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ABSTRACT 

THE ROLE OF MEMBRANE-BOUND RECEPTORS IN THE RAPID ESTROGENIC 
ENHANCEMENTS OF LEARNING AND MEMORY WITHIN THE HIPPOCAMPUS 

Talya Kuun 

University of Guelph, 2021 
Advisor: 

Professor Elena Choleris 

Estrogens play a role in learning and memory on a rapid time scale. Systemic treatment 

with 17β-estradiol rapidly improves object recognition, social recognition and object 

place learning in ovariectomized female mice within a timescale of only 40 minutes 

following administration. Studies have identified the dorsal hippocampus as one site of 

these estrogenic enhancing effects. Whether these rapid estrogenic effects are 

mediated solely by membrane-bound estrogen receptors is currently unknown. This 

study sought to determine the role of membrane estrogen receptors in the rapid effects 

of 17-β estradiol within the hippocampus. By conjugating 17-β estradiol to a large 

bovine serum albumin molecule (BSA-E2), the estradiol is prevented from passing 

through the cellular membrane and thus, from binding to intracellular receptors. We 

were able to demonstrate that the rapid effects of estrogens on learning and memory 

are mediated by membrane-bound estrogen receptors, independent of intracellular 

mechanisms. 

Talya Hadden
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1. Introduction 

1.1. Estrogens 

 Estrogens, a family of primary female sex hormones, mediate many diverse 

elements of male and female physiology in addition to their reproductive effects. 

Although it was previously presumed that the neurophysiological effects of sex 

hormones were associated solely with circulating hormones originating in the ovaries, 

testes and adrenal glands, extensive investigation has advanced our understanding of 

the actions of estrogens synthesized within the brain. Most initial investigation into the 

neural involvement of estrogens was based on the modulation of ovulation and 

reproductive behaviours (Reviewed in Simoni, Hill, & Vaughan, 2002). However, our 

understanding of the more diverse role played by these sex hormones has expanded, 

and estrogens have now been implicated in a variety of processes, including learning 

and memory; stress and anxiety responses; and aggression (Tetel & Pfaff, 2010). It has 

now been demonstrated that estrogens and other sex hormones are also locally 

synthesized within the brain (Amateau, Alt, Stamps, & McCarthy, 2004; Murakami, 

Tanabe, et al., 2006; Naftolin, Ryan, & Petro, 1971), a mechanism through which they 

contribute to the multi-faceted role of estrogens in the diverse system of learning and 

memory (reviewed in Gold & Korol, 2010; Luine, 2014) through the activation of 

estrogen receptors in the brain.  

 The main estrogen receptors (ER) are found within the nucleus, cytoplasm, and 

membranes of neural cells (Frick et al., 2015). ERα, ERβ and the G-protein coupled 

estrogen receptor 1 (GPER1, formerly known as GPR30), are all present within the 

brain, and they all have a high affinity for estradiol (E2), the most biologically active and 
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abundant, pre-menopausal form of estrogen (Nilsson et al., 2001 & Thomas, et al., 

2005), allowing each to produce estrogen-dependent signaling cascades. 

1.2. Genomic versus non-genomic effects of estrogens 

 In binding to the three main ERs, 17β-estradiol, the most common naturally 

produced estrogen, and other estrogens are known to exhibit both genomic and non-

genomic effects (reviewed in Sheppard et al., 2018b; Luine, 2014). It has been well 

established that estrogens can elicit genomic responses affecting gene transcription on 

a timescale of hours to days (Nilsson et al., 2001). These classical genomic effects 

begin through the binding of ERα and ERβ triggering dimerization, translocation to the 

cell nucleus and formation of a chromatin-bound ER complex. This ER complex can act 

as a transcription factor or can modulate existing transcription factors to affect gene 

transcription (Marino et al., 2006). 

 Research has also begun to characterize the non-genomic actions of estrogens, 

responsible for much more rapid effects than genomic effects. This occurs through the 

activation of intracellular signaling cascades (reviewed in Vasudevan & Pfaff, 2008) 

initiated by the binding of ERα, ERβ and GPER1 (reviewed in Sheppard et al., 2018b). 

Through these rapid non-genomic effects, estrogens can generate behavioural and 

neurophysiological changes as early as 15 minutes post-administration, which is 

considered too rapid to be resulting from genomic mechanisms (reviewed in Balthazart 

et al., 2018). 

1.3. Estrogenic effects on learning and memory 

 Cognition and estrogens are linked from the early moments in utero when 

estrogens guide sexual differentiation of brain regions (Wright et al., 2010), to later life 
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cognitive decline associated with menopause (Henderson, 2008). Estrogens continue to 

exert their impact throughout the lifespan through effects on learning and memory. 

These actions of estrogens are not uniform, sometimes enhancing, impairing or lacking 

influence depending on: subject factors such as gender or age, type of cognition, locus 

of brain activation, dose, timing, and type of estrogens studied (Korol & Pisani, 2015). 

Natural fluctuations in estrogens occurring throughout the female reproductive cycle, 

pregnancy, menopause, and general aging have all been related to cognitive changes 

(Henderson, 2008; Sherwin, 2012; Pletzer et al., 2019). During the midluteal phase of 

the menstrual cycle, when endogenous E2 levels are high, females perform better on a 

variety of cognitive tasks ranging from verbal fluency tasks to fine motor skill tasks, 

while spatial abilities appeared stronger during the menstrual phase when E2 levels are 

low (Hampson, 1990). Studies have also documented impairments in working memory 

and verbal recall in pregnant women as compared to non-pregnant controls, when 

estrogens are subject to drastic fluctuations (Henry & Rendell, 2007). The 

administration of exogenous estrogens in animal studies, especially in ovariectomized 

subjects, has offered a way to isolate the effects of estrogens on learning and memory. 

For example, spatial (Sandstrom & Williams, 2004) and non-spatial forms of short-term 

memory alike have shown the enhancing effects of estrogens in young female rodents 

(Wide et al., 2004). In this thesis we investigated 3 learning paradigms: social 

recognition, object recognition, and object place learning. The known effects of 

estrogens on these paradigms are listed below in sections 1.4, 1.5, and 1.6 respectively.  

3



1.4. Estrogens and long-term effects on social recognition 

 One of the various types of learning and memory that estrogens are known to 

influence, is social recognition (reviewed in Gabor, et al., 2012). Social recognition 

refers to the ability to recognize, process and retain information about conspecifics. This 

social form of memory is critical for the development of normal social behaviours 

including reproduction, territory protection, as well as the curbing of aggression leading 

to the foundation of successful social dominance hierarchies (Ferguson, et al., 2002).  

Social recognition is enhanced during the proestrous phase of female mice when 

estrogen levels are high (Sanchez-Andrade & Kendrick, 2009), and is impaired by 

ovariectomy (Tang et al., 2005). Estradiol dipropionate, a synthetic ester of estradiol, 

administered subcutaneously to ovariectomized rats also improves social recognition 

performance 3 to 10 days later (Hlinák, 1993). Additionally, social recognition 

impairments seen post-ovariectomy can be reversed with chronic estrogen replacement 

through the implantation of a 0.72mg time-release pellet (Tang et al., 2005). 

Furthermore, male aromatase “knockout” mice, with a selective aromatase gene 

mutation, which stops them from being able to synthesize androgens to estrogens, also 

show strong impairments in social recognition, suggesting that estrogens are involved in 

social recognition in both males and females (Pierman et al., 2008).  

The roles of ERα and ERβ, more specifically, have been investigated using ERα 

knockout (α-ERKO) and ERβ knockout (β-ERKO) mice. Female α-ERKO mice are 

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

Andrade & Kendrick, 2009; Sánchez-Andrade & Kendrick, 2011), while male α-ERKO 

mice have impaired social recognition in some studies (Imwalle, Scordalakes, & 
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Rissman, 2002), yet not in others (Sánchez-Andrade & Kendrick, 2011); possibly due to 

methodological differences in stimulus mouse exposure frequencies. Female β-ERKO 

mice, however, show impairments (Choleris et al., 2003), partial impairments (E. 

Choleris et al., 2006) or no impairments (Sánchez-Andrade & Kendrick, 2011) 

depending on the type of social recognition paradigm used, suggesting that ERβ may 

not be necessary for social recognition in mice. These varying results suggest that ER 

type may be differentially involved in social recognition learning in males and females. 

These manipulations of long-term memory do not allow us to differentiate between 

variances in genomic and rapid effects of estrogens. More recent studies have sought 

to investigate the latter, summarized below, in section 1.7. 

1.5. Estrogens and long-term effects on object recognition 

 The capacity to recognize and discriminate between different objects is also 

modulated by estrogens. It has been shown that the natural cycling of estrogens in 

female rats affects object recognition. Female rats show a higher capacity for 

discriminating between novel and familiar objects during their proestrous phase, when 

circulating estradiol levels are much higher than during the diestrous phase of the cycle 

(Walf, Rhodes, & Frye, 2006).  

Ovariectomy decreases the ability to distinguish between novel and familiar 

objects, compared to performance of gonadally intact rats (Wallace, Luine, Arellanos, & 

Frankfurt, 2006), whilst object recognition can be restored through the administration of 

estrogens (Fernandez & Frick, 2004; Vaucher et al., 2002). Similar improvements are 

seen following administration of ERα and ERβ agonists, propyl pyrazole triole (PPT) 

and diarylpropionitrile (DPN), respectively (Walf et al., 2006). These enhancing effects 
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are further able to reverse declines in object recognition capacities caused by stress in 

ovariectomized female rats (Tang et al., 2005). The aforementioned heightened object 

recognition performance seen in mice during proestrous is not seen in β-ERKO mice in 

this phase, suggesting that the enhancing effects of naturally cycling estrogens on 

object recognition involve ERβ (Walf et al., 2009). The lesser known rapid effects of 

estrogens also produce behavioural changes within the object recognition learning 

paradigm, which are summarized below in section 1.7. 

