapidly improve object 

recognition in OVX female mice. The main model for IRHab and IRTest showed a main effect of 

paradigm phase (F1,40=13.44, p=0.001). As demonstrated with a priori binary mean comparisons, 

IRTest was statistically significantly higher than IRHab in the 200nM G-1 group (t=-3.32, df=10, 

p<0.01, Figure 9C) while there were no differences in the vehicle, 50nM or 100nM G-1 groups. 

There were also no statistically significant differences in IRTest or total investigation duration 

between treatment groups (Figure 9D). However, there was a statistically significant interaction 

between paradigm phase and treatment in inactivity duration (F(6,80)=2.97, p<0.05), specifically 

the 200nM G-1 group had significantly higher inactivity duration than that of the vehicle group 

in habituation 2 (q=4.04, p<0.05).  Additionally, there was a statistically significant interaction 

between paradigm phase and treatment in vertical activity duration (F(6,80)=2.67, p<0.05), with no 

significant differences between treatment groups in any phase of the paradigm. As there were no 

differences in total investigation duration, these differences in inactivity and vertical activity 
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duration did not affect the interpretation of the investigation ratio results. Therefore, the 200nM 

G-1 group was able to show object recognition learning while the vehicle, 50nM, and 100nM G-

1 groups were not.  

Hippocampal Activation of the GPER has no effect on Object Placement 

       The results suggest that object placement learning is not rapidly affected by the activation of 

the GPER in the dorsal hippocampus in OVX female mice. Although the 2-way repeated 

measures ANOVA revealed a statistically significant main effect of paradigm phase for IRHab 

and IRTest (F1,43=6.24, p<0.05), there were no statistically significant differences with binary 

mean comparisons between IRHab and IRTest within any treatment group (Figure 9E). 

Additionally, there were no statistically significant differences in IRTest or total investigation 

duration between treatment groups (Figure 9F). Therefore, object placement learning was not 

improved with 50nM, 100nM, or 200nM G-1. 
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Figure 9: Rapid effects of the GPER agonist, G-1 in the hippocampus on the social 

recognition, object recognition, and object placement paradigms. All groups include 11-12 

animals. Bar graphs illustrate the investigation ratio (gray bars represent the average habituation 

investigation ratio, black bars represent test investigation ratio). Line graphs represent total 

investigation duration of the stimuli (H indicates habituation). A) Animals administered 50nM 

and 200nM G-1 demonstrated social recognition. B) Total investigation duration of stimulus 

mice was not affected by G-1 administration. C) Mice administered 200nM G-1 successfully 

demonstrated object recognition learning. D) Investigation of objects was not affected by 

administration of G-1. E) G-1 treatment did not improve object placement learning. F) Total 

investigation of objects was also not affected by G-1 treatment. Asterisks above black bars 

indicate a significant difference between average habituation and test investigation ratios within 

a group. Mean ± SE *p<0.05 **p<0.01. 
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Discussion 

Hippocampal GPER facilitates social and object recognition but not object placement 

       Our results indicate that activation of the GPER in the dorsal hippocampus improved social 

recognition (50nM and 200nM G-1) and object recognition (200nM G-1) but not object 

placement learning in OVX female mice within 40 minutes of drug administration. Thus, the 

GPER in the hippocampus is involved, at least in part, in mediating the rapid estrogenic 

improvements on social recognition and object recognition that were previously shown with 

systemic administration of GPER (Chapter 2; Gabor et al., 2015) and dorsal hippocampal 

administration of 17β-estradiol (Phan et al., 2012b). Additionally, dorsal hippocampal activation 

of ER α has been shown to improve social recognition and object recognition within 40 minutes 

of drug administration (Phan et al., 2012b). Therefore, it appears as though the GPER and ER α 

in the hippocampus are both involved in mediating the rapid estrogenic facilitation of social 

recognition and object recognition, while ER α and β, and not the GPER, are involved in 

mediating the estrogenic facilitation of object placement learning (Phan et al., 2012). 

       Our object placement results following hippocampal GPER activation contradict previous 

findings that indicate a role for the GPER in object placement learning following systemic 

activation with G-1 (Chapter 2; Gabor et al., 2015). These results are particularly surprising as 

the hippocampus is known to be involved in spatial learning (reviewed in Broadbent et al., 2004) 

and it has been shown that both ER α and β in the dorsal hippocampus mediate the estrogenic 

facilitation of object placement learning (Phan et al., 2012b). One possible explanation for why 

dorsal hippocampal administration of G-1 did not improve object placement learning is that 

perhaps with two hippocampal ERs already mediating the rapid estrogenic facilitation of spatial 

learning (Phan et al., 2012), it would be redundant to have a third receptor in the same region 
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contributing to the same system. Therefore, it is possible the GPER could regulate spatial 

memory from other brain regions projecting to the hippocampus, instead of from within the 

hippocampus itself.  

       It has been shown that the GPER colocalizes with basal forebrain cholinergic neurons, with 

the greatest presence of GPER in the medial septum, diagonal band of Broca, and the nucleus 

basalis magnocellularis, which project cholinergic neurons to the hippocampus (Hammond et al., 

2010). Systemic administration of G-1 (5μg/day) increased potassium stimulated acetylcholine 

release in the hippocampus of OVX female rats, presumably through activation of the GPERs on 

basal forebrain cholinergic neurons (Hammond et al., 2010). The same treatment with G-1 

improved performance in a spatial task (delayed matching to position) in OVX female rats 

(Hammond et al., 2009) and it has been shown that lesion of the cholinergic neurons in the 

medial septum prolonged the time to acquisition of the same delayed matching to position task 

and decreased cholinergic activity in the hippocampus (Johnson et al., 2002). Taken together, 

these results suggest that the GPER may facilitate the acquisition of a spatial task through 

regulation of basal forebrain cholinergic neurons projecting to the hippocampus in female rats. 

As such, it would be worth investigating whether the administration of G-1 to basal forebrain 

regions, such as the medial septum, would result in improved performance in the object 

placement task in OVX female mice on a rapid time scale. 

Possible GPER-mediated molecular mechanisms involved in the facilitation of learning and 

memory 

       In summary, our results suggest the GPER in the hippocampus is involved in facilitating 

social recognition and object recognition memory. However, the GPER-mediated molecular 

mechanisms involved in facilitating learning and memory are little understood. One mechanism 
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that has been associated with learning and memory is dendritic spine plasticity (Yu & Zuo, 

2011). Our lab has previously shown that estrogens increased dendritic spine plasticity in the 

CA1 region of the dorsal hippocampus within 40 minutes of 17β-estradiol administration (Phan 

et al., 2012). These effects were replicated with the GPER agonist (Chapter 2). It is now 

becoming evident that the GPER likely affects dendritic spine density through direct actions on 

scaffolding proteins associated actin cytoskeleton dynamics. The GPER can bind to at least two 

scaffolding proteins, PSD-95 (Akama et al., 2013) and SAP97 (Waters et al., 2015) in the mouse 

hippocampus and it could be through interaction with these proteins that the GPER can increase 

dendritic spine density (Chapter 2) and learning and memory on a rapid time scale. 

Conclusions 

       In conclusion, this set of experiments has established a role for hippocampal GPER in the 

estrogenic facilitation of social recognition and object recognition in OVX female mice, within a 

time frame consistent with the non-genomic effects of estrogens. These effects mimic the 

improvements previously demonstrated with activation of ER α (Phan et al., 2012b). Future 

experiments will investigate whether the GPER and ER α can work together through additive 

mechanisms to improve recognition learning and memory. The GPER in the hippocampus, 

however, did not appear to play a role in the estrogenic facilitation of object placement learning. 

Therefore, future experiments will involve separating the effects the GPER on the facilitation of 

social and object recognition learning specifically from the facilitation of the use of spatial cues 

inherent in the tasks, for example, by changing the environment of the paradigms from that of the 

home cage to that of a Y-apparatus, where minimal spatial cues are present.  
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CHAPTER 4: The rapid effects of the combined activation of hippocampal GPER 

and ER α on learning and memory in female mice 
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Introduction 

       The non-genomic or rapid effects of estrogens on learning and memory are now becoming 

more established (reviewed in Luine, 2014). Specifically, we have previously shown that 

systemic administration of 17β-estradiol improves social recognition, object recognition, and 

object placement learning in ovariectomized (OVX) female mice within 40 minutes of drug 

administration (Phan et al., 2012). These effects are mediated through at least three estrogen 

receptors (ER), α, β (Phan et al., 2011), and the G-protein coupled estrogen receptor 1 (GPER; 

Chapter 2). Additionally, we have recently demonstrated that these effects are mediated, at least 

in part, by the dorsal hippocampus. Administration of 17β-estradiol, the ER α agonist, PPT (Phan 

et al., 2012b), or the GPER agonist, G-1 (Chapter 3) directly into the dorsal hippocampus has 

been shown to rapidly improve social recognition and object recognition in OVX female mice 

within 40 minutes of drug administration, while the ER β agonist, DPN had no effect. However, 

for object placement learning, ER α and β (Phan et al., 2012b) have been shown to rapidly 

improve performance, while the GPER had no effect (Chapter 3). Therefore, the estrogenic 

facilitation of social recognition and object recognition appears to be mediated, at least in part by 

ER α and the GPER in the hippocampus, while object placement learning seems to be mediated 

by ER α and β.  

       Since both the GPER and ER α have been implicated in the estrogen-mediated 

improvements in performance in similar learning and memory tasks, as demonstrated by 

systemic and intrahippocampal administration of their respective agonists (Chapter 2; 3; Phan et 

al., 2011; 2012b), it is possible that the receptors could be working through similar or additive 

mechanisms to facilitate learning and memory. Both the GPER and ER α have been shown to 

rapidly increase dendritic spine density in the CA1 region of the hippocampus, a mechanism 



 
 

72 
 

thought to be involved in learning and memory (Yu and Zuo, 2011). Furthermore, evidence 

suggests that these receptors can work together to activate downstream targets like extracellular 

signal-related kinase (ERK; Albanito et al., 2007) that have been shown to be involved in 

hippocampal dependent memory tasks on a rapid time scale (reviewed in Frick, 2012). 

Therefore, the objective of this study was to investigate the role of the combined activation of 

hippocampal GPER and ER α in learning and memory in OVX female mice. To investigate 

whether the effects of the GPER and ER α were additive, we selected sub-effective doses of the 

GPER agonist, G-1 and the ER α agonist, PPT (based on previous research: Chapter 3; Phan et 

al., 2012b) and administered them simultaneously into the dorsal hippocampus prior to testing on 

the social recognition, object recognition, and object placement paradigms. Unfortunately, due to 

the fact that the choice of these doses was based on preliminary results, the social recognition 

and object placement “sub-effective” doses no longer hold. These experiments are none the less 

included in this thesis as the results still provide valuable information regarding the additive 

effects of G-1 and PPT.  

Methods 

Subjects 

       Subjects were female CD1 mice (Mus musculus), purchased at 2 months of age (Charles 

River, QC). Mice were pair housed upon arrival and single-housed following ovariectomy and 

intra-hippocampal bilateral cannula implantation surgeries. The mice were tested 10-15 days 

after surgery. Subjects were housed with corncob bedding and environmental enrichment in clear 

polyethylene cages (16 x 12 x 26 cm), on a 12:12-h reversed light/dark cycle (lights off at 0800 

h) and received rodent chow (Tecklad Global 14% Protein Rodent Maintenance Diet, Harlan 

Teklad, WI) and water ad libitum. Ambient temperature was 21 ± 1 C. Animal cages were not 
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cleaned at least 3 days before the experiment to establish a home cage territory. All behavioural 

tests were conducted in the home cage during the dark phase of the light cycle under red light 

illumination. Mice were moved into the testing room the night before the experiment and vaginal 

smears were taken and collected on microscope slides to ensure the ovariectomy was complete. 

Giemsa Stain (Sigma-Aldrich Canada Ltd., Oakville, ON) was used to stain the slides. The 

estrous phase of each mouse was then determined using descriptions and images by Byers, 

Wiles, Dunn, and Taft (2012). Proestrus was defined as the predominant appearance of nucleated 

epithelial cells and very few leucocytes, estrus by a vast amount of large cornified cells, 

metestrus/diestrus 1 by many leucocytes and few cornified cells, and diestrus 2 by many 

leukocytes. Research was conducted in accordance with the Canadian Council on Animal Care 

and approved by University of Guelph’s Animal Care and Use Committee.  