1.6. Estrogens and long-term effects on spatial learning 

 The effects of estrogens on learning and memory have been further 

demonstrated through their effects on spatial learning tasks. Spatial learning is part of 

the memory system responsible for recounting information regarding one’s physical 

environment and personal spatial orientation (Floresco, 2014). When circulating 

estrogen levels are lower during the diestrous phase of the estrus cycle, female rats are 

impaired in their capacity to recognize a novel spatial position of an otherwise familiar 

object, as compared to subjects in proestrous and estrous phases (Frye, Duffy, & Walf, 

2007).  

Immediate post-training administration of estradiol or ERα agonist PPT both 

enhance performance in an object placement task 4 hours later, while the ERβ agonist 

DPN has no effect (Frye et al., 2007). However, β-ERKO mice administered estradiol do 

not show improved performance, suggesting that the ERβ may, in fact, still contribute to 

the enhancing effects of estrogens on object placement learning (Walf, Koonce, & Frye, 

2008). The widely used Morris water navigation test tasks a subject with finding a 
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platform, thus allowing it to escape the water by using spatial cues. Performance in this 

task is improved by estradiol administration 24 hours prior to testing (Gresack & Frick, 

2006; Xu & Zhang, 2006). Following chronic estrogen treatment in ovariectomized mice 

and rats, animals were tested in another spatial memory task, the radial arm maze task,  

and it was found that estrogen treated rodents have better memory for which arms they 

have previously investigated and make less re-entry working-memory errors (Daniell et 

al., 1997; Iivonen et al., 2006). These enhancing effects of estrogens on spatial learning 

are also seen in ovariectomized rats in the delayed matching to position task (Gibbs, 

2000) and in ovariectomized mice within the T-maze (Miller et al., 1999). The effects of 

estrogens on spatial learning, specifically within the object placement paradigm, are not 

limited to long-term effects. Research investigating the effects of estrogens within the 

object placement paradigm follow in section 1.7.  

1.7. Rapid non-genomic effects of estrogens on different phases of 
learning and memory 

 More recently, researchers have begun to investigate the rapid enhancing effects 

of estrogens on learning and memory (reviewed in Sheppard et al., 2018b). Effects of 

pre- and post-acquisition treatments on short and long-term memory have begun to 

provide us with an understanding of the variable effects of estrogens within a rapid 

timeframe, much too short to be produced by the more classically understood genomic 

mechanisms of estrogenic action. 

 A spontaneous learning paradigm format has been used to study the rapid 

effects of estrogens on social recognition, object recognition and spatial learning. All 

three discrimination paradigms are comprised of a sample phase involving the 
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simultaneous presentation of two stimuli to the experimental subject and a test phase 

wherein one of the familiar stimuli is replaced by a novel stimulus or stimulus location 

(as described in Choleris et al., 2006, Phan et al., 2011; 2012). Due to the innate 

inclination for mice to investigate a novel over a familiar stimulus, greater investigation 

of the novel stimulus or stimulus location is considered indicative of the recognition of 

the familiar stimulus or stimulus location. These specific paradigms are advantageous 

as they do not necessitate any prior training and can test learning and memory within 40 

minutes following treatment. The design allows for the examination of the rapid effects 

of estrogens whilst memories are still gene transcription independent (Nguyen, Abel, & 

Kandel, 1994). This allows for a better understanding of the effects of treatment on early 

stages of memory. 

 Luine and colleagues have demonstrated the rapid mediation of visual and place 

memory by estrogens administered pre-acquisition on long-term memory (2003). 

Ovariectomized rats administered E2 only 30 minutes before the sample phase show 

enhanced long-term memory, 4 hours later, in object recognition and placement tasks. 

Rapid consolidation enhancements of object recognition and placement long-term 

memory are also seen using post-training E2, however these consolidation effects are 

not seen using E2 treatments more than two hours after training, suggesting a time-

dependent effect wherein post-training enhancements must occur within the 

consolidation window, likely affecting memory consolidation processes (reviewed in 

Frick, 2009). For example, estradiol administration immediately following the sample 

phase of the object recognition and placement tasks, wherein the subjects are exposed 

to two objects for 30 seconds, yields enhancements in object recognition 48 hours later 
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and in object placement 24 hours later. These consolidation enhancements are not 

seen in mice treated 3 hours post-sample, which suggests that these effects occur 

rapidly, within 3 hours after acquisition, during memory consolidation (Fernandez et al., 

2008), whilst being isolated from effects on earlier stages of memory (i.e. acquisition), or 

later stages of memory (i.e. retention). 

 Treatment with E2 pre-sample also affects short-term memory. Performance in 

social recognition, object recognition, and spatial learning tasks in ovariectomized mice 

is enhanced within as little as 40 minutes following systemic (Phan et al., 2012) and 

dorsal hippocampal (Lymer et al., 2015) E2 administration before training. Estrogens 

also affect structural and functional plasticity prior to the consolidation of memories 

(Phan, et al., 2015; Srivastava et al., 2008). The rapid enhancing effects of E2 on short-

term memory, specifically within the object-in-place task, has also been established in 

gonadally intact male rats using intra-perirhinal cortex infusions (Mitchnick et al., 2019). 

 Further research has begun to investigate the manner in which individual 

estrogen receptors, including ERα, ERβ and GPER1 are involved in these rapid 

behavioural changes. It has been shown that agonists for both ERα (PPT) and GPER1 

(G-1) produce rapid enhancements in short-term memory when administered 

systemically (Phan, Lancaster, Armstrong, Maclusky, & Choleris, 2011; Gabor et al, 

2015) or in the dorsal hippocampus (Phan et al., 2015; Lymer et al, 2017) in all three of 

these behavioural paradigms. When administered immediately pre-acquisition, dorsal 

hippocampal infusions of PPT and G1 both enhance short-term social recognition, 

object recognition, and object place memory, while ERβ agonist (DPN) treatment was 

less consistent, only enhancing object place memory. When treatment with PPT, G1, 
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and DPN occurred post-acquisition both object recognition and place memory were 

enhanced by all 3 agonists. ERβ may, therefore, be more specifically involved in later 

stages of memory (reviewed in Sheppard et al., 2018b). In male rats intra-perirhinal 

cortex antagonism of ERα/ERβ using ICI 182780 caused impairments in long-term, but 

not short-term object-place memory, while GPER antagonist G15 impaired short-term 

object-place memory (Mitchnick et al., 2017). Therefore, the involvement of various ERs 

related to rapid enhancements of short-term and long-term likely differs by receptor type 

and brain region. 

 Through the comparison of studies which employ pre-acquisition treatment, and 

test within the consolidation window; and studies which administer treatment 

immediately post-acquisition, and test well after the consolidation window closes, we 

can better understand the timing and mechanisms underlying these rapid estrogenic 

enhancements. 

1.8. Structural mechanisms of non-genomic estrogenic enhancement 
of learning and memory — The dorsal hippocampus 

The growing body of research investigating these non-genomic effects of 

estrogens on learning and memory has targeted the hippocampus, a region consistently 

implicated in various learning and memory processes (reviewed in Sheppard et al., 

2018b; Vann & Albasser, 2011).  

Estrogens have been shown to modulate structural and functional plasticity in the 

dorsal hippocampus. This plasticity in response to estrogens has been described both 

through synaptic modulation, precipitated by changes in neurotransmission associated 

with shifts in the number, size and shape of dendritic spines within the dorsal 
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hippocampus (Frankfurt & Luine, 2015); as well as neurogenesis (Duarte-Guterman et 

al., 2015; Mahmoud et al., 2016). While a causal relationship has yet to be established 

at this time, behavioural changes have repeatedly been associated with hippocampal 

plasticity, in response to both endogenous and exogenous estrogens (reviewed in 

Sheppard et al., 2019). 

It has been shown that there is an increase in dendritic spine density within the 

CA1 region of estradiol treated mice in 30 minutes (in ovariectomized female rats), 40 

minutes (in ovariectomized female mice), and 2 hours (in male rats) post-administration 

(Mukai et al., 2007; Murakami, Tsurugizawa, et al., 2006; MacLuskyet al., 2005; Phan et 

al., 2012). Systemic administration of the ERα agonist, PPT (Phan et al., 2011), and 

GPER1 agonist, G1 (Gabor et al., 2015), yield similar increases in dendritic spine 

density, whilst the ERβ agonist DPN does not (Phan et al., 2011). These substantial 

increases in CA1 spine densities are also seen following bath-applied ERα agonist to 

ex-vivo brain slices, within 20 to 30 minutes, suggesting that these effects are possibly 

mediated by the ERα (Phan et al., 2015). 

At a cellular level, estradiol has enhancing effects on NMDA-mediated long-term 

potentiation (LTP) through the rapid induction of Ca2+ influx, possibly through L-type 

voltage gated channels in the hippocampus (reviewed in Kelly & Levin, 2001; Sarkar et 

al., 2008). This neuronal synaptic strengthening following repeated activation is key to 

the formation of memories and suggests a potential mechanism by which estrogens 

may play a role in these cognitive processes (Bliss & Lomo, 1973). Furthermore, 

estradiol plays a modulatory role in non-NMDA mediated excitatory glutaminergic 

transmission within the hippocampus through cAMP-PKA pathway activation (reviewed 
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in Kelly & Levin, 2001). The non-genomic improvements of learning and memory also 

appear to be associated with decreased AMPA-mediated excitatory input in the CA1 

region of the hippocampus. This study also suggests that non-genomic mechanisms 

may also cause the internalization of surface AMPAR at the synapse, thus improving 

learning and memory possibly through circuit rewiring or by increasing signal-to-noise 

ratios (Phan et al., 2015).  

These cellular and physiological effects of estrogens within the hippocampus 

suggest a role for this brain region in the mediation of the rapid non-genomic effects of 

estrogens on learning and memory. 

1.9. Cellular mechanisms of non-genomic estrogenic enhancement of 
learning and memory 

 The mechanisms by which estrogens mediate these rapid, non-genomic 

enhancement of learning and memory have not been conclusively identified, however, 

estrogens are known to initiate various cell-signaling cascades in a manner that varies 

in relation to cell type and species (Fu & Simoncini, 2008). Whilst these mechanisms of 

rapid cell signal transduction, independent of nuclear receptor activation, are sometimes 

suggested to be initiated by the direct presence of estrogen molecules (Sarkar et al., 

2008; Szego & Davis, 1967), most research supports a key role for the binding of 

estrogen receptors (Cui, Shen, & Li, 2013; Fu & Simoncini, 2008; Martin J. Kelly & 

Ronnekleiv, 2012; Raz et al., 2008).  

 The precise mechanisms through which estrogen receptors are able to act on 

intracellular cell signaling cascades to produce these behavioural and 

neurophysiological effects remains largely unknown (Kelly & Ronnekleiv, 2012), 
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however some hypotheses do exist (see Figure 1). It is widely suggested that learning 

and memory may be rapidly modified by estrogens through the mitogen-activated 

protein kinase (MAPK) pathway, specifically through ERK1/2 and P13K cascades, 

possibly as a result of estrogens’ modulation of cAMP and PKA activities (Sheppard et 

al., 2018b). Much of the focus of the investigation of potential mechanisms of extra-

nuclear activation involves the study of the seven-transmembrane estrogen receptor G-

protein coupled estrogen receptors. For example, GPER1 activates ERK1/2 and PI3K 

(Filardo et al., 2000) when bound by estrogens, which are known to produce GPER1-

dependent non-genomic actions such as the rapid release of intracellular calcium 

stores, in the cytosol (Filardo et al., 2007). However, ERK1/2 and PI3K are also 

activated by ERα and ERβ, causing rapid up regulation of these mechanisms (Fu & 

Simoncini, 2008). One study suggests that GPER 1 may rather regulate memory 

differentially from ERα and ERβ, through the activation of c-Jun N-terminal kinase as 

opposed to ERK (Kim et al., 2016). Importantly, these estrogenic enhancements of 

MAPK cascades are observed in the dorsal hippocampus and other brain regions, 

which are critical for learning and memory (Singh et al., 1999; Wu et al., 2005; Wu, 

Chen, & Brinton, 2011). The inhibition of the kinase that produces the activation of ERK 

1 & ERK 2, MAPK kinase, post-acquisition, blocks rapid estrogenic enhancements of 

long-term memory consolidation (Fernandez et al., 2008) and of short-term memory 

after pre-acquisition administration of inhibitory treatments (Sheppard et al., 2018b), 

suggesting that these MAPK mediated phosphorylations are likely involved in the rapid 

estrogenic enhancements of memory. What remains unclear is whether behavioural 
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effects, influenced by these intracellular events, are induced by intracellular estrogen 

receptors or via membrane-bound estrogen receptors (mER). 
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Figure 1. Possible non-genomic downstream mechanisms involved in the rapid effects 
of mER. It is suggested that binding of mER activate cell signaling pathways (including 
ERK, PI3K, JNK, and mTOR). These pathways go on to affect intracellular mechanisms 
such as actin polymerization, protein synthesis, and others. These mechanisms would 
produce the physiological changes in neuronal activity, formation of novel dendritic 
spines and synapses, neurogenesis and possibly consequent rapid changes in 
behaviour (adapted from Sheppard et al. 2019),    
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1.10. The role for membrane-bound estrogen receptors and BSA-E2 

 Whilst still only characterized in a limited manner, the body of evidence 

supporting a role for mER in the extra-cellular mediation of learning and memory is 

expanding. Early evidence of mER mediated E2 action was suggested by Pietras and 

Szego, using E2 conjugated to protein-derivatised nylon fibres applied to endometrial, 

liver, and intestinal cells (1977).  Much of the current research utilizes a membrane 

impermeable estradiol conjugate to study the role of mER specifically. By conjugating 

estradiol to a large bovine serum albumin molecule (BSA-E2), the estradiol is prevented 

from passing through the cellular membrane as it normally would and from binding to 

cytosolic and nuclear receptors, thus allowing for the exclusive observation of the 

effects of cell mER (Taguchi, Koslowski, & Bodenner, 2004). Despite some previous 

concern that BSA-E2 may not be a comparable ligand to E2 with respect to ER binding 

(Steviset al., 1999), BSA-E2 has shown cell membrane localized binding both in vitro 

and in intact cells (Taguchi et al., 2004).  

 All three of the main estrogen receptors have been localized to the plasma 

membrane, showing that not only the seven transmembrane GPER1 (Thomas, Pang, 

Filardo, & Dong, 2005), but also ERα and ERβ (Micevych & Dominguez, 2009) can 

initiate signaling at the cell membrane. ERα and ERβ are tethered into structural 

caveolae, lipid rafts within the plasma membrane (Levin, 2009), which may also further 

serve as coupling adaptors between estrogen receptors and other proteins such as 

metabotrophic glutamate receptors (Rainville, Pollard, & Vasudevan, 2015).  

 The use of BSA-E2  and biotin-bound estrogens such as E6-biotin, both 

membrane-impermeable estrogens, have begun to lead researchers to uncover some of 
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the diverse roles of extracellular estrogen receptors on behaviour. Male mating 

behaviours, initially thought to be exclusively dependent on nuclear estrogen receptors, 

were conversely shown to rely heavily on mER within the rat medial preoptic area 

(Huddleston et al., 2007). Similarly, performance in an inhibitory avoidance task is 

enhanced by infusions of BSA-E2 to the dorsal hippocampus, suggesting a role for 

mER in fear learning as well, on a longer timeline (Frye & Rhodes, 2002). 

The estradiol-initiated ERK activity and associated long-term memory 

enhancements seen using unconjugated estradiol are found even with BSA-E2 when 

tested after 24 or 48 hours (Fernandez et al., 2008), suggesting that these behavioural 

enhancements and physiological effects may involve the binding of mER.  

It is unclear at this time, however whether these mER receptors may be involved 

in the rapid facilitation of learning and short-term memory within the hippocampus. This 

research aims to further investigate the role of mER receptors within the hippocampus 

on the rapid estrogenic facilitation of social recognition, object recognition and object 

placement learning and short-term memory. If mER alone can mediate rapid facilitation 

of learning and short-term memory, it is expected that dorsal hippocampal 

administration of BSA-E2 will yield rapid facilitation of all three of these types of learning 

and memory, comparable to the results following dorsal hippocampal infusions of 

unconjugated 17β-estradiol (Phan et al., 2015). This would help to support prior 

research suggesting a role for mER in the rapid effects of estrogens, by demonstrating 

that mER are involved in the rapid mediation of short-term enhancements of learning 

and memory when administered pre-acquisition, and furthermore, would offer a 
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foundation for future investigation of the specific mechanisms of action of these rapid 

effects.   

1.11. Research Hypothesis 

Knowing that dorsal hippocampal micro infusions of E2, pre-acquisition, produce 

rapid enhancements of short-term memory in social recognition, object recognition, and 

object place learning in ovariectomized mice, we seek to investigate whether enhancing 

effects will also be seen using pre-acquisition administration of the membrane-

impermeable BSA-E2. If the mice demonstrate preferential investigation of the novel 

stimuli during the test phase of the social recognition, object recognition, and object 

place learning paradigms, following pre-acquisition treatment with dorsal hippocampal 

BSA-E2, then we would establish a role for mER within the dorsal hippocampus in the 

rapid short-term estrogenic enhancements of these types of learning during early 

memory phases. 

We predict that pre-acquisition infusions of dorsal hippocampal BSA-E2 will be 

capable of rapidly producing enhancements of short-term social recognition, object 

recognition and place learning within 40 minutes, suggesting a role for mER in the rapid 

estrogenic enhancements of short-term memory in the early stages of learning and 

memory.  

This research endeavour seeks to add to this continuously expanding body of 

knowledge by investigating the function of mER, specifically, in the role of estrogens in 

short-term learning and memory within the dorsal hippocampus with an aim to better 

understand the mechanisms of these effects. An improved understanding of the various 
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roles of estrogens over time will develop the basis for researchers to develop 

appropriate estrogenic treatments.   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2. Methods 

2.1. Subjects 

Female 2-3 month-old CD1 mice (Mus musculus) of reproductive age were 

ovariectomized, bilaterally cannulated to the dorsal hippocampus, and tested in the 

rapid social recognition, object recognition or object place learning paradigms. An 

additional 6 ovariectomized mice were chosen as stimulus animals for the social 

recognition paradigm. Mice were housed on a reversed light/dark cycle (12:12h, light 

phase beginning at 20:00h) in clear polyethylene cages (26cm x 16cm x 12cm) supplied 

with corncob bedding and environmental enrichment (paper nesting material and paper 

cup). All animals had access to rodent chow pellets (14% Protein Rodent Maintenance 

Diet, Harlan Teklad, WI) and access to a supply of tap water ad libitum. The mice were 

triple housed prior to the ovariectomy and cannulation surgeries, and single housed 

thereafter, permitting them to acclimate and develop a home cage territory. Stimulus 

mice were group housed throughout, except for 1 week post-ovariectomy, wherein they 

were single housed. The behavioural paradigms were performed under red low-level 

wavelength light, during the dark phase of the subject’s light cycle. The evening 

preceding testing, both the experimental and stimulus mice were relocated to the testing 

room to allow for acclimatization to the testing environment. This research was 

conducted in accordance with the Canadian Council on Animal Care and approved by 

University of Guelph’s Animal Care and Use Committee. 