Ovariectomy and Cannulation Surgeries 

       All mice were ovariectomized as described by Clipperton and colleagues (2012) and had 

bilateral guide cannulas (HRS Scientific, Montreal, QC) implanted into the cortex directly above 

the CA1 region of the hippocampus while anesthetized with isoflurane (CDMV, St. Hyacinthe, 

QC). Ovariectomy and cannulation surgeries were performed at the same time. For the 

ovariectomy surgery, the lower back of the mouse was shaved, cleaned, and a 1 cm incision was 

made in the skin. On each side, 0.5 cm incisions were made in the muscles overlying the ovaries 

and each ovary was drawn out of the incision. The uterus was clamped just below the ovary and 

the ovary was then removed by cutting just above the clamp. The uterus was placed back into the 

abdominal cavity and the incision was stapled with 1 or 2 MikRon autoclip 9 mm wound clips 

(MikRon Precision Inc, Gardena, CA). For the cannulation surgery, an incision was made in the 

skin on the dorsal surface of the head and two holes were drilled into the skull for the guide 



 
 

74 
 

cannulas, 1.5mm lateral to the sagittal suture, each 1.7mm posterior to Bregma. Through the 

guide cannulas, the injector (HRS Scientific, Montreal, QC) reached 2.3 mm ventral and into the 

dorsal hippocampus (1mm below the guide cannula). The guide cannulas were held in place with 

Lang Jet Repair Acrylic (Central Dental, Scarborough, ON). Three additional holes, one in the 

frontal bone, and one in each parietal bone, were drilled to insert jeweler’s screws (HRS 

Scientific, Montreal, QC) to anchor the dental cement in place. Mice were single-housed 

following the surgery.  

Drug 

       Mice received a 0.05 µL bilateral microinfusion consisting of the GPER agonist, G-1 only, 

the ER α agonist, PPT only, or an infusion of both agonists mixed together. The vehicle was 

artificial cerebral spinal fluid (aCSF, 119 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO4●7H2O, 2.5 

mM CaCl2, 1 mM NaH2PO4, 26 mM Na2HCO3, and 11 mM Glucose in water) and 0.02% 

ethanol. In order to investigate whether the GPER and ER α work through additive mechanisms, 

we selected sub-effective doses of each agonist, that is, those doses that do no improve learning 

and memory on their own, and infused them simultaneously prior to testing on the paradigms to 

determine whether the activation of both receptors would facilitate learning and memory. In 

social recognition, the mice received an infusion of 100nM G-1, 50nM PPT or 100nM G-

1+50nM PPT; for object recognition, 100nM G-1, 10nM PPT or 100nM G-1+10nM PPT; and 

for object placement, 50nM G-1, 50nM PPT, or 50nM G-1+50nM PPT. The treatment (0.5 µL) 

was microinfused into the brain at a rate of 0.2 µL/min through each injector (that extended 1mm 

below the guide cannula) using a Harvard infusion pump (PHD 2000). Treatments were assigned 

using a random number generator. For all experiments, each mouse received only one treatment 
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and all animals were experimentally naïve; none were tested in more than one behavioural 

paradigm. 

       After the behavioural paradigm was completed, the mice received a bilateral intracranial 

microinfusion of 1% Chicago Sky Blue dye (0.5 µL, Sigma-Aldrich Canada Ltd., Oakville, ON) 

at a rate of 0.2 µL/min. Mice were euthanized with CO2 40 minutes after the dye infusion to 

mimic the timing of the behavioural paradigms. The brains were extracted and immersion-fixed 

with 10% formalin (approximately 2 weeks at 4 C), followed by 30% sucrose (2-3 days at 4 C) 

and stored at -20 C until sliced using a cryostat microtome. Coronal sections (40 μm) were 

mounted on slides and the location of the dye was used to determine whether the treatment was 

infused into the CA1 region of the hippocampus (Figure 8 D, E, F). An atlas was used to identify 

the region within the brain (Paxinos & Franklin, 2001). Of the total number of animals used in 

all six experiments, approximately 19% of mice were excluded due to missed cannula 

placements (Figure 10). 
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Figure 10: Dorsal hippocampus injector placements. Injector placements for mice implanted 

with bilateral guide cannulas for the administration of G-1 and PPT directly into the dorsal 

hippocampus for each of the A) social recognition, B) object recognition, and C) object 

placement experiments. Only mice with the injector in the dorsal hippocampus were shown. All 

other mice were excluded from the behavioural analysis. Black dots indicate mice who received 

vehicle treatment, red dots indicate 50nM G-1, green dots indicate 100nM G-1, purple dots 

indicate 10nM PPT (B) or 50nM PPT (A, C), and orange dots indicate G-1+PPT treatment.  
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Rapid Learning Paradigms 

       The animals received intrahippocampal microinfusions of G-1, PPT, G-1+PPT or the vehicle 

15 minutes prior to the learning and memory paradigms. The paradigms were completed within 

40 minutes of drug administration within the home cage to investigate the rapid effects of 

activation of the GPER within the hippocampus. To assess enhancing effects of treatment on 

learning and memory, the “difficult” paradigms developed by Phan et al. (2011) were used. 

These paradigms were designed so that the control animals could not show recognition. Each 

paradigm consisted of two habituations and one test session, each 5 minutes in length with 5-

minute intertest intervals. Habituations and tests were video recorded under infrared light (8mm 

Handycam Nightshot, Sony, Cambridge, ON, Canada; Everio camcorder, JVC, Mississauga, ON, 

Canada). Objects were held in position using Velcro and removed during intertest intervals. 

Between exposures, objects and cylinders (described below) were washed using odorless 

detergent (Alconox) and baking soda to remove odor cues and air dried. This was to ensure 

stimulus investigation was not driven by odor cues lingering from previous experimental phases.  

Social Recognition Paradigm 

       Stimulus mice (group-housed ovariectomized 2-3 month old CD1 mice) were presented to 

the test mouse in clear Plexiglas cylinders (height: 16 cm, diameter: 7 cm) with holes in the 

bottom to allow olfactory cues to pass through. Stimulus mice were habituated to the cylinders 

prior to the start of behavioural testing. The test mouse was exposed to the same two stimulus 

mice in consistent positions within the home cage during the habituation sessions of the 

behavioural paradigms. During the test session, one of the two stimulus mice was replaced with a 

novel individual and the mouse replaced was counterbalanced. 
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Object Recognition Paradigm 

       During the habituation sessions, two different objects were presented to the test mouse in 

home cage. In the test, one of the objects was replaced by a novel object and the object replaced 

was counterbalanced. Objects were held in consistent positions throughout the paradigm. The 

objects used were stainless steel drain covers, brown plastic hair clips, or glass cubes. 

Object Placement Paradigm 

       During the habituation sessions, the test mouse was presented with two identical objects in 

consistent positions. During the test, one of the two objects was moved to a novel location and 

the object moved was counterbalanced. The objects used were stainless steel drain covers, brown 

plastic hair clips, or glass cubes. 

Behavioural Analysis 

       The Observer Video Analysis software (Noldus information Technology, Wageningen, 

Netherlands) was used to record 12 behaviours of the mice (Table 4) during the habituation and 

the test sessions of the paradigm. A trained observer recorded the behaviours while blind to the 

treatments.  

       These paradigms exploit the fact that mice will investigate a novel or displaced stimulus 

more than a previously encountered stimulus, and sniffing is typically used as a measure of 

investigation (Choleris et al., 2003; Dere et al., 2007; Phan et al., 2011, 2012a). An investigation 

ratio (IR) was calculated as follows: IR=N/(N+F), where N is the total investigation duration of 

the novel or displaced stimulus (or during the habituations, the stimulus to be changed or 

displaced) and F is the total investigation of the stimulus that at test is familiar.  

       These “difficult” paradigms were designed so the vehicle group would not show a 

preference for novelty, thus allowing for the assessment of enhancing effects of treatment. 
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Significant increases in the investigation ratio during the test session (IRTest) compared to the 

average investigation ratios from two habituation sessions (IRHab) demonstrates that the mice had 

a preference for investigating the novel or displaced stimulus, and therefore they could recognize 

the previously encountered stimulus in the test session. Mice that spent less than 5% of the test 

session duration (<15 seconds) investigating the social stimuli or less than 3% of the test session 

duration (<10 seconds) investigating object stimuli (approximately 8% of total animals) and mice 

that spent less than 5 seconds investigating the stimuli in either of the habituations (less than 3% 

of total animals) were excluded from the analysis. Additionally, mice that were IRTest outliers 

(greater than 2 standard deviations above and below the mean) were also excluded from the 

analysis (approximately 4% of total animals). 

  



 
 

80 
 

Table 4: List and description of mouse behaviours recorded during paradigms. 

Behaviour Description 

Stretch Approach Stretching towards stimulus with hind paws planted 

Sniff Stimulus Sniff/Investigation of stimulus 

Bite Stimulus Biting cylinder or objects 

Dig Moving of bedding backwards with forepaws 

Bury Moving of bedding forwards with forepaws 

Horizontal Activity Includes walk, explore, sniff that does not fall into any of the above 

categories 

Vertical Activity Rear and lean on wall, lid sniff, lid chew (two paws on the floor of 

the cage), single jump 

Inactivity Sit, laydown, sleep, freeze 

Self Groom Self groom and scratch 

Stereotypies Strange behaviours: spinturns, repeated jumps, repeated lid chews 

(>3), head shakes, etc.  

Non-social Investigation Non-social sniffing of cylinder (above holes) 

Sit on Object Sitting/climbing on object 
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Statistical Analysis 

       Investigation ratios for habituation 1 and habituation 2 were averaged for analysis. The 

arcsin transformed investigation ratios were analyzed with a mixed-design repeated measures 

ANOVA with treatment as the main factor and the session of the paradigm (average habituation 

and test) as the repeated-measure dependent variable. To reduce type I errors, specific a priori 

binary mean comparisons were planned to assess the effects of the treatment at test. Specifically, 

paired t-tests were used to assess differences between IRHab and IRTest within each treatment 

group. Statistical significance between IRHab and IRTest indicates that learning may have 

occurred. Additionally, a one-way ANOVA was used to assess treatment effects on IRTest. 

Whether any test investigation ratios were significantly different from vehicle was assessed with 

Tukey’s post hocs. The duration of the other behaviours (Table 4) were analyzed using a mixed-

design repeated measures ANOVA with treatment as the main factor and the session of the 

paradigm (habituation 1, habituation 2, and test) as the repeated-measures dependent variable. 

When the interaction was significant, one-way ANOVAs and Tukey’s post hocs were used to 

determine whether there were significant dose-dependent differences in behaviours between 

treated and vehicle groups in each session of the paradigm. When normality failed, Kruskal-

Wallis ANOVAs were performed followed by Dunn’s post hocs. SPSS was used for all mixed-

design repeated measures ANOVAs and Sigmastat version 3.5 was used for all other statistical 

analyses (Systat Software, Chicago, IL). Statistical significance was set at p<0.05. 

Results 

Hippocampal combined activation of the GPER and ER α does not affect social recognition 

       Dorsal hippocampal combined activation of both the GPER and ER α appears to have no 

rapid effect on social recognition in OVX female mice. The main model showed a statistically 
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significant main effect of paradigm phase for IRHab and IRTest (F1,41=5.42, p<0.05). However, 

there were no statistically significant differences between IRHab and IRTest within any treatment 

group nor were there any statistically significant differences in IRTest between treatment groups 

(Figure 11A). Additionally, there was a statistically significant interaction between paradigm 

phase and treatment for total investigation duration (F6,82=3.24, p<0.01). This effect seems to be 

driven by statistically significantly higher total investigation duration in the vehicle group 

compared to the combined G-1 and PPT group in the test phase of the paradigm (q=5.20, 

p<0.005 Figure 11B). Thus, the combined activation of the GPER (100nM G-1) and ER α (50nM 

PPT) did not improve social recognition.  

Hippocampal combined activation of the GPER and ER α does not affect object recognition 

       The combined activation of both the GPER and ER α in the dorsal hippocampus does not 

seem to rapidly affect object recognition learning in OVX female mice. The 2-way repeated 

measures ANOVA on IRHab and IRTest showed a main effect of paradigm phase (F1,41=5.88, 

p<0.05). However, there were no statistically significant differences between IRHab and IRTest 

within any treatment group or in IRTest and total investigation duration between treatment groups 

(Figure 11C, D). There was an interaction between paradigm phase and treatment in inactivity 

duration (F(6,82)=2.41, p<0.05), specifically the 100nM G-1 group had statistically significantly 

higher inactivity duration than the 50nM PPT group (Q=3.08, p<0.05). Because there were no 

differences in total investigation duration, this difference in inactivity duration did not affect the 

interpretation of the investigation ratio results. Therefore, combined sub-effective activation of 

the GPER (100nM G-1) and ER α (10nM PPT) did not improve object recognition learning.  
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Hippocampal combined activation of the GPER and ER α does not affect object placement 

       The results suggest that sub-effective activation of the GPER and ER α in the dorsal 

hippocampus does not rapidly affect object placement in OVX female mice. The 2-way repeated 

measures ANOVA on IRHab and IRTest revealed a main effect of dose (F1,41=3.08, p<0.05), 

however a priori binary mean comparisons showed no statistically significant differences 

between IRHab and IRTest within any treatment group (Figure 11E). Although the vehicle IRTest 

was statistically significantly greater than that of the combined G-1 and PPT group IRTest 

(q=4.12, p<0.05). This would suggest that the combined activation of the GPER and ER α results 

in impaired object placement learning. As an alternative explanation, it is likely that by chance, 

this particular vehicle group has an unusually high IRTest which is driving these impairing-like 

effects. For instance, this vehicle group has a statistically significantly higher IRTest than that of 

the vehicle group from the object placement experiment in Chapter 3 (t=-2.13, df=21, p<0.05). 