2.2. Ovariectomy surgery 

 All stimulus and subject mice were ovariectomized as described within previous 

research in our lab performed by Clipperton-Allen and colleagues (2012). The animals 

20



were anaesthetized using isoflurane with concurrent subcutaneous injection of an 

analgesic and anti-inflammatory carprofen (10mg/kg) as well as 0.02mL of a local 

anesthetic mix of lidocaine (16.6%) and bupivacaine (33.3%) in 0.9% NaCl saline 

solution (50%) pre-surgery. The ovaries were removed through a dorsal skin incision, 

and two lateral incisions in the dorsal muscles, then resealed with a 9mm surgical clip. 

Experimentation took place 10-15 days post-surgery. Prior to testing, vaginal smears 

were obtained for cytology and stained with Giemsa to facilitate viewing (Sigma-Aldrich, 

Oakville, ON, Canada) in order to verify the cessation of estrous cycling using vaginal 

cytology criteria (outline in Byers, Wiles, Dunn, & Taft, 2012). Subjects were only 

included if they were determined to exhibit diestrus-like vaginal cytology (marked by 

prolific leukocytes, and a relative lack of cornfield cells), thus confirming a successful 

ovariectomy.  

2.3. Intracranial cannulation surgery 

 Immediately following the ovariectomy surgeries, all experimental mice were 

fitted with intracranial guide cannulae. The mice were placed in a stereotaxic frame and 

a 1 cm midline incision was made across the dorsal surface of the skull. The skin was 

pulled back and secured, enabling the removal of the periosteum using a 3% H2O2 in 

Millipore water solution. 1 mm holes were drilled 1.7mm posterior to bregma, ± 1.5mm 

lateral from midline. The guide cannulae was implanted 1.3mm ventral to pial surface so 

the injector (extending 1mm below the guide) reached into the dorsal hippocampus. The 

guide cannulae were secured to the skull with dental cement and 3 jeweller screws, and 

to maintain patency a cannula blocker was inserted into each guide cannula. A recovery 

period of 10-15 days was allowed prior to testing. 
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 Following the completion of behavioural testing, bilateral dye infusions (0.5 µL at 

0.2µL/minute; 1% Chicago Sky blue dye in PBS) were made using the existing guide 

cannulae in order to verify accurate dorsal intrahippocampal cannulation and to assess 

dye spread (see Figure 2). Mice were euthanized using CO2 and brains were extracted 

within 40 minutes of infusion in order to replicate the timing of the behavioural paradigm. 

Brains were refrigerated (4°C) in 4% formalin for 10-14 days, then transferred into a 

30% sucrose in PBS solution, until the brains sank to the bottom of the storage tubes 

(~3 days). The preserved brains were then transferred to a -80°C freezer. Once frozen, 

brains would be sectioned with a cryostat microtome (40µm coronal sections; Leica CM 

1850). Coronal sections were then mounted onto gelatin-coated microscope slides and 

coverslipped using DPX mounting solution.    

 Any subjects found to have inaccurate cannula placement, through assessment 

under 5x magnification (Leica DM4500 B optical microscope), were excluded from the 

study (n=26 total excluded subjects, across all groups) 

 Across all subjects the dye dispersement was predominantly localized to the 

dorsal hippocampus, as intended. 
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Figure 2. Hippocampal Placements. Hippocampal cannula placements for subjects 
meeting inclusion criteria for each treatment group, within all experiments (SR, OR and 
OP).
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2.4. Drug 

 An experimenter blind to the subjects  conditions administered infusions of 50nM, 

100nM and 200nM of BSA-E2, or artificial cerebral spinal fluid + 0.02% ethanol (vehicle 

control), via the previously implanted bilateral hippocampal cannulae. Molarity of the 

BSA-E2 doses were calculated relative to the 17β-estradiol concentration within the 

conjugate in order to replicate previously effective doses of dorsal hippocampal 17β-

estradiol (Phan et al., 2012). The use of equivalent doses was based on research 

supporting the comparable binding affinity of BSA-E2 to 17β-estradiol (Taguchi et al., 

2004). Sephadex LH-20 (Sigma), a cross-linked hydroxypropylated dextran gel filtration 

medium, was used to filter the BSA-E2 prior to use to ensure that no free estradiol 

existed in the solution. This filtration medium has a high affinity for estrogens, and thus 

allows for effective elimination of E2 (Ginsburg et al., 1974). The Sephadex LH-20 was 

left to swell in aCSF for 24 hours at room temperature. The slurry was suspended into 

columns to a bed height of 6cm and calibrated using Blue Dextran. The prepared BSA-

E2 was loaded onto the column and eluted. The free E2 was contained within the 

column while the filtered BSA-E2 was eluted. Using the method of Bradford (1976), an 

assay evaluating the absorbance of 1mL fractions of the elution was performed to 

create appropriate concentrations. 

 Bilateral infusions were made in free-moving animals 15 minutes prior to testing 

using an injector, secured to plastic tubing and fitted to a 10µL Hamilton syringe. 0.5 µL 

of the drug or control solution was delivered at a flow rate of 0.2µL/minute using a 

Harvard infusion pump (PHD 2000). The injector was left in place for an additional 60 

seconds to permit diffusion of the drug/control away from the injector tip. The injector 
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was then removed, and the subjects were allowed a further rest period of 12 minutes 

prior to the initiation of the behavioural test. 

2.5. Rapid learning paradigms 

 The rapid learning paradigms (see Figure 3) were completed within 40 minutes of 

treatment administration, thus targeting the rapid effects elicited by the BSA-E2. These 

rapid learning paradigms have been strategically designed such that the control group 

would not demonstrate evidence of learning, to test for the possible facilitating effects of 

BSA-E2 (Phan et al., 2015, 2011).  

 All stimulus tubes and objects were washed and dried between exposures using 

both an odourless detergent (Alconox) as well as baking soda to ensure consistent 

novelty of all stimuli and no remaining odours. 

2.5.1. Social Recognition Paradigm 

 The stimulus mice were introduced into the home cage, after removal of 

enrichment, within perforated Plexiglas tubes (7cm diameter x 12cm high) each 

containing 36 holes (4mm diameter) surrounding the lower third of the tube. The use of 

the perforated tube allows for the dissemination of olfactory cues whilst disallowing 

proximate interactions between the stimulus and subject mice. This allows experimental 

mice to initiate interactions and to control for variability between stimulus mouse 

behaviours. 

 The rapid paradigm consisted of two 5-minute sample sessions followed by a 5-

minute test session, each separated by 5-minute inter-test intervals. The sample phases 

involved the presentation of two stimulus mice. Stimulus mice and stimulus mouse 

placement in the cage were identical during the two sample phases. The test phase 
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involved the replacement of one of the stimulus mice with a novel stimulus mouse in the 

replaced mouse’s previous location. The stimulus mice used and which mouse was 

replaced were both counterbalanced across experimental mice. All stimulus mice were 

habituated to the cylinders before behavioural testing. 

2.5.2. Object Recognition Paradigm 

 This paradigm consisted of a single 10-minute sample session followed by a 5-

minute test session, separated by a 10-minute inter-test interval. The sample phase 

involved the presentation of two different objects (glass cube, stainless drain catcher, or 

plastic hairclip). The two different objects and object locations were identical during the 

two sample phases. The test phase involved the replacement of one of the objects with 

a novel object in the previous object’s location. The objects used and which object was 

replaced were both counterbalanced across experimental mice. 

2.5.3. Object Placement Paradigm 

 The object placement paradigm consisted of two 5-minute sample sessions 

followed by a 5-minute test session, each separated by 5-minute inter-test intervals. The 

identical sample phases involved the presentation of two different objects in two spatial 

positions (glass cube, stainless drain catcher, or plastic hairclip). Object location were 

identical during the two sample phases. The test phase involved the displacement of 

one of the objects to a novel location. The objects used and which object was displaced 

were both counterbalanced across experimental mice. 
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Figure 3. Rapid learning paradigm schematics. In the social recognition paradigm, two 
unfamiliar conspecifics are introduced during the sample phases. In the test phase a 
novel conspecific replaces one of the now familiar conspecifics. In object placement, 
two identical objects are introduced during the sample phases. In the test phase, one of 
these objects is moved to a novel spatial location. In the object recognition paradigm, 
two different objects are introduced during the sample phase while during the test 
phase, one object is swapped for a novel object. 

SAMPLE SAMPLE TEST

SAMPLE TEST
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2.6. Filtration effectiveness evaluation with Enzyme-linked 
Immunosorbent Assay (ELISA) 

 The filtered and unfiltered BSA-E2 samples were analyzed using an Estradiol 

ELISA Kit (Abcam, Boston, MA, USA). In summary, 25µL standards (3 pg/ml, 10 pg/ml, 

30 pg/ml, 100 pg/ml & 300 pg/ml), aCSF control, filtered and non-filtered samples run in 

triplicate were added to a 96-well plate, purchased pre-coated with anti-E2 IgG. BSA-E2 

samples & 100µL E2-Horseradish Peroxidase conjugate were added to the wells. Wells 

are covered with foil and incubated at room temperature for 90 minutes. Free E2 in the 

sample competes with the added E2-HRP for antibody binding. After incubation, wells 

are washed 5 times with 300µL of distilled water to remove unbound material and 

aspirated to remove remaining water. 100µL TMB substrate was  added into each well, 

which is catalyzed by the E2-HRP to produce the blue colouring. The plate was then 

incubated once again at room temperature for 20 in the dark. After incubation, the 

colour development reaction is stopped by addition of 100µL Stop Solution which 

produces a colour change from blue to yellow. The plate was agitated gently to ensure 

that the colour change was thorough and complete. Immediately following the addition 

of Stop Solution, the absorbance of the samples was measured against a 450nm 

wavelength using a Microplate Autoreader EL311 (Bio-Tek Instruments, Winooski, VT). 

The intensity of signal is inversely proportional to the amount of E2 in the sample 

2.7. Behavioural analysis 

 All sample and test phases were recorded under infrared light (Full HD Everio 

Camcorder, JVC, ON) for further analysis of behaviours. Subsequent to the completion 

of the paradigm, experimenters blind to the subject’s condition collected twelve different 
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behaviours expressed by the mice during the paradigms, from the video recordings (see 

Table 1). Due to the innate inclination for mice to investigate novel stimuli over familiar 

stimuli, we then calculated an investigation ratio representative of investigative 

preference (Investigation Ratio=N/(N+F); where N represents the amount of time that 

the subject spent investigating the novel stimulus (or during samples, the stimulus that 

will be replaced by the novel stimulus), and F represents the amount of time spent 

investigating the now familiar stimulus. For social recognition and object place tasks, the 

sample investigation ratio used for analysis was an average of investigation ratios 

during sample 1 and 2. It was expected that during sample phases investigative 

behaviour would be evenly distributed between the two stimuli. It was predicted that if 

discrimination was present, that the investigation ratio during test would be significantly 

different from the investigation ratio during sample (Phan et al., 2012, 2015, 2011). 
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Table 1. Behaviours Measured and Analyzed in the Social Recognition, Object 
Recognition and Object Placement Paradigms (adapted from Choleris et al., 2003) 

Behaviour Description

Stretched approach toward stimulus Back feet stationary whilst front feet 
approach stimulus 

Sniff stimulus Sniffing of stimulus mouse or object as 
demonstrated by nose twitching and 
approach within 1–2 mm of stimuli

Biting Biting stimulus mouse cylinders or 
objects

Sitting Sitting on the stimulus objects

Digging Movement of forepaws propelling 
bedding towards the posterior direction

Burying Movement of forepaws pushing 
bedding away from body towards the 
anterior direction

Horizontal activity Walking and exploration of cage

Vertical activity Rearing with both forepaws off the cage 
floor

Inactivity Includes behaviours such as sit, lay 
down, freeze, and sleep

Self-grooming Grooming with forepaws moving over 
face and body

Non-social investigation (*only in social 
recognition paradigm)

Investigation of the stimulus cylinders 
(distant from perforations)

Stereotypies Strange, repetitive behaviours (>3 
repetitions), such as jumps, head 
shakes, lid chews, etc.
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2.8 Statistical analysis 

 The investigation ratio data were arcsin transformed to correct for inhomogeneity 

of variance. As such, Levene’s Test of Equality of Error Variance was able to be met for 

all cases. To analyze investigation ratios, repeated measures ANOVAs were performed, 

with phase (sample and test) as the repeated measure, and treatment as the between-

groups factor. Furthermore, in order to reduce Type 1 error, a priori tests were used to 

evaluate the effects of a change in experimental condition during the test phase (novel 

stimulus mouse/location). Paired t-tests, specifically, were used to assess differences in 

investigation ratios between sample and test phases within each treatment group. In 

addition, a one-way ANOVA was used to assess effects of treatment at test. Post-hoc 

Holm-Sidak tests were employed to determine whether any investigation ratios at test 

were significantly different from the vehicle treatment group. 

 Other behaviour durations were analyzed using repeated measures ANOVAs, 

with phase (sample and test) as the repeated measure, and treatment as the between-

groups factor. Bonferroni post-hoc tests were employed to investigate significant 

findings for the within-subjects factor, phase; Tukey’s post-hoc tests were used to 

explore significant findings for the between-subjects factor, treatment. 

 A p value >.05 was considered a significant result. SPSS software was used for 

the main model statistical analyses, and SigmaStat for the a priori tests. 
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3. Results 
 The investigation ratio (IR = N/(N+F)), during sample phase and test phase was 

measured following bilateral dorsal hippocampal infusions of 50nM BSA-E2, 100nM 

BSA-E2, 200nM BSA-E2 and the aCSF vehicle control. If IR at Test is significantly 

different from IR at sample, learning has occurred.  

3.1. Social recognition 

 Social recognition was facilitated by dorsal hippocampal infusion of BSA-E2. The 

main model repeated measures ANOVA analysis revealed a main effect of Phase (F(1, 

41) = 12.98, p ≤ .001), a main effect of Treatment (F(3, 41) = 9.33, p < .001), and an 

interaction between Phase and Treatment (F(3, 41) = 11.17, p < .001). A priori binary 

mean comparisons, paired t-tests, showed statistically significant differences between 

IR during sample and IR during test in mice administered 50nM BSA-E2 (t = -3.40, df = 

9, p < .01) and 100nM BSA-E2 (t = -8.04, df = 12, p < .0001); but not in mice 

administered with 200nM BSA-E2, nor the aCSF vehicle control. A one-way ANOVA 

analysis, followed by a Holm-Sidak post-hoc analysis, run on social investigation during 

only the test phase (IR during test) revealed significant differences between the aCSF 

vehicle control and 50nM BSA-E2 groups (p < .05); the aCSF vehicle control and 

100nM BSA-E2 groups (p < .001); and also between the 100nM BSA-E2 and 200nM 

BSA-E2 groups (p < .001). Therefore, bilateral infusions of 50nM and 100nM doses, but 

not 200nM doses of BSA-E2 to the dorsal hippocampus rapidly facilitated social 

recognition in OVX female mice.   

 There were no significant effects of Treatment on total investigation times 

(combined time spent investigating either stimulus) as well as all other directional 
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(digging, burying, biting, nonsocial investigation), and non-directional behaviours 

(horizontal activity, vertical activity, inactivity, grooming, digging, burying), suggesting 

that the aforementioned results were not caused by treatment effects on these other 

behaviours. Some effects on Phase were found, demonstrating a general decline of 

directional stimulus investigative behaviours (e.g. Total investigation, directional digging, 

directional burying, nonsocial investigation) and active locomotion (e.g. Horizontal and 

vertical activity), and a general increase in non-active behaviours (e.g. Inactivity and 

grooming).  

 A significant main effect of Phase was found for total investigation (F(1, 39) = 

53.17, p < .001); post-hoc Bonferroni analyses revealed that Sample 1 (M = 101.94, SE 

= 4.96) was significantly higher than Sample 2 (M = 78.27, SE = 4.34, p < .001) and 

Test (M = 76.45, SE = 3.83, p < .001).  A significant main effect of Phase was found for 

horizontal activity (F(1, 40) = 43.23, p < .001); post-hoc Bonferroni analyses revealed 

that Sample 1 (M = 60.22, SE = 3.68) was significantly higher than Sample 2 (M = 

44.30, SE = 3.29, p < .001) and Test (M = 36.12, SE = 2.82, p < .001). A significant main 

effect of Phase was found for vertical activity (F(1, 40) = 4.69, p < .05); post-hoc 

Bonferroni analyses revealed that Sample 2 (M = 28.32, SE = 3.08) was significantly 

higher than Test (M = 21.60, SE = 2.88, p < .05). A significant main effect of Phase was 

found for inactivity (F(1, 40) = 12.31, p ≤ .001); post-hoc Bonferroni analyses revealed 

that Sample 1 (M = 80.40, SE = 9.98) was significantly lower than Sample 2 (M = 

103.50, SE = 9.31, p < .01) and Test (M = 113.94, SE = 10.71, p < .01). A significant 

main effect of Phase was found for grooming (F(1, 40) = 14.69, p < .001); post-hoc 

Bonferroni analyses revealed that Sample 1 (M = 10.37, SE = 1.72) was significantly 
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lower than Sample 2 (M = 25.22, SE = 4.05, p ≤ .001) and Test (M = 32.46, SE = 5.98, p 

≤ .001). A significant main effect of Phase was found for directional digging (F(1, 41) = 

20.62, p < .001); post-hoc Bonferroni analyses revealed that Test (M = .00, SE = .00) 

was significantly lower than Sample 1 (M = .23, SE = .06, p ≤ .001) and Sample 2 (M = 

.18, SE = .05, p < .01). A significant main effect of Phase was found for nondirectional 

digging (F(1, 40) = 5.08, p < .05); however, post-hoc Bonferroni analyses revealed no 

significant differences. This is likely due to the sensitivity of the Repeated Measures 

Mixed ANOVAs, which can detect lower variability in means compared to post-hoc tests. 

A significant main effect of Phase was found for directional burying (F(1, 41) = 17.12, p 

< .001); post-hoc Bonferroni analyses revealed that Sample 2 (M = .24, SE = .06) was 

significantly higher than Sample 1 (M = .09, SE = .04, p < .05) and Test (M = .00, SE = 

.00, p < .001). A significant main effect of Phase was found for nondirectional burying 

(F(1, 40) = 4.50, p < .05); however, post-hoc Bonferroni analyses revealed no significant 

differences. A significant main effect of Phase was found for nonsocial investigation 

(F(1, 41) = 272.43, p < .001); post-hoc Bonferroni analyses revealed that Test (M = .00, 

SE = .00) was significantly lower than Sample 1 (M = .48, SE = .04, p < .001) and 

Sample 2 (M = .48, SE = .04, p < .001). 
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Figure 4. Rapid effects of hippocampal BSA-E2 on Social Recognition (SR). Bars show 
the investigation ratio during the sample phase (white bars) and test phase (grey bars). 
Asterisks over bars indicate a significant difference between IR at test (grey bars) 
compared to IR at sample (white bars).*p<0.05, **p<0.01, ***p<0.001. 