As identical vehicle groups from other experiments in our lab (Phan et al., 2012b) have not 

produced an IRTest with a magnitude as high as the present study, we believe it was a statistical 

fluke. Additionally, the G-1 dose in this experiment was based on preliminary results from 

Chapter 3 that showed object placement learning. The final results oh Chapter 3 however, did not 

show object placement learning with the activation of GPER in the hippocampus, and thus we 

would not have expected there to be learning with a 50nM G-1 dose since there was no effective 

G-1 dose for object placement. Furthermore, there were no significant differences in total 

investigation duration between treatment groups (Figure 11F). Therefore, the most conservative 

interpretation of these results is that the combined activation of the GPER (50nM G-1) and ER α 

(50nM PPT) does not improve object placement learning on a rapid time scale.  
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Figure 11: Rapid effects of the combined activation of the GPER (G-1 agonist) and ER α 

(PPT agonist) on the social recognition, object recognition, and object placement 

paradigms. All groups include 11-12 animals. Bar graphs illustrate the investigation ratio (gray 

bars represent the average habituation investigation ratio, black bars represent test investigation 

ratio). Line graphs represent total investigation duration of the stimuli (H indicates habituation). 

A) Animals administered 100nM G-1 and 50nM PPT did not demonstrate social recognition. B) 

Total investigation duration of stimulus mice was affected by treatment; the G-1+PPT group had 

significantly lower total investigation duration than vehicle in the test phase. C) Mice 

administered 100nM G-1 and 10nM PPT did not show object recognition learning. D) 

Investigation of objects was not affected by administration of G-1 and PPT. E) G-1 and PPT 

treatment did not improve object placement learning, vehicle investigation ratio at test was 

significantly greater than that of the G-1+PPT group. F) Total investigation of objects was also 

not affected by treatment. Mean ± SE **p<0.01.  
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Discussion 

Combined activation of Hippocampal GPER and ER α did not improve learning and memory 

              Our results have shown that the combined activation of the GPER and ER α in the 

dorsal hippocampus did not improve social recognition, object recognition, or object placement 

learning in OVX female mice, on a rapid time scale. Since both the GPER and ER α (Phan et al., 

2012b) in the hippocampus have been shown to be involved in the estrogenic facilitation of 

social recognition and object recognition, it seemed plausible that the combined activation of 

both receptors, at sub-effective doses, might produce the same facilitation. Supporting evidence 

suggests that the GPER and ER α elicit similar cell signaling cascades following activation 

(reviewed in Srivastava et al., 2013) and it has been demonstrated that the activation of both 

receptors was necessary for the estrogenic activation of c-fos and ERK (Albanito et al., 2007). 

Although, on a molecular level, the GPER and ER α have been shown to work together and 

through similar non-genomic mechanisms, this did not translate into any behavioural effects in 

our experiments. We found no improvements in social or object recognition with combined 

dorsal hippocampal administration of sub-effective doses of the GPER agonist, G-1 and the ER α 

agonist, PPT. This suggests that perhaps the GPER and ER α in the hippocampus work through 

different, non-additive molecular mechanisms to facilitate recognition memory. In addition, 

these results lend evidence to support the specificity of the ER α agonist PPT, as a recent study 

suggested that PPT may act as a GPER agonist as well (Petrie et al., 2013). If this were the case, 

it would be expected that the sub-effective activation of the GPER with G-1 plus the sub-

effective activation of ER α with PPT would add together to result in similar behavioural effects 

seen with a higher effective dose of G-1. Because we saw no improvements in performance in 
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either the social or object recognition paradigms, we believe PPT is likely far more selective for 

ER α than the GPER. 

       The social recognition results following the combined activation of hippocampal GPER and 

ER α, however, should be interpreted with caution. The 100nM “sub-effective” G-1 dose was 

based on preliminary data from Chapter 3. We have since confirmed that intrahippocampal 

administration of 50nM G-1 improved social recognition, and therefore, although 100nM G-1 

did not (Chapter 3), it is not a truly sub-effective dose of G-1 for social recognition. It is 

interesting to note that this social recognition experiment has replicated the 100nM G-1 results 

from the previous social recognition study in Chapter 3. This biphasic dose response curve seems 

to be common in our results following the activation of the GPER, on a timeline consistent with 

the non-genomic effects of estrogens. For instance, systemic activation of the GPER resulted in a 

biphasic dose response curve in both the facilitation of object recognition and increases in 

dendritic spine density in the CA1 region of the hippocampus (Chapter 2). Therefore, perhaps G-

1 at specific doses can prevent the facilitation of learning and memory. There is evidence that the 

GPER elicits several cell signaling pathways in cancer cells, namely an extracellular signal-

related kinase (ERK) signaling pathway (Filardo et al., 2000) as well as a protein kinase A 

(PKA) pathway (Filardo et al., 2002). It has been shown that the PKA pathway actually regulates 

the up-regulation of ERK by the GPER, returning ERK to baseline levels (Filardo et al., 2002). 

Hence, the activation of the GPER with 100nM G-1 could elicit cell signaling pathways that 

effectively cancel each other out, preventing the facilitation of learning. Thus, in the future, the 

combined G-1 and PPT social recognition experiment should be repeated with a dose of G-1 

below that of the effective 50nM G-1 dose, such as 25nM G-1. This would help confirm that the 

lack of improvements in social recognition with the current sub-effective doses of G-1 and PPT 
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was not due to other factors associated with the 100nM G-1 dose. Additionally, the combined G-

1 and PPT group had statistically significantly lower total investigation duration of the stimulus 

mice in the test phase of the paradigm than that of the vehicle group. Although the vehicle group 

did not learn, this lower investigation time could have prevented the combined G-1 and PPT 

group from showing social recognition learning. Though, because there were no improvements 

in object recognition with the combined activation of hippocampal GPER and ER α, it seems 

more likely that these two receptors work through different mechanisms in the hippocampus to 

influence learning and memory.  

       Since there were no improvements in object placement learning with hippocampal activation 

of the GPER, we would not expect improvements in object placement learning with the 

combined activation of the GPER and ER α in the hippocampus. Initial justification for this 

experiment came from preliminary results suggesting 100nM G-1 improved performance in 

object placement (Chapter 3). However, this effect disappeared with the removal of animals with 

incorrect cannula placements. According to our statistical analysis, one may conclude that there 

was an impairing effect on object placement learning with the combined administration of both 

G-1 and PPT, as evident by the statistically significantly higher vehicle test investigation ratio 

when compared to the G-1+PPT test investigation ratio (Figure 5E). However, we do not 

necessarily believe the implied impairing effect in this study because the vehicle group did not 

learn and impairing effects are hard to demonstrate. In addition, the test investigation ratio of this 

vehicle group is significantly greater than the test investigation ratio from the vehicle group in 

the hippocampal GPER object placement study mentioned above, and this vehicle group does not 

resemble the identical object placement vehicle group found in Phan and colleagues (2012b) 

results. Thus, the behaviour of the vehicle group at test appears atypical, and therefore we 
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believe the most conservative interpretation is that the combined activation of the GPER and ER 

α has no effect on object placement learning, consistent with the social recognition and object 

recognition results mentioned above. 

Possible molecular mechanisms mediated by estrogens to facilitate learning and memory 

        The estrogen-mediated molecular mechanisms involved in rapidly facilitating learning and 

memory are just beginning to be understood and our results suggest that the GPER facilitates 

social recognition, object recognition, and object placement learning through different 

mechanisms than those of ER α. One mechanism that has been associated with learning and 

memory is increased dendritic spine density (Yu & Zuo, 2011). Therefore, it is possible that the 

GPER and ER α affect mechanisms involved in dendritic spine plasticity via different, non-

additive cell signaling cascades that could result in similar enhancements in learning and 

memory when each receptor is activated individually (Chapter 2; 3; Phan et al., 2011; 2012b). It 

has been shown that both ER α and the GPER can rapidly affect dendritic spine morphology 

through a number of molecular pathways which include cell signaling molecules such as ERK, 

protein kinase A, Akt, and through actin cytoskeleton remodelling signaling cascades (reviewed 

in Srivastava et al., 2013). Although the GPER has been shown to activate ERK, like ER α, 

within cortical neurons (Liu et al., 2012) and hippocampal neurons (Tang et al., 2014) on a rapid 

time scale, to our knowledge, there is no direct evidence that the GPER can activate ERK to have 

an effect on dendritic spine plasticity, and evidence shows that there are mixed results about 

whether GPER, unlike ER α, activates Akt in the dorsal hippocampus on a rapid time scale 

(Tang et al., 2014; Waters et al., 2015). Therefore, it seems likely that the GPER and ER α 

activate different cell signaling cascades, perhaps resulting in the same effects on dendritic spine 

plasticity. Other evidence suggests that ER α might be mediating dendritic spine plasticity 
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through mechanisms involving ERK dependent cell signaling pathways (reviewed in Srivastava 

et al., 2013), while the GPER is likely involved in directly acting on actin cytoskeleton 

remodelling via binding with scaffolding proteins like PSD-95 (Akama et al., 2013) or SAP97 

(Waters et al., 2015). Therefore, the combined activation of both the GPER and ER α with sub-

effective doses of their respective agonists could result in the activation of separate cell signaling 

pathways implicated in the mechanisms involved in learning and memory. Hence, the combined 

activation of both the GPER and ER α would likely not result in additive effects on learning and 

memory. 

Conclusions 

       Our results suggest the GPER and ER α do not work together in the dorsal hippocampus of 

female mice to mediate the estrogenic facilitation of learning and memory on a rapid time scale. 

Therefore, it is likely that the GPER and ER α mediate learning and memory through different 

non-genomic mechanisms or molecular pathways. Further research into the rapid cell signaling 

cascades elicited by each ER in the hippocampus and their relationship to mechanisms involved 

in learning and memory, like dendritic spine plasticity, is needed to elucidate why the GPER and 

ER α appear to work similarly, but through different mechanisms, to facilitate learning and 

memory in female mice. 
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CHAPTER 5: The rapid effects of the G-protein coupled estrogen receptor on 

social recognition and object recognition in the absence of spatial cues 
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Introduction 

       It has now been established that learning and memory can be affected by estrogens on both a 

long-term and short-term time scale through at least three receptors, estrogen receptor (ER) α, β, 

and the G-protein coupled estrogen receptor 1 (GPER; Ervin et al., 2013; Luine et al., 2014).  In 

comparison to the classic ERs, much less is known about the effects of the relatively novel 

GPER on learning and memory. On a long-term time scale, the GPER has been shown to 

mediate the estrogenic enhancement of the acquisition of the delayed matching to position task, 

requiring spatial learning and memory, in female ovariectomized (OVX) rats (Hammond et al., 

2009; Hammond et al., 2012). Additionally, acute activation of the GPER in OVX female rats, 

prior to acquisition, has been shown to improve spatial recognition memory in a Y-maze on a 

time scale consistent with that of the long-term effects of estrogens (Hawley et al., 2013). 

Therefore, the GPER appears to be involved in the estrogenic facilitation of spatial learning and 

memory. Whether the GPER also plays a role in learning and memory that does not require the 

processing and storage of spatial information is unknown. 

       In addition to their long term effects, it has become increasingly apparent that estrogens 

affect learning and memory on a rapid time scale. Estrogens have been shown to improve social 

recognition, object recognition, and object placement learning within 40 minutes of systemic 

administration to OVX female mice (Phan et al., 2012a). Systemic administration of an ER α 

agonist (PPT; Phan et al., 2011) or the GPER agonist (G-1; Chapter 2) improve performance in 

all three learning and memory tasks while administration of an ER β agonist (DPN; Phan et al., 

2011) improves only object placement learning, has no effect on object recognition, and impairs 

social recognition learning in OVX female mice. More recently, it has been shown that these 

effects are mediated through ERs in the dorsal hippocampus. Intrahippocampal administration of 
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17β-estradiol improved performance in social recognition, object recognition, and object 

placement tasks in OVX female mice within 40 minutes. More specifically, administration of the 

ER α agonist, PPT (Phan et al., 2012b), or the GPER agonist, G-1 (Chapter 3), directly into the 

dorsal hippocampus also improved performance in the social recognition and object recognition 

tasks in OVX female mice, while object placement was only improved with administration of 

PPT. Therefore, estrogens in the hippocampus via ER α and the GPER are able to rapidly 

facilitate different types of learning and memory.  

      The social recognition, object recognition and object placement paradigms mentioned above 

(Phan et al., 2011, 2012a, 2012b) were all completed within the test mouse home cage. Thus, 

there were a number of spatial and contextual cues associated with the social recognition and 

object recognition tasks that the mice can use to assist learning. Although all enrichment is 

removed from the home cage prior to testing, it is reasonable to assume that the mouse could still 

use intra-cage information such as where her nest, water, food, and house used to be as cues to 

assist remembering where a specific object or stimulus mouse was presented. As the 

hippocampus is known for its role in spatial memory processing (rev. in Moser et al., 2015), it is 

possible that the facilitation of these learning and memory tasks via activation of ERs within the 

hippocampus is due to enhancements in the processing of the spatial information inherent in the 

behavioural paradigms rather than enhancements in social or object recognition learning and 

memory specifically. In order to determine whether estrogens might facilitate social recognition 

and object recognition learning or merely the spatial aspects inherent in the tasks themselves, the 

spatial and contextual cues of the home cage must be greatly reduced. This can be accomplished 

by testing the mice in the social and object recognition tasks within a Y-apparatus. Winters and 

colleagues (2004) used a Y-apparatus to test “pure” object recognition, that is, object recognition 
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with minimal use of spatial and contextual cues from the room surrounding the Y-apparatus as 

well as from the apparatus itself.  

       Phan and colleagues (2013) have shown that intrahippocampal administration of 17β-

estradiol improves object recognition but not social recognition learning in OVX female mice 

within 40 minutes when tested within the Y-apparatus. Thus, estrogens within the hippocampus 

appear to be involved in the facilitation of object recognition learning even when spatial cues are 

reduced to a minimum. Which estrogen receptors might be involved in mediating these effects 

has yet to be determined.  

       This study aims to investigate the role of the GPER in the dorsal hippocampus in social 

recognition and object recognition learning in OVX female mice with minimal spatial and 

contextual cues. To do this, we administered the GPER agonist, G-1, directly into the 

hippocampus and tested the mice in the social recognition and object recognition paradigms in 

the Y-apparatus.  

Methods 

Subjects 

       Subjects were female CD1 mice (Mus musculus), purchased at 2 months of age (Charles 

River, QC). Mice were triple-housed upon arrival in clear polyethylene cages (16 x 12 x 26 cm) 

with corncob bedding and enrichment on a 12:12-h reversed light/dark cycle (lights off at 0800 

h). Ambient temperature was 21 ± 1 C. Mice received rodent chow (Tecklad Global 14% Protein 

Rodent Maintenance Diet, Harlan Teklad, WI) and water ad libitum. Following ovariectomy and 

cannulation surgeries, mice were single housed for 10-15 days prior to the experiment. The night 

before the experiment, mice were moved into the testing room and vaginal smears were taken 

and collected on microscope slides to ensure the completeness of the ovariectomy. Giemsa Stain 
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(Sigma-Aldrich Canada Ltd., Oakville, ON) was used to stain the slides. The estrous phase of 

each mouse was then determined using descriptions and images by Byers, Wiles, Dunn, and Taft 

(2012). Proestrus was defined as the predominant appearance of nucleated epithelial cells and 

very few leucocytes, estrus by a vast amount of large cornified cells, metestrus/diestrus 1 by 

many leucocytes and few cornified cells, and diestrus 2 by many leukocytes. All testing was 

done in a Y-apparatus during the dark phase of the light cycle under red light illumination. 

Research was conducted in accordance with the Canadian Council on Animal Care and approved 

by University of Guelph’s Animal Care and Use Committee.  

Ovariectomy and Cannulation Surgeries 

      All mice were ovariectomized and received bilateral guide cannula implants (HRS Scientific, 

Montreal, QC) within the same surgical session. Mice were anesthetized using isoflurane 

(CDMV, St. Hyacinthe, QC). The ovariectomy was completed as described in Clipperton and 

colleagues (2012). The lower back of the mouse was shaved, cleaned, and a 1 cm incision was 

made in the skin. On each side, 0.5 cm incisions were made in the muscles overlying the ovaries 

and each ovary was drawn out of the incision. The uterus was clamped just below the ovary and 

the ovary was then removed by cutting just above the clamp. The uterus was placed back into the 

abdominal cavity and the incision was stapled with 1 or 2 autoclip 9 mm wound clips (MikRon 

Precision Inc, Gardena, CA). For the cannulation surgery, an incision was made in the skin on 

the dorsal surface of the head and two holes were drilled into the skull for the guide cannulas, 

1.5mm lateral to the sagittal suture, each 1.7mm posterior to Bregma. Through the guide 

cannulas, the injector (HRS Scientific, Montreal, QC) reached 2.3 mm ventral (1mm below 

guide cannula) into the dorsal hippocampus. The guide cannulas were held in place with Lang Jet 

Repair Acrylic dental cement (Central Dental, Scarborough, ON). Three additional holes, one in 
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the frontal bone, and one in each parietal bone, were drilled to insert jeweler’s screws (HRS 

Scientific, Montreal, QC) to anchor the dental cement in place.  

Drug 

       Bologa and colleagues (2006) developed an agonist, G-1, for the GPER which has a very 

high affinity for the GPER and relatively no affinity for the class ERs, α and β. Mice received 

bilateral infusions (0.5μL/side) of the treatment into the dorsal hippocampus at a rate of 

0.2μL/min using a Harvard infusion pump (PHD2000). The vehicle for G-1 was artificial 

cerebral spinal fluid (aCSF, 119 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO4●7H2O, 2.5 mM 

CaCl2, 1 mM NaH2PO4, 26 mM Na2HCO3, and 11 mM Glucose in water) and 0.02% ethanol. 

The experiments included 50nM, 100nM, 200nM, 300nM, and 400nM G-1 treatment groups. 

Treatments were assigned using a random number generator.  

       After the behavioural paradigm was completed, the mice received a bilateral intracranial 

microinfusion of 1% Chicago Sky Blue dye (0.5 µL, Sigma-Aldrich Canada Ltd., Oakville, ON) 

at a rate of 0.2 µL/min. Mice were euthanized with CO2 40 minutes after the dye infusion to 

mimic the timing of the behavioural paradigms. The brains were extracted and immersion-fixed 

with 10% formalin (approximately 2 weeks at 4 C), followed by 30% sucrose (2-3 days at 4 C) 

and stored at -20 C until sliced using a cryostat microtome. Coronal sections (40 μm) were 

mounted on slides and the location of the dye was used to determine whether the treatment was 

infused into the CA1 region of the hippocampus (Figure 8 D, E, F). An atlas was used to identify 

the region within the brain (Paxinos & Franklin, 2001). Of the total number of mice from both 

experiments, 10% were excluded due to missed cannula placements (Figure 12). 
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Figure 12: Dorsal hippocampus injector placements. Injector placements for mice implanted 

with bilateral guide cannulas for the administration of G-1 directly into the dorsal hippocampus 

for each of the A) social recognition, B) object recognition experiments. Only mice with the 

injector in the dorsal hippocampus were shown. All other mice were excluded from the 

behavioural analysis. Black dots indicate mice who received vehicle treatment, red dots indicate 

50nM G-1, green dots indicate 100nM G-1, and blue dots indicate 200nM G-1 treatment.   
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Rapid Learning Paradigms 

      The paradigms were completed within 40 minutes in the Y-apparatus with the timing 

consistent with that of previous studies (Chapter 3; Gabor et al., 2015; Phan et al., 2011; 2012a, 

2012b, 2013). The Y-apparatus has three arms (each 30cm x 15cm x 8cm) made out of white, 

opaque Plexiglas. One arm can be blocked by an opaque door of the same material, creating the 

start box. Mice were exposed to the maze for two days prior to testing where they were placed 

for five minutes in the start box, followed by five minutes of free exploration of the entire maze 

each day. On the day of the experiment, mice were given infusions of G-1 or vehicle 15 minutes 

before the start of the behavioural paradigm and then placed in the start box. The paradigm 

consisted of two habituations and a test phase, each five minutes in length, with five minute 

inter-trial intervals. These paradigms were designed so that the vehicle mice do not show 

recognition, thus allowing the investigation of the rapid, improving effects of the GPER. At the 

start of each phase of the paradigm, the start box door was lifted and the mice were free to 

explore the stimuli for five minutes. When each phase was complete, the mice were gently 

ushered back into the start box to wait during the inter-trial intervals. For the habituation phases 

of social recognition, two ovariectomized conspecifics were presented in the ends of other two 

arms of the Y-apparatus behind clear Plexiglas partitions with holes so that olfactory cues could 

pass through. In the test phase, one of the stimulus mice was a familiar and one was a novel 

conspecific. For the habituation phases of the object recognition paradigm, two different objects 

(brown plastic clips, clear glass cubes, stainless steel drain covers) were presented in the ends of 

the other two arms of the Y-apparatus and held in place by Velcro. In the test phase of the 

paradigm, one object was a familiar and one was a novel object. The objects presented for each 

mouse were randomized. All clear partitions and objects were washed using odorless detergent 
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(Alconox) and baking soda to remove odor cues and air dried. This was to ensure stimulus 

investigation was not driven by odor cues lingering on them from previous trials. Additionally, 

the Y-apparatus was washed between mice to ensure an odourless environment at the beginning 

of each experiment. 

Behavioural Analysis 

       The Observer Video Analysis software (Noldus information Technology, Wageningen, 

Netherlands) was used to record 10 behaviours of the mice (Table 5) during the habituation and 

the test sessions of the paradigm. A trained observer recorded the behaviours while blind to the 

treatments.  

       These paradigms exploit the fact that mice will investigate a novel stimulus more than a 

previously encountered stimulus with sniffing typically used as a measure of investigation 

(Choleris et al., 2003; Dere et al., 2007; Phan et al., 2011, 2012a). An investigation ratio (IR) 

was calculated as follows: IR=N/(N+F), where N is the total investigation duration of the Novel 

(or during the habituations, the stimulus to be changed) and F is the total investigation duration 

of the other stimulus that at test is familiar. 

       These “difficult” paradigms were designed so the vehicle group would not show a 

preference for novelty, thus allowing for the assessment of enhancing effects of treatment. 

Significant increases in the investigation ratio during the test session (IRTest) compared to the 

average investigation ratios from two habituation sessions (IRHab) demonstrates that, at test, the 

mice had a preference for investigating the novel or displaced stimulus, and therefore they could 

recognize the previously encountered stimulus in the test session. Mice that spent less than 5% of 

the test session duration (<15 seconds) investigating the social stimuli or less than 3% of the test 

session duration (<10 seconds) investigating objects (approximately 4% of total animals) were 
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excluded from the analysis. Additionally, mice that were IRTest outliers (greater than 2 standard 

deviations above and below the mean) were also excluded from the analysis (approximately 2% 

of total animals). 
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Table 5: List and description of mouse behaviours recorded during Y-apparatus paradigms. 

Behaviour Description 

Stretch Approach Stretching towards stimulus with hind paws planted 

Sniff Stimulus Sniff/Investigation of stimulus 

Bite Stimulus Biting cylinder or objects 

Horizontal Activity Includes walk, explore, sniff 

Vertical Activity Rear and lean on wall, lid sniff, lid chew (two paws on the floor of 

the cage), single jump 

Inactivity Sit, laydown, sleep, freeze 

Self Groom Self groom and scratch 

Stereotypies Strange behaviours: spinturns, repeated jumps, repeated lid chews 

(>3), head shakes, etc.  

Non-social Investigation Non-social sniffing of partitions (above holes) 

Sit on Object Sitting/climbing on object 
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Statistical Analysis 

       Investigation ratios for habituation 1 and habituation 2 were averaged for analysis. The 

arcsin transformed investigation ratios were analyzed with a mixed-design repeated measures 

ANOVA with treatment as the main factor and the session of the paradigm (average habituation 

and test) as the repeated-measure dependent variable. To reduce type I errors, specific a priori 

binary mean comparisons were planned to assess the effect of the treatment at test (novel 

stimulus/location). Specifically, paired t-tests were used to assess differences between IRHab and 

IRTest within each treatment group. Statistical significance between IRHab and IRTest indicates that 

learning may have occurred. Additionally, a one-way ANOVA was used to assess treatment 

effects on IRTest. Whether any test investigation ratios were significantly different from vehicle 

was assessed with Tukey’s post hocs. The duration of the other behaviours (Table 5) were 

analyzed using a mixed-design repeated measures ANOVA with treatment as the main factor and 

the session of the paradigm (habituation 1, habituation 2, and test) as the repeated-measures 

dependent variable. When the interaction was significant, one-way ANOVAs and Tukey’s post 

hocs were used to determine whether there were significant dose-dependent differences in 

behaviours between treated and vehicle groups in each session of the paradigm. When normality 

failed, Kruskal-Wallis ANOVAs were performed followed by Dunn’s post hocs. SPSS was used 

for all mixed-design repeated measures ANOVAs and Sigmastat version 3.5 was used for all 

other statistical analyses (Systat Software, Chicago, IL). Statistical significance was set at 

p<0.05. 
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Results 

Social Recognition 

       Our results suggest that intrahippocampal administration of G-1 improved social recognition 

in OVX female mice when tested in the Y-apparatus where there are minimal spatial cues 

present. The 2-way repeated measures ANOVA for investigation ratio showed a main effect of 

phase (F(1,43)=11.29, p<0.005). Specifically, there were statistically significant differences 

between the IRHab and IRTest in the 100nM (t=-2.48, df=10, p<0.05) and 200nM G-1 groups (t=-

2.25, df=11, p<0.05, Figure 13A) as determined by a priori binary mean comparisons. There 

were no statistically significant differences between IRHab and IRTest in the vehicle or 50nM G-1 

groups, nor were there any statistically significant differences in IRTest between treatment groups. 

Additionally, there were no statistically significant differences in total investigation duration 

between treatment groups (Figure 13B). Therefore, the GPER in the hippocampus seems to be 

involved in the rapid facilitation of social recognition even in the absence of most spatial cues. 