Figure 5. Total Investigation observed during the Social Recognition (SR) experiment. 
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Figure 6. Other directional and non-directional behaviours observed during the Social 
Recognition (SR) experiment. 
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3.2. Object recognition 

 Object recognition was facilitated by dorsal hippocampal infusion of BSA-E2. The 

main model repeated measures ANOVA analysis for investigation ratio revealed a main 

effect of Phase (F(1, 39) = 27.35, p < .001) and an interaction between Phase and 

Treatment (F(3, 39) = 5.63, p < .005). A priori binary mean comparisons, paired t-tests, 

indicated statistically significant differences between IR during sample and IR during 

test in mice administered 50nM BSA-E2 (t = -5.42, df  =  10, p ≤ .001) and 100nM BSA-

E2 (t = -2.47, df = 9, p < .05); but not in mice administered with 200nM BSA-E2, nor the 

aCSF vehicle control. The Brown-Forsythe test to confirm the assumption of equal 

variance necessary to conduct a one-way ANOVA analysis failed (P < .05). As such, the 

non-parametric Kruskal-Wallis one-way ANOVA on Ranks was used instead, followed 

by a Dunn’s Method post-hoc analysis, to compare IRs calculated from object 

investigation during only the test phase (IR during test), which are the standard for 

comparing multiple independent samples in non-parametrized distributions. The post-

hoc tests revealed a significant difference between the aCSF vehicle control and 50nM 

BSA-E2 groups (p < .05). Therefore, bilateral infusions of 50nM and 100nM doses, but 

not 200nM doses of BSA-E2 to the dorsal hippocampus facilitated object recognition in 

OVX female mice on a rapid time scale.   

 There were no significant effects of Treatment on total investigation times 

(combined time spent investigating either stimulus) as well as most other directional 

(digging, burying, nonsocial investigation — with the exception of biting, see below), and 

all non-directional behaviours (horizontal activity, vertical activity, inactivity, grooming, 

digging, burying), suggesting that the aforementioned results were not caused by 
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treatment effects on these other behaviours. Some effects on Phase were found, 

demonstrating a general increase in directional stimulus investigative behaviours (e.g. 

Total investigation and directional digging), active locomotion (e.g. Horizontal and 

vertical activity), and non-active behaviours (e.g. Inactivity and grooming).  

 A significant main effect of Phase was found for total investigation (F(1, 39) = 

28.73, p < .001); post-hoc Bonferroni analyses revealed that Sample (M = 35.11, SE = 

2.07) was significantly lower than Test (M = 56.57, SE = 3.73, p < .001). A significant 

main effect of Phase was found for horizontal activity (F(1, 39) = 5.73, p < .05); post-hoc 

Bonferroni analyses revealed that Sample (M = 23.85, SE = 2.40) was significantly 

lower than Test (M = 31.73, SE = 2.97, p < .05). A significant main effect of Phase was 

found for vertical activity (F(1, 39) = 13.33, p ≤ .001); post-hoc Bonferroni analyses 

revealed that Sample (M = 27.57, SE = 2.05) was significantly lower than Test (M = 

41.53, SE = 4.54, p ≤ .001). A significant main effect of Phase was found for inactivity 

(F(1, 39) = 87.26, p < .001); post-hoc Bonferroni analyses revealed that Sample (M = 

39.03, SE = 5.35) was significantly lower than Test (M = 108.44, SE = 8.42, p < .001). A 

significant main effect of Phase was found for grooming (F(1, 39) = 18.15, p < .001); 

post-hoc Bonferroni analyses revealed that Sample (M = 11.53, SE = 1.77) was 

significantly lower than Test (M = 42.29, SE = 7.43, p < .001). A significant main effect of 

Phase was found for nondirectional digging (F(1, 39) = 7.96, p < .01); post-hoc 

Bonferroni analyses revealed that Sample (M = 1.23, SE = .27) was significantly lower 

than Test (M = 3.10, SE = .64, p < .01). 

 A significant interaction was found between Phase and Treatment for biting 

behaviour (F(3, 39) = 4.99, p < .01). Follow-up post-hoc analysis showed that biting 
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behaviour was significantly higher during Test (M = .34, SE = .07), than during the 

Sample phase (M = .00, SE = .04, p < .001) in the aCSF vehicle control group. 
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Figure 7. Rapid effects of hippocampal BSA-E2 on Object Recognition (OR). Bars show 
the investigation ratio during the sample phase (white bars) and test phase (grey bars). 
Asterisks over bars indicate a significant difference between IR at test (grey bars) 
compared to IR at sample (white bars).*p<0.05, **p<0.01, ***p<0.001. 

 

Figure 8. Total Investigation observed during the Object Recognition (OR) experiment. 
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Figure 9. Other directional and non-directional behaviours observed during the Object 
Recognition (OR) experiment.
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3.3. Object placement 

 Performance in the object placement paradigm was facilitated by dorsal 

hippocampal infusion of BSA-E2. The main model repeated measures ANOVA analysis 

revealed a main effect of Phase (F(1, 38) = 12.18, p ≤ .001), a main effect of Treatment 

(F(3, 38) = 3.48, p < .05), and an interaction between Phase and Treatment (F(3, 38) = 

4.35, p ≤ .01). A priori binary mean comparisons, paired t-tests, revealed a statistically 

significant difference between IR during sample and IR during test in mice treated with 

50nM BSA-E2 (t = -4.68, df = 9, p ≤ .001), but not in mice administered with 200nM 

BSA-E2, nor the aCSF vehicle control. The Shapiro-Wilk normality test for the a priori 

paired t-test revealed that the normality assumption was violated within the 100nM BSA-

E2 group (P < .05). For this reason, a non-parametric equivalent, the Wilcoxon Signed 

Rank test, was used a priori to compare differences between IR during sample and IR 

during in the 100nM BSA-E2 group. A significant difference was found in mice 

administered 100nM BSA-E2 (Z=2.547, p < .01). A one-way ANOVA analysis, followed 

by a Holm-Sidak post-hoc analysis, used to compare object investigation during only the 

test phase (IR during test) revealed significant differences between the aCSF vehicle 

control and 50nM BSA-E2 groups (P < .01); the aCSF vehicle control and 100nM BSA-

E2 groups (P < .05); the 50nM BSA-E2 and 200nM BSA-E2 groups (P < .001); and the 

100nM BSA-E2 and 200nM BSA-E2 groups (P < .01). Therefore, bilateral infusions of 

50nM and 100nM doses, but not 200nM doses of BSA-E2 to the dorsal hippocampus 

facilitated object placement performance in OVX female mice on a rapid time scale.   

 There were no significant effects of Treatment on total investigation times 

(combined time spent investigating either stimulus) as well as all other directional 
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(digging, burying, biting, nonsocial investigation), and most non-directional behaviours 

(horizontal activity, vertical activity, inactivity, grooming, digging, burying — with the 

exception of nondirectional digging, see below), suggesting that the aforementioned 

results were not caused by treatment effects on these other behaviours. Some effects 

on Phase were found, demonstrating a general decline of directional stimulus 

investigative behaviours (e.g. Total investigation and biting) and active locomotion (e.g. 

Horizontal activity), and a general increase in non-active behaviours (e.g. Inactivity and 

grooming).  

 A significant main effect of Phase was found for total investigation (F(1, 37) = 

18.90, p < .001); post-hoc Bonferroni analyses revealed that Sample 1 (M = 75.53, SE = 

3.52) was significantly higher than Sample 2 (M = 61.56, SE = 3.94, p < .01) and Test 

(M = 57.23, SE = 2.65, p < .001). A significant main effect of Phase was found for 

horizontal activity (F(1, 37) = 93.54, p < .001); post-hoc Bonferroni analyses revealed 

that Sample 1 (M = 64.23, SE = 3.88) was significantly higher than Sample 2 (M = 

36.16, SE = 3.13, p < .001) and Test (M = 35.28, SE = 2.57, p < .001). A significant main 

effect of Phase was found for inactivity (F(1, 37) = 38.51, p < .001); post-hoc Bonferroni 

analyses revealed that Sample 1 (M = 60.04, SE = 7.74) was significantly higher than 

Sample 2 (M = 91.18, SE = 8.63, p < .001) and Test (M = 102.18, SE = 7.18, p < .001). 

A significant main effect of Phase was found for grooming (F(1, 37) = 4.21, p < .05); 

post-hoc Bonferroni analyses revealed that Sample 1 (M = 22.10, SE = 4.43) was 

significantly lower than Sample 2 (M = 39.65, SE = 6.32, p < .05). A significant main 

effect of Phase was found for biting (F(1, 38) = 11.85, p ≤ .001); post-hoc Bonferroni 
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analyses revealed that Test (M = .00, SE = .00) was significant lower than Sample 1 (M 

= .13, SE = .05, p < .05) and Sample 2 (M = .14, SE = .05, p < .05). 

 A significant interaction was found between Phase and Treatment for 

nondirectional digging behaviour (F(3, 37) = 4.77, p < .01). Follow-up post-hoc analysis 

showed that nondirectional digging behaviour was significantly higher during Test (M = 

.11.12, SE = 2.08), than during Sample 1 (M = 6.57, SE = 1.64, p < .01) in the 200nM 

BSA-E2 group. Conversely, nondirectional digging behaviour was found to be 

significantly lower during Test (M = 1.90, SE = 2.30), than during Sample 1 (M = 5.69, 

SE = 1.82, p < .05) in the 100nM BSA-E2 group. 
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Figure 10. Rapid effects of hippocampal BSA-E2 on Object Placement (OP). Bars show 
the investigation ratio during the sample phase (white bars) and test phase (grey bars). 
Asterisks over bars indicate a significant difference between IR at test (grey bars) 
compared to IR at sample (white bars).*p<0.05, **p<0.01, ***p<0.001. 

 

 

Figure 11. Total Investigation observed during the Object Placement (OP) experiment. 
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Figure 12. Other directional and non-directional behaviours observed during the Object 
Placement (OP) experiment.
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3.4. Filtration effectiveness 

 Estradiol standards produced a standard curve, which was then used to estimate 

concentration (pg/mL) values for free E2 in filtered and unfiltered samples of BSA-E2. 