Object Recognition 

       The results show that the administration of G-1 directly into the dorsal hippocampus 

enhanced object recognition in OVX female mice within the Y-apparatus. The 2-way repeated 

measures ANOVA on investigation ratio showed a statistically significant main effect of 

paradigm phase (F(1,42)=11.56, p=0.001) and the main effect of treatment was trending towards 

significance (F(1,42)=2.65, p=0.06). The a priori binary mean comparisons revealed a statistically 

significantly higher IRTest than IRHab in the 200nM G-1 group (t=-2.26, df=11, p<0.05, Figure 

13C) and a trend towards statistical significance between the IRHab and IRTest in the 50nM group 

(t=-1.902, df=10, p=0.09) while there were no statistically significant differences between IRHab 

and IRTest in the vehicle or 100nM G-1 group. The a priori one-way ANOVA on IRTest between 
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treatment groups showed a trend toward significance (F(3,45)=2.68, p=0.06). As such, we 

performed independent t-tests between each G-1 group IRTest and that of the vehicle group IRTest 

to investigate whether any of the G-1 treatment groups had a higher IRTest than then vehicle as 

post hocs were not available. The IRTest from the 50nM (t=-2.49, df=21, p<0.05), 100nM (t=-

2.12, df=21, p<0.05), and 200nM G-1 group (t=-2.13, df=22, p<0.05) were all statistically 

significantly higher than that of the vehicle IRTest (Figure 13C). There were no statistically 

significant differences in total investigation duration between treatment groups (Figure 13D). 

Therefore, the GPER in the hippocampus is involved in the rapid enhancement of object 

recognition even when minimal spatial cues are present.  
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Figure 13: Rapid effects of the GPER agonist, G-1 on the social recognition and object 

recognition paradigms in the Y-apparatus. All groups include 11-12 animals. Bar graphs 

illustrate the investigation ratio (gray bars represent the average habituation investigation ratio, 

black bars represent test investigation ratio). Line graphs represent total investigation duration of 

the stimuli (H indicates habituation). A) Animals administered 100nM and 200nM G-1 

demonstrated social recognition. B) Total investigation duration of stimulus mice was not 

affected by G-1 administration. C) Mice administered 200nM G-1 successfully demonstrated 

object recognition learning and all G-1 treated groups had higher test investigation ratios than the 
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vehicle group. D) Investigation of objects was not affected by administration of G-1. Asterisks 

above black bars indicate a significant difference between average habituation and test 

investigation ratios within a group. Mean ± SE *p<0.05. 
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Discussion 

       The results of the above experiments show that the GPER in the dorsal hippocampus is 

involved in the enhancement of object recognition and seems to be involved in the facilitation of 

social recognition in OVX female mice, within 40 minutes of drug administration, when tested in 

the Y-apparatus where there are minimal spatial cues present. These effects are in agreement 

with our previous findings that showed rapid improvements in social and object recognition with 

administration of G-1 into the dorsal hippocampus when tested in the home cage (Chapter 3). 

Additionally, it is not surprising that we found improvements in social and object recognition in 

the Y-apparatus, where there are minimal spatial cues present, as previously we found no 

improvement in performance in the object placement spatial learning task, with intrahippocampal 

administration of G-1 on a rapid time scale (Chapter 3). Therefore, it follows that the GPER is 

involved in facilitating social and object recognition directly, and not through the processing of 

associated spatial and contextual cues. 

       It was previously shown that intrahippocampal administration of 17β-estradiol rapidly 

improved object recognition in the Y-apparatus (Phan et al., 2013). The object recognition results 

from the current study suggest that the GPER in the dorsal hippocampus is, at least in part, 

responsible for the rapid estrogenic facilitation in object recognition when minimal spatial cues 

are present (Phan et al., 2013). Notably, the GPER mediated enhancement in object recognition 

in the Y-apparatus appeared to be more robust than the improvements in object recognition 

previously seen in the home cage (Chapter 3). One reason for this enhancement is that the Y-

apparatus object recognition task was perhaps more difficult than that of the home cage object 

recognition task because there were fewer spatial cues in the Y-apparatus version (Winters et al., 

2004). Therefore, it was easier to see enhancing effects of treatment using the more difficult 
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version of the task in the Y-apparatus because the vehicle group investigation ratios at test were 

low and changed minimally from habituation. The G-1 treatment groups instead, showed a large 

change in investigation ratio between habituation and test and had a higher test investigation 

ratio. Conversely, following intrahippocampal administration of G-1 in the home cage object 

recognition task (Chapter 3), there was a small, though non-significant change in investigation 

ratio from the habituations to the test in the vehicle group. As a consequence, the test 

investigation ratio in the vehicle and other treated groups did not appear to be that different from 

the G-1 dose group (200nM) that showed object recognition learning. Taken together, the Y-

apparatus object recognition enhancing results lend support to the improvements seen with 

intrahippocampal administration of G-1 in the home cage object recognition study, allowing for 

the conclusion that the GPER in the hippocampus is involved in the estrogenic mediation of 

object recognition per se and not through the processing of spatial an contextual information.  

      We have shown that social recognition in the Y-apparatus was improved with 

intrahippocampal administration of the GPER agonist, G-1. Although these results are less robust 

than those of the social recognition experiment in the home cage following intrahippocampal 

administration of G-1 (Chapter 3) and those of the social recognition experiment in the home 

cage by Phan and colleagues (2012) following the systemic administration of 17β-estradiol. 

Additionally, and the intrahippocampal administration of 17β-estradiol did not improve social 

recognition in the Y-apparatus (Phan et al., 2013). It is possible that the combined action of 

estradiol at all of the ERs cancel out the improving effects of the GPER when there are minimal 

spatial cues present. For instance, in the home cage, intrahippocampal administration of 17β-

estradiol improved social recognition, as did the ER α agonist, PPT, while the ER β agonist did 

not (Phan et al, 2012b). The role of ER α and β in social and object recognition in the Y-
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apparatus has not been investigated, but it is possible that administration of the ER β agonist, 

DPN in the dorsal hippocampus might also impair social recognition in the Y-apparatus as it did 

when administered systemically in the home cage (Phan et al., 2012). Therefore, ER β could 

counteract the improving effects of the GPER and possibly ER α on social recognition in the Y-

apparatus causing a lack of improvement in social recognition with intrahippocampal 

administration of 17β-estradiol (Phan et al., 2013).  

       Another explanation for why the GPER seems to be involved in social recognition with 

minimal spatial cues, while 17β-estradiol in the dorsal hippocampus had no effect, is that brain 

regions outside the hippocampus might also be responsible for mediating the estrogenic 

facilitation of social recognition when spatial cues are at a minimum. In support of this, systemic 

administration of 17β-estradiol improved social recognition when tested in the Y-apparatus 

within 40 minutes of drug administration (Phan et al., 2013). Thus, a brain region outside the 

hippocampus appears to be responsible for the overall estrogenic regulation of social recognition 

with minimal spatial cues. For example, the medial amygdala has been shown to be involved in 

the ER α-mediated facilitation of social recognition in rats (Spiteri et al., 2010), although 

whether the medial amygdala is involved in the rapid estrogenic facilitation of social recognition 

is unknown. Additionally, the improvements in social recognition in the Y-apparatus following 

the intrahippocampal administration of G-1 seemed to be less robust than that of the home cage 

social recognition results (Chapter 3), in that a higher dose (100nM G-1) was needed to see 

improvements in social recognition in the Y-apparatus than in the home cage (50nM G-1). This 

supports the notion that the GPER, specifically, in a brain region outside the hippocampus is also 

responsible for mediating social recognition. Further research should investigate the rapid effects 

of the GPER in, for example, the medial amygdala on social recognition. 
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       The involvement of estrogens in the dorsal hippocampus, specifically through the GPER, in 

the mediation of object recognition and social recognition is supported by other literature that 

shows a necessary role for the dorsal hippocampus in object recognition (Cohen et al., 2013) and 

social recognition (Kogan et al., 2000) in the mouse. However, it has been shown in the rat, that 

the hippocampus was not necessary for object recognition in the Y-apparatus, where minimal 

spatial cues are present (Winters et al., 2004). Therefore, our results, showing that the dorsal 

hippocampal administration of the GPER agonist enhanced object recognition in OVX female 

mice in the Y-apparatus, which are more robust than the object recognition results in the home 

cage with intrahippocampal administration of G-1 (Chapter 3), together with the study showing 

that the hippocampus is necessary for object recognition in the mouse (Cohen et al., 2013), add 

to the theory that perhaps the mouse and the rat hippocampus have different functions in relation 

to object recognition. Further research will need to be conducted to determine whether other 

brain regions known to be involved in object recognition in the rat, like the perirhinal cortex 

(Winters et al., 2004), are also involved in the estrogenic facilitation of object recognition.  

       It is possible that the GPER was facilitating both social and object recognition through 

increased dendritic spine density, which we have previously shown in the CA1 region of the 

hippocampus with systemic administration of G-1, following the same time line as the current 

study (Chapter 2). The various mechanisms through which the GPER could affect dendritic spine 

density in the hippocampus are still little understood. Emerging evidence suggests the GPER can 

interact with actin cytoskeleton scaffolding proteins, such as PSD-95 (Akama et al., 2013) and 

SAP97 (Waters et al., 2015), thus eliciting cell signaling pathways that have direct effects on 

dendritic spine plasticity in the hippocampus.  
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Conclusion 

       In conclusion, the GPER in the hippocampus rapidly enhances object recognition and seems 

to improve social recognition when tested in the Y-apparatus where there are minimal spatial 

cues present. These effects could be elicited through the interaction of the GPER with proteins 

involved in actin cytoskeleton dynamics (Akama et al., 2013; Waters et al., 2015) that have been 

associated with dendritic spine plasticity (rev. in Srivastava et al., 2013), and we have previously 

demonstrated that the GPER increased dendritic spine density in the dorsal hippocampus on a 

rapid time scale. Further research will need to be conducted to investigate the role of 

hippocampal ER α and β in social recognition and object recognition in the Y-apparatus. In 

addition, the estrogenic facilitation of social recognition by other brain regions, such as the 

medial amygdala, should be investigated further. 
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CHAPTER 6: The rapid effects of 17β-estradiol and the G-protein coupled 

estrogen receptor in the medial amygdala on social recognition in female mice 
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Introduction 

       Social recognition is the ability of an animal to distinguish conspecifics, a fundamental skill 

for social species and one that is known to be facilitated by estrogens (rev. in Gabor et al., 2012). 

Estrogens exert their effects through at least three receptors, estrogen receptor (ER) α, β, and the 

G-protein coupled estrogen receptor 1 (GPER). These effects can take place on both a long-term 

and short-term basis. The long-term, genomic effects take place over hours to days and involve 

changes to gene transcription (rev. in Nilsson et al., 2001) while the short-term, non-genomic 

effects occur within minutes to hours and involve changes to cell signaling cascades, which can 

result in delayed effects through other genomic pathways (rev. in Vasudevan and Pfaff, 2008).  A 

few studies have been conducted to investigate the role of ER α and β in social recognition. 

Using female ER α or β global knockout mice, ER α has been shown to be necessary for social 

recognition while ER β may play only a small role in the facilitation of social recognition on a 

time scale consistent with the long-term effects of estrogens (rev. in Gabor et al., 2012). In 

contrast, to our knowledge, no research has been done implicating the GPER in social 

recognition on a longer-term time scale (tested more than 40 minutes after acquisition). To date, 

the improving effects of estrogens via the GPER, likely through genomic mechanisms, have only 

been established in tests involving spatial learning and memory (Hammond et al., 2009; 

Hammond et al., 2012; Hawley et al., 2014). 

       On a more rapid time scale, systemic administration of 17β-estradiol improved social 

recognition learning in ovariectomized (OVX) female mice within 40 minutes of administration 

(Phan et al., 2012a). This effect appears to be mediated by ER α and the GPER as systemic 

administration of an ER α agonist, PPT (Phan et al., 2011), or the GPER agonist, G-1 (Gabor et 

al., 2015; Chapter 2) improved social recognition learning in OVX female mice within 40 
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minutes, while administration of an ER β agonist impaired social recognition (Phan et al., 2011). 

Therefore, social recognition appears to be rapidly facilitated by ER α and the GPER. Which 

brain regions might be involved in mediating these effects requires further investigation.  

       Some evidence suggests the dorsal hippocampus is involved, at least in part. 

Intrahippocampal administration of 17β-estradiol improved social recognition within 40 minutes 

of administration in OVX female mice (Phan et al., 2012b); with evidence showing this effect is 

mediated through ER α (Phan et al., 2012b) and the GPER (Chapter 3). However, when tested in 

an environment with minimal spatial and contextual cues, intrahippocampal administration of 

17β-estradiol did not improve social recognition learning while systemic administration of 17β-

estradiol did (Phan et al., 2013). This suggests that the estrogenic facilitation of social 

recognition in the absence of spatial cues is mediated by a brain region outside the hippocampus. 

In contrast, intrahippocampal administration of the GPER agonist, G-1 did improve social 

recognition in the absence of most spatial and contextual cues (Chapter 4). However, this effect 

appears to be less robust than that of the hippocampal GPER-mediated improvements in 

performance in social recognition in the home cage, where spatial and contextual cues are 

present, as a higher dose of G-1 was needed to see improvements in social recognition with 

minimal spatial cues (Chapter 3). Therefore, the GPER-mediated improvements in social 

recognition (Gabor et al., 2015; Chapter 2) might be mediated by the dorsal hippocampus in 

combination with other brain regions. 

       Another brain region that has been implicated in social recognition is the medial amygdala. 

It has been shown that lesions to the medial amygdala impair social recognition in mice (Wang et 

al., 2014), c-fos is upregulated in the medial amygdala following exposure to a social stimulus 

(Ferguson et al., 2001), and that medial amygdala ER α is necessary for the estrogenic 
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facilitation of social recognition in OVX female rats (Spiteri et al., 2010). Whether estrogens in 

the medial amygdala play a role in mediating social recognition on a rapid time scale is 

unknown. Additionally, whether other estrogen receptors in the medial amygdala rapidly affect 

social recognition is also unknown.  

       The objective of this study is to investigate the role of 17β-estradiol and the GPER in the 

medial amygdala in the rapid estrogenic facilitation of social recognition in OVX female mice. 

To do this, we will infuse 17β-estradiol or the GPER agonist, G-1 directly into the medial 

amygdala and test the mice on the social recognition paradigm as previously described (Chapter 

2; 3; Phan et al., 2011; 2012). The social recognition paradigm is completed within 40 minutes to 

investigate the rapid, improving effects of the GPER.  

Methods 

Subjects 

       Subjects were female CD1 mice (Mus musculus), purchased at 2 months of age (Charles 

River, QC). Mice were triple housed upon arrival and single-housed following ovariectomy and 

medial amygdala bilateral cannula implantation surgeries. Subjects were housed with corncob 

bedding and environmental enrichment in clear polyethylene cages (16 x 12 x 26 cm), on a 

12:12-h reversed light/dark cycle (lights off at 0800 h) and received rodent chow (Tecklad 

Global 14% Protein Rodent Maintenance Diet, Harlan Teklad, WI) and water ad libitum. 

Ambient temperature was 21 ± 1 C. All behavioural tests were conducted 10-15 days after 

surgery in the home cage during the dark phase of the light cycle under red light illumination. To 

establish a home cage territory, cages were not cleaned for at least 3 days prior to testing. Mice 

were moved into the testing room the night before the experiment and vaginal smears were taken 

and collected on microscope slides to ensure the ovariectomy was complete. Giemsa Stain 
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(Sigma-Aldrich Canada Ltd., Oakville, ON) was used to stain the slides. The estrous phase of 

each mouse was then determined using descriptions and images by Byers, Wiles, Dunn, and Taft 

(2012). Proestrus was defined as the predominant appearance of nucleated epithelial cells and 

very few leucocytes, estrus by a vast amount of large cornified cells, metestrus/diestrus 1 by 

many leucocytes and few cornified cells, and diestrus 2 by many leukocytes. Research was 

conducted in accordance with the Canadian Council on Animal Care and approved by University 

of Guelph’s Animal Care and Use Committee.  

Ovariectomy and Cannulation Surgeries 

       All mice were ovariectomized as described by Clipperton and colleagues (2012) and had 

bilateral guide cannulas (HRS Scientific, Montreal, QC) implanted directly above the medial 

amygdala. Ovariectomy and cannulation surgeries were performed simultaneously while mice 

were anesthetized with isoflurane (CDMV, St. Hyacinthe, QC). For the ovariectomy surgery, the 

lower back of the mouse was shaved, cleaned, and a 1 cm incision was made in the skin. On each 

side, 0.5 cm incisions were made in the muscles overlying the ovaries and each ovary was drawn 

out of the incision. The uterus was clamped just below the ovary and the ovary was then 

removed by cutting just above the clamp. The uterus was placed back into the abdominal cavity 

and the incision was stapled with 1 or 2 MikRon autoclip 9 mm wound clips (MikRon Precision 

Inc, Gardena, CA). For the cannulation surgery, an incision was made in the skin on the dorsal 

surface of the head and two holes were drilled into the skull for the guide cannulas, 2.5mm 

lateral to the sagittal suture, each 1.5mm posterior to Bregma. Through the guide cannulas, the 

injector (HRS Scientific, Montreal, QC) reached 5.3 mm ventral and into the medial amygdala. 

The guide cannulas were held in place with Lang Jet Repair Acrylic (Central Dental, 
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Scarborough, ON). Two additional holes, one in one in each parietal bone, were drilled to insert 

jeweler’s screws (HRS Scientific, Montreal, QC) to anchor the dental cement in place.  

Drug 

      Mice received a 0.05 µL bilateral microinfusion of 17β-estradiol or G-1, the GPER agonist, 

which has been shown to be highly specific for the GPER, with little or no binding affinity for 

ER α and β (Bologa et al., 2006). The vehicle was artificial cerebral spinal fluid (aCSF, 119 mM 

NaCl, 2.5 mM KCl, 1.3 mM MgSO4●7H2O, 2.5 mM CaCl2, 1 mM NaH2PO4, 26 mM Na2HCO3, 

and 11 mM Glucose in water) and 0.02% ethanol. The first experiment included five treatment 

groups for 17β-estradiol: vehicle, 10 nM, 25 nM, 50 nM, and 100 nM. Five other treatment 

groups were used for the G-1 study: vehicle, 25 nM, 50 nM, 200 nM, and 400 nM. The treatment 

(0.5 µL) was microinfused into the brain at a rate of 0.2 µL/min through each injector (that 

extended 1mm below the guide cannula) using a Harvard infusion pump (PHD 2000). 

Treatments were assigned using a random number generator. Each mouse received only one 

treatment and all animals were experimentally naïve. 

       After the behavioural paradigm was completed, the mice received a bilateral intracranial 

microinfusion of 1% Chicago Sky Blue dye (0.5 µL, Sigma-Aldrich Canada Ltd., Oakville, ON) 

at a rate of 0.2 µL/min. Mice were euthanized with CO2 40 minutes after the dye infusion to 

mimic the timing of the behavioural paradigms. The brains were extracted and immersion-fixed 

with 10% formalin (approximately 2 weeks at 4 C), followed by 30% sucrose (2-3 days at 4 C) 

and stored at -20 C until sliced using a cryostat microtome. Coronal sections (40 μm) were 

mounted on slides and the location of the dye was used to determine whether the treatment was 

infused into the medial amygdala. An atlas was used to identify the region within the brain 
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(Paxinos & Franklin, 2001). 33% of the total animals were excluded due to missed cannula 

placements (Figure 14). 
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Figure 14: Medial amygdala injector placements and dye spread. Injector placements for 

mice implanted with bilateral guide cannulas for the administration of 17β-estradiol (E2) or G-1 

directly into the medial amygdala for each of the social recognition experiments. Only mice with 

the injector in the medial amygdala region are shown. All other mice were excluded from the 

behavioural analysis. A) Black dots indicate mice who received vehicle treatment, red dots 

indicate 25nM G-1, green dots indicate 50nM G-1, blue dots indicate 200nM G-1, and purple 

dots indicate 400nM G-1. B) Black dots indicate mice who received vehicle treatment, orange 

dots indicate 10nM E2, red dots indicated 25nM E2, green dots indicate 50nM E2, pink dots 

indicate 100nM E2. C) Anterior portion of the medial amygdala dye spread. D) Injector location 

and dye spread in the medial amygdala. E) Dye spread in the posterior portion of the medial 

amygdala.  
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Social Recognition Paradigm 

       The animals received intrahippocampal microinfusions of 17β-estradiol, G-1 or the vehicle 

15 minutes prior to the social recognition paradigm. Timing of these experiments was consistent 

with those of Gabor et al. (2015) and Phan et al. (2011, 2012a) in which systemic injections of 

G-1 were used and with the timing of our previous experiments with intrahippocampal drug 

administration (Chapter 3; 4; Phan et al., 2012b; 2013). The social recognition paradigm was 

completed within 40 minutes of drug administration to investigate the rapid effects of 17β-

estradiol or activation of the GPER within the medial amygdala. To assess enhancing effects of 

treatment on social recognition, the “difficult” paradigm developed by Phan et al. (2011) was 

used. This paradigm was designed so that the control animals could not show social recognition. 

The social recognition paradigm consisted of two habituations and one test session, each 5 

minutes in length with 5-minute intertest intervals within the home cage. Stimulus mice (pair-

housed ovariectomized 2-3 month old CD1 mice) were presented to the test mouse in clear 

Plexiglas cylinders (height: 16 cm, diameter: 7 cm) with holes in the bottom to allow olfactory 

cues to pass through. Stimulus mice were habituated to the cylinders prior to the start of 

behavioural testing. The test mouse was exposed to the same two stimulus mice in consistent 

positions within the home cage during the habituation sessions of the behavioural paradigms. 

During the test session, one of the two stimulus mice was replaced with a novel individual and 

the mouse replaced was counterbalanced. Habituations and tests were video recorded under 

infrared light (8mm Handycam Nightshot, Sony, Cambridge, ON, Canada; Everio camcorder, 

JVC, Mississauga, ON, Canada). Between exposures, cylinders were washed using odorless 

detergent (Alconox) and baking soda to remove odor cues and air dried. This was to ensure 
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stimulus investigation was not driven by odor cues left on the cylinders from previous 

experimental phases.  

Behavioural Analysis 

       The Observer Video Analysis software (Noldus information Technology, Wageningen, 

Netherlands) was used to record 11 behaviours of the mice (Table 6) during the habituation and 

the test sessions of the paradigm. A trained observer recorded the behaviours while blind to the 

treatments.  

       These paradigms exploit the fact that mice will investigate a novel stimulus mouse more 

than a previously encountered stimulus mouse and sniffing is typically used as a measure of 

investigation (Choleris et al., 2003; Dere et al., 2007; Phan et al., 2011, 2012a). An investigation 

ratio (IR) was calculated as follows: IR=N/(N+F), where N is the total investigation duration of 

the Novel stimulus mouse (or during the habituations, the stimulus mouse to be changed) and F 

is the total investigation duration of the other stimulus mouse that is familiar at test.  

       These “difficult” paradigms were designed so the vehicle group would not show social 

recognition, thus allowing for the assessment of enhancing effects of treatment. Significant 

increases in the investigation ratio during the test session (IRTest) compared to the average 

investigation ratios from two habituation sessions (IRHab) demonstrates that the mice had a 

preference for investigating the novel stimulus mouse, and therefore they could recognize the 

previously encountered stimulus mouse. Mice that spent less than 5% of the test session duration 

(<15 seconds) investigating the stimuli (approximately 2% of total animals) were excluded from 

the analysis. Additionally, mice that were IRTest outliers (greater than 2 standard deviations above 

and below the mean) were also excluded from the analysis (approximately 3% of total animals). 
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Table 6: List and description of mouse behaviours recorded during the social recognition paradigm. 

Behaviour Description 

Stretch Approach Stretching towards stimulus with hind paws planted 

Sniff Stimulus Sniff/Investigation of stimulus 

Bite Stimulus Biting cylinder or objects 

Dig Moving of bedding backwards with forepaws 

Bury Moving of bedding forwards with forepaws 

Horizontal Activity Includes walk, explore, sniff that does not fall into any of the above 

categories 

Vertical Activity Rear and lean on wall, lid sniff, lid chew (two paws on the floor of 

the cage), single jump 

Inactivity Sit, laydown, sleep, freeze 

Self Groom Self groom and scratch 

Stereotypies Strange behaviours: spinturns, repeated jumps, repeated lid chews 

(>3), head shakes, etc.  

Non-social Investigation Non-social sniffing of cylinder (above holes) 

 

  



 
 

124 
 

Statistical Analysis 

       Investigation ratios for habituation 1 and habituation 2 were averaged for analysis. The 

arcsin transformed investigation ratios were analyzed with a mixed-design repeated measures 

ANOVA with treatment as the main factor and the session of the paradigm (average habituation 

and test) as the repeated-measure dependent variable. To reduce type I errors, specific a priori 

binary mean comparisons were planned to assess the effects of the treatment at test (novel 

stimulus/location). Specifically, paired t-tests were used to assess differences between IRHab and 

IRTest within each treatment group. Statistical significance between IRHab and IRTest indicates 

social recognition. Additionally, a one-way ANOVA was used to assess treatment effects on 

IRTest. Whether any test investigation ratios were significantly different from vehicle was 

assessed with Tukey’s post hocs. The duration of the other behaviours (Table 6) were analyzed 

using a mixed-design repeated measures ANOVA with treatment as the main factor and the 

session of the paradigm (habituation 1, habituation 2, and test) as the repeated-measures 

dependent variable. When the interaction was significant, one-way ANOVAs and Tukey’s post 

hocs were used to determine whether there were significant dose-dependent differences in 

behaviours between treated and vehicle groups in each session of the paradigm. When normality 

failed, Kruskal-Wallis ANOVAs were performed followed by Dunn’s post hocs. SPSS was used 

for all mixed-design repeated measures ANOVAs and Sigmastat version 3.5 was used for all 

other statistical analyses (Systat Software, Chicago, IL). Statistical significance was set at 

p<0.05. 
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Results 

17β-estradiol in the medial amygdala rapidly improves social recognition 

       Administration of 17β-estradiol directly into the medial amygdala appears to rapidly improve 

social recognition in OVX female mice. The main model for investigation ratio revealed a 

significant main effect of paradigm phase (F2,94=14.88, p<0.0001). A priori binary mean 

comparisons showed a statistically significant difference between the IRHab and IRTest in mice 

administered 25nM (t=-2.55, df=9, p<0.05), 50nM (t=-2.55, df=11, p<0.05), or 100nM (t=-4.36, 

df=11, p=0.001) 17β-estradiol (Figure 15A). There were no significant differences in IRHab and 

IRTest in the vehicle or 10nM 17β-estradiol groups. Additionally, there were no statistically 

significant differences in IRTest or total investigation duration between treatment groups (Figure 

15B). Therefore, estrogens in the medial amygdala facilitate social recognition in female mice on 

a rapid time scale.  