Mean E2 levels, determined by the E2-ELISA assay, were determined to be 5.70 pg/mL 

in filtered, and 576.58 pg/mL in unfiltered BSA-E2 samples. In analyzing optical density 

the main model repeated measures ANOVA analysis revealed a main effect of Filtration 

(F(1, 6) = 642.49, p < .001), where optical density of the filtered samples (M = 1.21, SE 

= .05) was significantly higher than the unfiltered samples (M = .06, SE = .003, p < 

.001), suggesting a significant decrease in free E2 concentration in the filtered versus 

unfiltered BSA-E2 samples. 

 

 

 

Figure 13. Mean free estradiol levels in filtered and unfiltered BSA-E2 samples, 
estimated through optical density analysis following E2-ELISA assay.
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4. Discussion 

4.1. Summary of rapid effects of dorsal hippocampal BSA-E2 on 
learning and memory 

 The purpose of this series of experiments was to evaluate the role of mER in the 

rapid estrogenic enhancements of learning and short-term memory. Specifically, 

subsequent to findings demonstrating that dorsal hippocampal infusions of E2 rapidly 

facilitated performance in social recognition, object recognition, and object placement 

tasks in OVX female mice (Phan et al., 2012), we sought to investigate the effects of 

BSA-E2 on these tasks. Our testing showed that, similarly to dorsal hippocampal 

infusions of E2, dorsal hippocampal infusions of BSA-E2 significantly facilitated short-

term memory in all three of the paradigms (see Figures 4, 7, and 10 ). Microinfusions of 

both the 50nM and 100nM doses of BSA-E2 induced significantly higher investigation 

ratios at test than during habituation within the rapid 40 minute timeframe, while the 

aCSF vehicle control and the 200nM BSA-E2 dose did not show any significant 

learning. The results of this study are consistent with the preceding work conducted in 

our lab wherein dorsal hippocampal infusions of 50nM E2 facilitated learning in the 

three paradigms used in these experiments (Phan et al., 2012). Thus, these rapid 

effects of E2 on learning and memory are likely either entirely or largely produced 

independent of intracellular E2 activity, as the large BSA protein molecule which inhibits 

the E2 from entering the cell did not prevent the previously documented estrogenic 

enhancements. While the effects of BSA-E2 do not follow a classical sigmoidal dose 

response curve, they exhibit the common estrogenic inverted U-shaped dose response 

curve (see review Luine, 2014). The stronger effects seen with intermediate doses, but 
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not higher or lower doses, may suggest optimal levels of the receptor’s activation are 

needed in order to produce behavioural effects. 

4.2. Filtration effectiveness 

 One of the main limitations of previous studies using BSA-E2 has been the 

presence of free estradiol within the commercially available products (Stevis et al., 

1999). It was critical to the validity of our study to ensure that effective measures were 

taken in order to remove any free E2 from the samples in order to ensure that our 

results were not affected by free E2 entering the cell. In some previous studies, filtration 

methods were employed such as the centrifugal filtration methods used Taguchi and 

colleagues (2004) and Santollo and colleagues (2013). We opted to employ a different 

filtration technique using LH-Sephadex filtration medium. Using this size exclusion 

chromatography, the BSA protein (and bound E2) is unable to enter the gel, passing 

through, while free estradiol is contained within the gel medium. The original 

commercial sample as well as the chromatography filtrate were tested using an E2 

ELISA kit to assess the performance of this different filtration method. The filtration 

method was deemed effective, having shown that it removed approximately 99% of the 

576.58 pg/ml free E2 found in the unfiltered commercial BSA-E2. As a result of these 

findings we feel confident in suggesting that the behavioural results produced by this 

study are indicative of the effects of BSA-E2, and not of residual free E2. 

4.3. Role of membrane bound receptors in learning and memory 

 The role of mER in the dorsal hippocampus have previously been implicated in 

long-term object recognition memory consolidation. When female mice were 

administered a 5.0µM intracerebroventricular dose of BSA-E2 immediately following the 
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sample phase of an object recognition task, post-acquisition, the mice demonstrated 

enhanced object memory in the choice task 48 hours later, as compared to the control 

group (Fernandez et al., 2008). Intracerebroventricular infusion of BSA-E2 paired with 

concurrent dorsal hippocampal high-dose infusion of muscimol, immediately post-

acquisition, impaired these object memory effects. Since muscimol, a GABAA receptor 

agonist, effectively deactivates the brain region by activating GABAA receptors, the 

dorsal hippocampus is demonstrated to be a key locus for these object memory 

enhancing effects of BSA-E2 (Fernandez et al., 2008). Therefore, rapid post-acquisition 

administration of BSA-E2 enhances long-term memory through consolidation 

mechanisms involving the hippocampus.  

 Though mER involvement in rapid long-term consolidation of object recognition 

memory has been studied, we know that E2 has further rapid effects on other stages of 

memory.  The effects of E2 on object memory at varying memory phases has been 

studied in rats. A time-dependent effect of E2 appears to be present, though these rapid 

mechanisms are not necessarily modulated by mER alone. Pre-sample injection, 30 

minutes prior to the sample phase, appears to enhance object memory, possibly 

through enhanced acquisition and/or early encoding; post-sample injection, 3 minutes 

following the sample phase, appears to enhance object memory, possibly through 

enhanced encoding/consolidation; however, delayed post-sample injections, 2 hours 

after sample, yield no enhancing effects on retention or other later phases of memory, 

and demonstrate that once a memory is stable, the consolidation window is closed, E2 

does not further enhance these memories. These variances in effects related to 

treatment timing, highlight this time-dependent effect (Luine et al., 2003).  
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 The previous work using BSA-E2 to implicate mER in the dorsal hippocampus on 

long-term object memory investigated possible consolidation effects (Fernandez et al., 

2008). We sought to add to this area of investigation by exploring the role of mER in the 

dorsal hippocampus on earlier phases of memory by using a pre-acquisition infusion of 

BSA-E2, as well as by exploring its effects on short-term social recognition, object 

recognition, and object placement memory. A unique benefit of using the 40-minute 

paradigm design is that we were able to perform testing before the consolidation 

window ends. Our demonstration of enhancing effects of BSA-E2 infused prior to the 

habituation phase in all 3 learning paradigms suggests a role for mER in encoding 

social, object and object place short-term memories, which would be consistent with the 

aforementioned role for E2 in the early stages of multiple types of memory (Luine et al., 

2003), and specifically that the enhancing effects do not require consolidation to be 

completed. 

4.4. Membrane bound receptors and downstream cell signaling 
pathways 

 The extracellular signal-regulated kinase or mitogen-activated protein kinase 

(ERK/MAPK) pathway, which allows membrane receptor signals to be transmitted into 

the cell nucleus, is critically involved in the hippocampal processes of learning and 

memory (Atkins et al., 1998; Blum et al., 1999; Kelly et al., 2003, Tuscher et al., 2016). 

The inhibition of mitogen-activated protein kinase kinase (MEK), the kinase which 

activates ERK/MAPK through phosphorylation, causes impairments in consolidation 

memory in various tasks, including the consolidation of object recognition memory (Kelly 

et al., 2003). Both E2 (Kuroki et al., 2000; Yokomaku et al., 2003) and BSA-E2 
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(Fernandez et al., 2008) increase ERK activation in the hippocampus. Specifically, the 

levels of phospho-p42/ERK 2 and phospho-p44/ERK 1, activated ERK isoforms, appear 

to be increased by E2 (Yokomaku et al., 2003; Lewis et al., 2008). Furthermore the E2 

and BSA-E2 enhancements of object memory are dependent on this ERK activation 

(Fernandez et al., 2008; Lewis et al., 2008). 

 Phosphoinositide 3-kinase (PI3K) is another signaling pathway involved in cell 

growth, proliferation, survival, and many other facets of the cell cycle. PI3K has also 

been shown to have involvement in the estrogenic enhancements of learning and 

memory.  The long term enhancements in object recognition memory by post acquisition 

dorsal hippocampal infusions of E2 are blocked by PI3K inhibition, and PI3K 

phosphorylation in the dorsal hippocampus was also increased when tested 5 & 15 

minutes after E2 administration (Fan et al., 2010).  

 The downstream cell signaling pathways involved in the more rapid short-term 

estrogenic enhancements of learning and memory are much less understood. Recently, 

however, the inhibition of ERK and PI3K were found to inhibit the previously 

documented estrogenic enhancements of short term social recognition memory 

(reviewed in Paletta et al., 2018). It was also shown that actin polymerization and 

protein synthesis are processes necessary for short term  facilitation of social 

recognition by E2 (Sheppard, 2018a).  

 Because BSA-E2 increases ERK activity within the dorsal hippocampus 

(Fernandez et al., 2008), and ERK and PI3K activation are necessary for the rapid 

enhancement of short-term social recognition, object recognition, and object place 

memory encoding (Sheppard, 2018a), it’s likely that mER play a role in the activation of 
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the ERK and PI3K. Further research would be needed to investigate whether mER 

binding is also required to produce rapid ERK- and PI3K-dependent short-term 

enhancements on learning and memory within the dorsal hippocampus.  

 There is evidence that the enhancements related to ERα binding are dependent 

on both the ERK/ MAPK pathway and the PI3K pathway, while enhancements related to 

the GPER1 activation are dependent on the PI3K pathway, but not the ERK/MAPK 

pathway (Sheppard, 2018a). At this point it remains undetermined whether the ERK/

MAPK pathway and PI3K pathway have distinct downstream mechanisms, or whether 

they work successively to produce rapid estrogenic enhancements of learning and 

memory.  Once again, an understanding of the interplay of mER activation within these 

pathways may offer invaluable insight into the differences in these various mechanisms 

of action related to learning and memory within the dorsal hippocampus.  