Activation of the GPER in the medial amygdala rapidly improves social recognition 

       Our results suggest that activation of the GPER in the medial amygdala improves social 

recognition in OVX female mice within 40 minutes of drug administration. The overall 2-way 

repeated measures ANOVA on investigation ratio revealed a main effect of paradigm phase 

(F(1,53)=10.51, p<0.005). Specifically, the a priori binary mean comparisons showed a 

statistically significant difference between IRHab an IRTest for the 50nM G-1 group (t=-3.17, 

df=11, p<0.01, Figure 15C). There were no significant differences in IRHab and IRTest within the 

vehicle, 25nM, 200nM or 400nM G-1 groups. Additionally, there were no statistically significant 

differences in IRTest and total investigation duration between treatment groups (Figure 15D). 

However, there was a statistically significant interaction between paradigm phase and treatment 

in horizontal activity duration (F(8,106)=3.33, p<0.005), specifically the 400nM G-1 group had 
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significantly lower horizontal activity duration than the 200nM group in habituation 1 (q=5.04, 

p<0.01) and the vehicle group in the test phase (q=4.96, p<0.01). Because there were no 

differences in total investigation duration, these differences in horizontal activity did not affect 

the interpretation of the investigation ratio results. Therefore, the GPER in the medial amygdala 

appears to be involved in the rapid estrogenic facilitation of social recognition.  
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Figure 15: Rapid effects of 17β-estradiol or activation of the GPER (G-1 agonist) in the 

medial amygdala on social recognition. All groups include 9-12 animals. The bar graph 

illustrates investigation ratio (gray bars represent the average habituation investigation ratio, 

black bars represent test investigation ratio). The line graph represents total investigation 

duration of the stimulus animals (H indicates habituation). A) Animals administered 25nM, 

50nM, or 100nM 17β-estradiol demonstrated social recognition. B) Total investigation duration 

of stimulus mice was not affected by 17β-estradiol treatment. C) Administration of 50nM G-1 

improved social recognition. D) G-1 administration did not affect total investigation duration. 



 
 

128 
 

Asterisks above black bars indicate a significant difference between average habituation and test 

investigation ratios within a group. Mean ± SE *P<0.05, **p<0.01, ***p=0.001.  
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Discussion 

       Our results demonstrate that administration of 25nM, 50nM or 100nM of 17β-estradiol 

directly into the medial amygdala improves social recognition in OVX female mice within 40 

minutes. These effects seems to be mediated, at least in part by the GPER as activation of the 

GPER in the medial amygdala with a 50nM dose of G-1 improved social recognition as well. 

These results add to our previous research where we have shown that systemic administration of 

estrogens, mediated at least in part through the GPER, improved performance in the social 

recognition task (Phan et al., 2012a; Chapter 2) and point to a brain region, in addition to the 

hippocampus (Chapter 3, 5), that is likely involved in mediating the estrogenic facilitation of 

social recognition. Additionally, it has been shown that both the systemic and intrahippocampal 

administration of 17β-estradiol improved social recognition in the home cage (Phan et al., 2012; 

2012b) while only systemic administration of 17β-estradiol, not intrahippocampal 

administration, improved social recognition in the Y-apparatus (Phan et al., 2013). Therefore, 

another brain region outside the hippocampus was likely involved in mediating estrogen’s 

improving effects on social recognition. The present study has shown that the medial amygdala 

is a likely candidate, as 17β-estradiol can improve social recognition in the home cage when 

administered directly into the medial amygdala and this appears to be mediated, at least in part 

by the GPER (Chapter 6). Future research will need to be conducted to investigate the role of ER 

α and β in the medial amygdala in the facilitation of social recognition on a rapid time scale.  

       There is other evidence that suggests estrogens in the medial amygdala are involved in 

mediating social recognition in a time frame consistent with their genomic actions. Spiteri and 

colleagues (2010) have shown that the inactivation of ER α in the medial amygdala attenuated 

the estrogen-mediated facilitation of social recognition. Additionally, the genomic actions of 
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estrogens have been shown to regulate the oxytocin system via the medial amygdala (reviewed in 

Choleris et al., 2003) and the oxytocin system has been shown to be necessary for social 

recognition in rodents. Ferguson and colleagues (2001) have demonstrated that the medial 

amygdala was activated when male mice were presented with a female mouse in a social 

recognition task, that oxytocin knockout mice did not show normal social recognition for a 

female stimulus mouse, and that the replacement of oxytocin directly into the medial amygdala 

restored social recognition deficits in the male oxytocin knockout mice. Taken together, these 

results suggest that oxytocin in the medial amygdala was necessary for normal social recognition 

in male mice. Furthermore, the oxytocin receptor in the medial amygdala has been shown to be 

necessary for social recognition in female mice when presented a same-sex conspecific (Choleris 

et al., 2007) and in male rats when presented a female conspecific (Lukas et al., 2013). 

Therefore, the oxytocin system, regulated by estrogens in the medial amygdala, appears to be 

necessary for social recognition in rodents. The study by Ferguson and colleagues (2001) 

demonstrated a role for oxytocin in social recognition on a rapid time scale, whether estrogens 

can regulate the oxytocin system through non-genomic actions has yet to be determined. 

       There is evidence that estrogens, via the GPER, can regulate the oxytocin system within the 

paraventricular nucleus (PVN). Xu and colleagues (2009) have shown that the GPER colocalizes 

with oxytocin in the PVN and that the GPER agonist, G-1 attenuates serotonin-mediated 

oxytocin release from the PVN. As the GPER has been shown to interact with the oxytocin 

system (Xu et al., 2009), it is possible that the GPER could be mediating social recognition in the 

medial amygdala through actions on the oxytocin system as well. However, further research will 

need to be conducted to determine whether the GPER interacts with the oxytocin system, for 
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example, by promoting oxytocin release in the medial amygdala in a time frame consistent with 

the non-genomic effects of estrogens.  

       Estrogens, through the GPER in the medial amygdala might also mediate social recognition 

through dendritic spine plasticity. We have previously showed that systemic administration of 

17β-estradiol or the GPER agonist, G-1 to OVX female mice increases dendritic spine density in 

the CA1 region of the hippocampus within 40 minutes (Phan et al., 2012a; Chapter 2). Evidence 

suggests that the GPER interacts with actin cytoskeleton scaffolding proteins in the hippocampus 

to mediate dendritic spine plasticity (Akama et al., 2013; Waters et al., 2015). The estrous cycle 

has been shown to affect dendritic spine density in the medial amygdala of female rats (Rasia-

Filho et al., 2004) and estrogen treatment has been shown to increase medial amygdala dendritic 

spine density in OVX female rats within a time frame consistent with the genomic effects of 

estrogens (de Castilhos et al., 2008). Whether the GPER is also able to rapidly mediate dendritic 

spine density in the medial amygdala of OVX female mice has yet to be determined. Estrogenic 

effects on dendritic spine density in the medial amygdala via the GPER could be a possible 

mechanism through which estrogens in the medial amygdala improved social recognition as 

dendritic spine plasticity has been associated with rapid improvements in learning and memory 

(rev. in Srivastava et al., 2013). 

Conclusions 

       This study has shown that estrogens in the medial amygdala are rapidly involved in 

mediating social recognition in OVX female mice, and these effects seem to be mediated, at least 

in part, by the GPER. We have now shown that the GPER both the hippocampus (Chapter 3; 5) 

and the medial amygdala are involved in the estrogenic mediation of social recognition. The 

GPER in the medial amygdala could improve social recognition through interactions with the 
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oxytocin system or through actions affecting dendritic spine plasticity. Involvement of the GPER 

in both possible mechanisms warrants further investigation. 
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CHAPTER 7: General Discussion 
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       The results from this thesis suggest that the GPER is involved in mediating the estrogenic 

facilitation of learning and memory in a time frame consistent with the non-genomic effects of 

estrogens. To summarize, systemic activation of the GPER improved social recognition, object 

recognition, and object placement learning in OVX female mice within 40 minutes of drug 

administration (Chapter 2). Additionally, within the same time frame and with similar systemic 

doses of the GPER agonist, G-1, there was a significant increase in dendritic spine density in the 

CA1 region of the hippocampus (Chapter 2). We then showed that the GPER, specifically in the 

dorsal hippocampus, was involved in facilitating social recognition and object recognition, but 

not object placement learning on a rapid time scale (Chapter 3). These improvements in social 

and object recognition were also replicated in the Y-apparatus, where minimal spatial cues were 

present, confirming that the GPER in the hippocampus is likely not involved in the rapid 

processing of spatial information (Chapter 5). Since the GPER and ER α had very similar effects 

on learning and memory, we hypothesized that these two receptors might work together or 

through additive mechanisms to mediate the rapid estrogenic effects on learning and memory 

demonstrated previously with 17β-estradiol (Phan et al., 2012b). However, our results suggest 

that the receptors work through different mechanisms as sub-effective administration of both the 

GPER agonist, G-1 and the ER α agonist, PPT, did not improve learning and memory on a rapid 

time scale (Chapter 4). As it has been well established that the medial amygdala is involved in 

social recognition (reviewed in Gabor et al., 2012), we showed that estrogens, in part via the 

GPER, in the medial amygdala are also involved in facilitating social recognition in a time frame 

consistent with non-genomic actions (Chapter 6). 

      Taken together, the results from this thesis indicate the GPER in the hippocampus is involved 

in rapidly mediating recognition learning, while a region outside the hippocampus is involved in 
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the rapid GPER-mediated improvements in spatial learning (Chapter 2). Although these 

conclusions are in contrast to the general acceptance that the hippocampus is majorly involved in 

spatial learning (Broadbent et al., 2004), the hippocampus has been implicated in both social 

recognition and object recognition as well. For example, lesions to the hippocampus impaired 

social recognition in mice tested 30 minutes after exposure to a juvenile conspecific (Kogan et 

al., 2000), transection of the fimbria, inactivating the hippocampus, impaired social recognition 

and reduced social investigation in rats (Maaswinkel et al., 1996), and inactivation of the 

hippocampus impaired object recognition in mice (Cohen et al., 2013). Therefore, the GPER is 

likely modulating mechanisms involved in social recognition and object recognition from within 

the hippocampus, while the GPER in brain regions outside the hippocampus, such as within the 

basal forebrain cholinergic neurons (Hammond et al., 2011) are likely mediating spatial learning 

on a rapid time scale.  

       Further research will need to be conducted to elucidate the specific mechanisms that are 

involved in the GPER-mediated improvements on social recognition, object recognition, and 

object placement. Specifically within the hippocampus, the GPER has been shown to interact 

directly with proteins known to be involved in dendritic spine plasticity (Akama et al., 2013; 

Waters et al., 2015), a process thought to be regulated by estrogens and a possible mechanism 

through which estrogens improve learning and memory on a rapid time scale (reviewed in 

Srivastava et al., 2013). Additionally, the GPER has been implicated in the modulation of 

acetylcholine release in the hippocampus from basal forebrain cholinergic neurons (Hammond et 

al., 2011), glutamatergic and GABAergic neuronal activity in the basolateral amygdala (Tian et 

al., 2013), the sensitization of serotonin receptors, and the serotonin-mediated release of oxytocin 

in the paraventricular nucleus (Xu et al., 2009). Furthermore, the GPER has been localized to a 
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number of brain regions in the mouse in a pattern that is distinct from that of ER α and β (Hazell 

et al., 2009), and we have demonstrated that the GPER is likely working through different 

molecular mechanism than those of the classic ERs. In sum, this evidence creates the possibility 

for the GPER to be involved in modulating all of the systems mentioned above, from various 

brain regions, resulting in diverse behavioural effects. As such, it is less surprising that the GPER 

in the hippocampus is differentially involved in the facilitation of learning and memory than ER 

α and β (Phan et al., 2012b). Additionally, it is reasonable that we found GPER-mediated 

improvements social recognition via both the hippocampus (Chapter 3; 5) and the medial 

amygdala (Chapter 6). 

       It is well known that the medial amygdala is involved in social recognition (reviewed in 

Gabor et al., 2012) and with our results showing rapid improvements in social recognition 

following administration of 17β-estradiol or activation of the GPER in the medial amygdala 

(Chapter 6), we have now added to the limited existing literature showing that ER α in the 

medial amygdala is also involved in the estrogenic facilitation of social recognition (Spiteri et al., 

2010). Additionally, it is evident that the hippocampus is important for social recognition as well 

(reviewed in Bielsky et al., 2004). What remains to be determined is whether there is an 

interaction between the medial amygdala and the hippocampus and whether this interaction 

could be modulated by the GPER in both regions. Bielsky and colleagues (2004) have proposed 

that both the medial amygdala and hippocampus are involved in the processing of social 

information for normal social recognition in rodents. They propose that olfactory cues are 

processed through the accessory and main olfactory bulbs and this information then converges in 

the medial amygdala where oxytocin is necessary for normal processing. The medial amygdala 

then projects to the lateral septum, which projects to the hippocampus where social recognition 
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memories are processed and retrieved. This pathway is consistent with a previous study that used 

c-fos immunoreactivity to conclude that the medial amygdala is activated following exposure to 

a social stimulus in wildtype mice, while oxytocin knockout mice showed decreased activity in 

the medial amygdala and instead, increased activity in the hippocampus (Ferguson et al., 2001). 

It is possible that in an attempt to compensate for the lack of oxytocin in the medial amygdala 

required to process social information normally, the oxytocin knockout mice used other brain 

regions implicated in the normal social memory processing network to try to interpret the social 

olfactory information. However, the use of the hippocampus by the oxytocin mice did not result 

in normal social recognition, so perhaps the hippocampus is downstream from the medial 

amygdala in the social recognition processing pathway. Since the GPER has also been shown to 

regulate oxytocin release in the paraventricular nucleus (Xu et al., 2009), perhaps the 

improvements in social recognition mediated by the GPER in the medial amygdala are due to a 

possible GPER-mediated modulation of the oxytocin system and the improvements in social 

recognition by the GPER in the hippocampus might be mediated by the regulation of dendritic 

spine plasticity (Chapter 2) or acetylcholine release (Hammond et al., 2011). Additionally, it 

could be the combination of any of the above mechanisms, elicited by the GPER, that work 

together to modulate social recognition. Further research will need to be conducted to elucidate 

the cell signaling cascades elicited by the GPER in both of these brain regions to further 

characterize how they might be interacting to process social information. None the less, it is 

apparent that there is a network of brain regions, including the hippocampus and the medial 

amygdala that can be modulated by the GPER to improve social recognition in OVX female 

mice on a time scale consistent with that of the non-genomic effects of estrogens. Further 

research should be conducted to investigate the role of the classic estrogen receptors as well. 
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Therefore, the rapid effects of ER α and ER β in the medial amygdala on social recognition in 

OVX female mice warrant further investigation. 

      The GPER-mediated facilitation of object recognition from the hippocampus is consistent 

with previous studies. It has been shown that the intrahippocampal administration of 17β-

estradiol improved object recognition, both in the home cage and in the Y-apparatus, within 40 

minutes of drug treatment in OVX female mice (Phan et al., 2012b; 2013). Additionally, it has 

been shown that estrogens in the dorsal hippocampus can enhance the retention of an object 

memory in a time frame consistent with the non-genomic effects of estrogens (Fernandez et al., 

2008). Whether other brain regions are also involved in the GPER-mediated estrogenic 

facilitation of object recognition is unknown. The perirhinal cortex has been shown to be 

necessary for object recognition (Winters & Bussey, 2005) and estrogen administration to the 

perirhinal cortex of rats may improve object recognition at low doses (Gervais et al., 2013). To 

our knowledge, there is no other literature regarding estrogenic mediation of object recognition 

from the perirhinal cortex. As the GPER is located in the perirhinal cortex in mice (Hazell et al., 

2009), the rapid effects of the GPER in the perirhinal cortex on object recognition should be 

investigated to identify a possible network of brain regions involved in the GPER-mediated 

estrogenic facilitation of object recognition.  

       To date, the only learning and memory research on the GPER has been conducted in a time 

frame consistent with the genomic effects of estrogens, and has demonstrated that the GPER 

plays a role in enhancing performance in spatial tasks (Hammond et al., 2009; Hawley et al., 

2014), which are typically mediated, at least in part, by the hippocampus (reviewed in Broadbent 

et al., 2004). In contrast, our results show no improvement in object placement learning with 

intrahippocampal administration of the GPER agonist, in a time frame consistent with the non-
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genomic effects of estrogens (Chapter 3). Therefore, it is possible that the GPER might only be 

involved in processing spatial information in a time frame consistent with the genomic effects of 

estrogens. Another possibility is that the GPER in the hippocampus is only involved in the 

recognition of things as opposed to places. For instance, our results show that the GPER is 

involved in social and object recognition (Chapter 3; 5), which relies on the recognition of a 

familiar stimulus. Conversely, it is possible that the GPER, in brain regions other than the 

hippocampus, is involved in our object placement task, the delayed matching to position task, or 

other spatial tasks. Hammond and colleagues (2009) have shown that activation of the GPER 

improved the acquisition of the delayed matching to position task, and they have proposed that 

the GPER facilitated acquisition of this spatial task through the modulation of cholinergic 

neurons in the basal forebrain (Hammond et al., 2011). Additionally, Hawley and colleagues 

(2014) used a Y-maze spatial task in which the systemic activation of the GPER improved 

recognition of 2 familiar arms of the maze. Further research should be conducted to investigate 

the role of the GPER in the basal forebrain in the mediation of the rapid estrogenic facilitation of 

object placement learning.  

Limitations and Future Research 

       There are a few limitations in the presented research. As this research investigating the rapid 

effects of the GPER on learning and memory is quite novel, most of the research presented in 

this thesis should be considered a “first step” in characterizing the role of the GPER in the rapid 

estrogenic facilitation of learning and memory. For instance, further research will need to be 

conducted to elucidate whether the GPER is necessary for the estrogenic mediation of social 

recognition, object recognition, or object placement learning. As the classic estrogen receptors 

are also involved in mediating social recognition, object recognition, and object placement 
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learning (Phan et al., 2011; 2012b), the GPER may not be necessary for the estrogenic 

facilitation of these learning and memory tasks. In order to determine whether the GPER is 

necessary, while ensuring we are still investigating the rapid effects of the GPER, we can 

administer the GPER antagonist, G15 (Dennis et al., 2009) prior to estradiol administration to 

determine the rapid effects of estrogens on learning and memory when the GPER is inactivated.  

       There is some evidence that both the GPER and ER α need to be expressed and activated on 

some cancer cell lines to upregulate downstream molecular targets (Albanito et al., 2007). 

Therefore, by inactivating the GPER, it is possible that the administration of 17β-estradiol would 

no longer enhance learning and memory via ER α. Our results lend some evidence against this 

hypothesis as we have shown that the GPER and ER α in the hippocampus may not work 

together, though additive mechanisms, to facilitate learning and memory (Chapter 4). 

Administration of the GPER antagonist in conjunction with 17β-estradiol would allow for 

confirmation about whether the activation of both the GPER and ER α is necessary for the 

estrogenic facilitation of learning and memory on a rapid time scale.  

       Alternatively, to investigate whether the GPER and ER α are both necessary for the 

estrogenic facilitation of learning and memory, small hairpin RNA (shRNA) can be used to 

knockdown or inactivate the GPER or ER α in specific brain regions in concert with the 

administration of 17β-estradiol. If one or both ERs are necessary for the rapid facilitation of 

learning and memory, the knockdown of either receptor could prevent this facilitation. From the 

use of global ER α knockout mice, it is known that ER α is necessary for social recognition 

(Choleris et al., 2006). Further research should be conducted to investigate whether the 

administration of 17β-estradiol or the GPER agonist, G-1, either systemically or directly into 

specific brain regions, might restore deficits in social recognition in ER α knockout mice. 
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Additionally, there is some evidence that ER β mediates object recognition and object placement 

learning, as administration of estradiol improves performance in these tasks in ER α knockout 

mice but not ER β knockout mice (rev. in Frick, 2015). Thus, these ER knockout mice could be a 

useful tool to investigate whether the GPER can facilitate learning and memory in the absence of 

functional ER α. 

       Additional studies investigating the role of both the GPER and ER α in the rapid effects of 

estrogens on learning and memory should also be conducted as there is evidence that suggests 

the GPER may not actually be an estrogen receptor and that the GPER may not only bind 17β-

estradiol as a ligand (reviewed in Langer et al., 2010; Srivastava & Evans, 2013). Studies have 

demonstrated that estradiol does not bind to the GPER; for example, in double ER α and β 

knockout mice there is no appreciable binding of estradiol and it has been shown that ER α, not 

the GPER, is responsible for the non-genomic effects of estrogens in endothelial cancer cells 

(reviewed in Langer et al., 2010). Additionally, it has been suggested that other ligands, for 

example aldosterone, bind to the GPER, perhaps better than 17β-estradiol, at least in vascular 

tissue (reviewed in Srivastava & Evans, 2013). It has also been shown that dopamine may bind 

to the GPER to initiate cell signaling cascades in oocytes (reviewed in Evans et al., 2014). 

However, none of the studies mentioned above were conducted in neural tissue and there is 

evidence that G-protein coupled receptors (GPCR) actually alter their binding capacity for 

certain ligands based on the tissue in which they are expressed, a process known as agonist-

specific coupling or biased agonism (reviewed in Evans et al., 2014; Srivastava & Evans, 2013). 

In neurons specifically, it has been shown that the GPER mediates neuritogenesis following 

administration of both 17β-estradiol and G-1. These effects are abolished with the GPER 

antagonist, G15 and knockdown of the GPER with interfering RNA (Ruiz-Palmero et al., 2013). 



 
 

142 
 

Furthermore, it has been demonstrated that the GPER can bind to other GPCRs through protein-

protein interactions (Akama et al., 2013), and therefore, effects of other ligands may be linked to 

the GPER while those ligands are still binding to their respective receptors. Further research will 

need to be conducted in neural tissue to determine whether the GPER is actually an ER, whether 

it is only an ER, and to confirm that the improving effects on learning and memory demonstrated 

in this thesis are truly due to estrogenic action at the GPER.  

Significance of Research 

       The experiments in this thesis provide novel information regarding the GPER and its effects 

on learning and memory in OVX female mice. Presently, very few studies have investigated how 

the GPER affects learning and memory (Hammond et al., 2009; Hawley et al., 2014), and these 

studies have only examined the long-term effects of the GPER. The results from this thesis will 

fill a gap in knowledge regarding the rapid effects of the GPER on various learning and memory 

tasks, enhancing our knowledge about the fundamental mechanisms involved in the estrogenic 

modulation of learning and memory. 

       Additionally, this research can add to the body of literature available to enhance the 

effectiveness of post-menopausal hormone replacement therapy (HRT). It is well documented 

that women experience cognitive decline following menopause (reviewed in Frick, 2009). For 

example, post-menopausal women have been shown to perform significantly worse on delayed 

verbal memory tasks and verbal fluency tasks than pre- and peri-menopausal women (Weber et 

al., 2013) and young women treated with estrogens following surgery-induced menopause were 

able to maintain performance on verbal memory tasks while women treated with a placebo were 

not (Sherwin, 1988). As such, a large study was conduct by the Women’s Health Initiative 

(WHI) to investigate the effectiveness of HRT in reducing cognitive decline in post-menopausal 
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women (reviewed in Frick, 2009; Luine, 2008; 2014). It was found that estrogen treatment had 

no improving effects on cognition (Rapp et al., 2003) and in fact, it was shown that there were 

increases in cognitive decline with HRT (Espeland et al., 2004; Rapp et al., 2003) and a slight 

increase in the risk for dementia (Shumaker et al., 2004). However, these studies were carried 

out in women who had gone through menopause at least 15 years prior to the start of the study 

and the HRT used were conjugate equine estrogens, which contain predominantly estrone instead 

of 17β-estradiol, which is the most common of the endogenous estrogens in women. It is now 

thought that there is a critical period in which estrogens can be administered post-menopause 

(reviewed in Luine, 2014) and therefore, the WHI study participants, who went through 

menopause 15 years prior to HRT, were likely well past this critical period. Additionally, estrone 

has been shown to be less potent than other estrogens, like 17β-estradiol which is typically used 

in animal studies where it has been demonstrated that estrogens largely improve cognition after 

age-related estrogen decline (reviewed in Frick, 2009; Luine, 2014), while estrone has been 

shown to impair cognition in animals (Barha et al., 2010) and humans (reviewed in Barha & 

Galea, 2010). Therefore, further research will need to be conducted to determine whether HRT 

with endogenous forms of estrogens, within the critical period following menopause, are 

effective in reducing age-related cognitive decline in women. 

       Presently, new forms of HRT, for example, selective estrogen receptor modulator 

compounds (SERMs) are being used to treat women with menopause-related cognitive decline in 

hopes that these treatments will have a more selective effect on cognition with less side effects 

on other health issues like breast cancer, stroke, and heart disease, which were of major concern 

in the WHI study (reviewed in Frick, 2009; Luine, 2014). Our results, in conjunction with the 

other cognitive studies on the GPER (Hammond et al., 2009; Hawley et al., 2014), point to 
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largely improving effects of the GPER, while the ER α and β literature shows mixed improving 

and impairing results on cognition (see Chapter 1).  Therefore, instead of targeting the classic 

ERs, this research points to another, perhaps more selective HRT candidate in the GPER for the 

treatment of cognitive decline pre-, peri- or post-menopause. 
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