4.5. Examination of other behaviours (directional and nondirectional) 

 Apart from investigative behaviours towards the stimuli (objects/mice) involved in 

the experiments, we recorded and analyzed several other behaviours during the 

habituation and testing phases, both directional (toward a stimulus) and nondirectional. 

Importantly, we found no significant effect of our BSA-E2 treatment on the total 

investigation times (combined time spent investigating either stimulus) in any of the 

three paradigms. We also consider that there were no significant effects of treatment in 

horizontal nor vertical activity, which helps affirm that the results that we found were not 

a consequence of non-specific effects of our treatment on locomotion. Our treatment 
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also did not affect any of the other many directional nor nondirectional behaviours which 

were recorded.  

 We did reveal some effects of experiment phase on both total investigation and 

some of the other behaviours in our experiments. Overall, in both the social recognition 

and object placement paradigms, the subjects demonstrated higher total investigation 

as well as active behaviours (i.e. horizontal & vertical activity) during the earlier 

habituation phases of experimentation than during the later testing phase paralleled by 

an opposite increase in inactive behaviours over time. This is common in these 

paradigms and is considered to be a result of the overall novelty of the experimental 

situation (Phan et al., 2012; Lymer et al., 2017; Sheppard et al., 2018b; Martin, 2018). 

The opposite effect of phase was found in our object recognition paradigm, however our 

timeline was slightly adjusted for this paradigm, as previously mentioned. It appears that 

the situational novelty response when using this timeline is not the same as total 

investigation and active behaviours increased during the testing phase. Nonetheless, 

these changes in other behaviours were consistent across treatment groups so we 

demonstrate that they do not hold any significance to the interpretation of our treatment 

results.   

4.6. Significance of work 

 The body of work presented within this thesis contributes to the understanding of 

how estrogens bind to ERs in order to produce rapidly facilitated behavioural 

performance on learning and memory tasks. Prior work has documented the rapid 

behavioural effects of pre-acquisition estrogen-induced activation of various ERs within 

the dorsal hippocampus, as well as the rapid effects of post-acquisition administration of 

54



BSA-E2 on long-term memory consolidation, however the pre-acquisition rapid effects 

of BSA-E2 on short term memory had not yet been investigated. In order to properly 

understand the manner by which ERs contribute to downstream cellular mechanisms 

responsible for the rapid behavioural effects that we observe repeatedly, we need to 

understand where the binding of E2 to these various receptors occurs, within or on the 

cell surface. Therefore, in demonstrating that these rapid behavioural effects can occur 

with solely activation of ERs outside of the cell we indicate a considerable role for mER, 

in these cellular mechanisms.  

 In contributing to a deeper understanding of the ways by which estrogenic 

manipulations contribute to rapid effects on learning and memory, we aim to add to a 

more comprehensive understanding of how more natural fluctuations in estrogen levels 

may influence learning and memory. Estrogen levels are known to be in flux throughout 

the lifespan as a result of both entirely natural processes (reviewed in Nugent et al., 

2012) and medical interventions including chemotherapy for breast cancer (Ahles & 

Saykin, 2002) or hormone therapies (Wu & Amidi, 2018), which have documented 

effects on cognitive functioning. The presence of brain-synthesized estrogens through 

the aromatization of estrogens synthesized locally in the brain also appear to contribute 

to short-term memory (Martin, 2018), and allows some independence from fluctuations 

in peripheral estrogens, however our understanding remains limited at this time. The 

rapid behavioural effects of these locally synthesized estrogens appear to occur in a 

similar timeframe as mER activated enhancements of social recognition, object 

recognition, and object place learning seen in this research, so it’s possible that mER 

could be part of the mechanisms through which this occurs. In continuing to uncover the 
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rapid mechanisms of short-term memory we will begin to better understand the manner 

in which these natural estrogen fluctuations cause change through one’s lifetime.  

 Considering the vast majority of females will experience the effects of either 

natural menopause within their lifetime, or medical oophorectomy, we should be striving 

ceaselessly to better understand the cognitive dysfunction associated with this 

influential biological shift (reviewed in Frick et al., 2009). The current hormone 

treatments to address these deficits appear mildly effective at best, highlighting the 

need for further investment in this field (reviewed in Luine, 2014; Lobo, 2013).  

 In order to better understand the repercussions of the manipulation of estrogen 

levels caused by these medical interventions, such as cognitive dysfunction, we must 

continue to seek out a detailed understanding of how estrogens are involved in learning 

and memory.  

4.7. Limitations and future directions 

 As we set out to contribute to the growing body of research elucidating the role of 

estrogens in learning and memory we recognize that there will always be limitations to 

our work. In setting out the constraints of our study our goal is to inspire the replication 

of our work and further investigation of this topic in order to supplement any gaps within 

our findings.  

 One of the concerning failings of scientific research as a whole is the disparate 

female representation. Recently, there has been growing advocacy for the 

representation of females in health research, including the introduction of sex as a 

required biological variable by the NIH. This step in inclusivity is both an encouraging 

and an imperative step in improving the work of the scientific community and health of 
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women. However, we remain mindful that the opposite failings exist within estrogen-

centred research — males are vastly underrepresented in this unique field of study. 

While we have succeeded in adding to the limited domain of research in female 

subjects, we are enthusiastic proponents for the inclusion of male subjects in estrogen 

research. We recognize that our understanding of the rapid mechanisms of estrogenic 

enhancements of learning and memory will not be complete until we work to understand 

these effects in both males and females. A review written by Gillies & McArthur (2010) 

has begun to identify the cognitive differences in the actions of estrogens in the two 

sexes and it appears apparent that the mechanisms likely hold some key differences 

which will be imperative to understand.  

 Our study has contributed to the developing schema of the role of estrogens in 

short term memory formation within the dorsal hippocampus, nevertheless it should be 

underscored that while the hippocampus plays a decisive role in this learning & 

memory, these behavioural effects are the product of a unification of processes 

involving various brain regions. It will be paramount to further explore the role of mER in 

other key brain areas. For instance, the medial amygdala (Lymer et al., 2018; Sheppard, 

2018a, Spiteri et al., 2010) and paraventricular nucleus (Paletta, 2018) facilitate social 

recognition memory; while the medial prefrontal cortex (Euston et al., 2012) and 

perirhinal cortex (Gervais et al., 2016; Winters et al. 2004) are involved in object 

memory. ERs are also found within these brain regions (Mitra et al., 2003; Hazell et al., 

2009; Tuscher et al., 2016), and thus further investigation of the mechanisms underlying 

ER activity of short term learning and memory should necessarily consider the 

associated processes in these brain regions.  
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 It should also be noted that while our bilateral infusions of BSA-E2 were localized 

to the dorsal hippocampus, the aforementioned interconnectivity of the hippocampus 

with other brain regions could mean that our treatment could have affected other brain 

regions. While we made efforts to confirm the accurate infusion of our drug to the dorsal 

hippocampus by using bilateral dye infusions (see Figure 2), subsequent to behavioural 

testing, to visualize the dispersal of the infusate, this does not conclusively exclude 

possible effects or involvement of other brain regions in the observed effects. For 

example, the hypothesized “social brain” network involving projections between the 

olfactory bulbs, medial amygdala, paraventricular nucleus of the hypothalamus, lateral 

septum, and medial prefrontal cortex appears interconnected with the dorsal 

hippocampus, allowing for rapid estrogenic facilitation of memory (reviewed in Newman, 

1999). The use of fluorescent labeled E2-BSA (E2- BSA-FITC) staining could prove 

useful in not only confirming the accurate localization of the BSA-E2, but could also add 

further confirmation and detail to our understanding of the site of binding of BSA-E2.  

 This study employed pre-acquisition BSA-E2 administration in which the bilateral 

dorsal hippocampal infusion occurred 15 minutes prior to the start of the habituation 

phase. In all three of the learning paradigms the testing phase occurred 35 minutes 

post-infusion and was completed by 40 minutes post-infusion. These rapid learning 

paradigms are completed within the bounds of the consolidation timeframe. Therefore, 

our use of pre-acquisition treatment could cause effects on either the encoding on early 

consolidation phases of memory, or both (Bailey et al., 2015). Further investigation 

through the structured manipulation of infusion timing and testing time points would be 
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required to determine the specific phase of learning and memory that our manipulation 

affects.  

 Due to the nature of these widely used learning paradigms we are unable to 

conclusively determine whether we are observing results indicative of true individual 

conspecific recognition nor changes in preference for novelty. True individual 

recognition is the action of altering one’s behaviour towards a specific conspecific due 

to experiences with that specific animal in the past, while other forms of recognition can 

also be based on general common characteristics such as sex, age, or familiarity. As 

such, in attempting to understand recognition memory within a laboratory setting it is 

possible that we are rather studying familiarity recognition, as opposed to true individual 

recognition (Choleris et al., 2009; Lai et al., 2005; Gheusi et al., 1994). Furthermore, as 

many others have acknowledged, the possibility persists that studies of this nature are 

tapping into mechanisms of novelty preference as opposed to short term recognition 

learning and memory.  However, no effects of treatment were found during the first 

sample phase wherein novelty of both stimuli is highest suggesting that an effect of 

preference for novelty per se is unlikely. 

 The base of knowledge surrounding the mechanisms of estrogenic enhancement 

of learning and memory within a rapid timeframe remains a vast domain with much 

exploration needed to illuminate the intricacies of its complexity. While this work has 

been efficacious in exposing a significant piece of the puzzle, we do not yet have a clear 

picture of the full process by which E2 binding to mER produced the observed 

behavioural effects, nor the molecular mechanisms necessary for these effects. 

Investigations to determine the specific ERs being activated outside of the cell by the 
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BSA-E2 using concurrent infusions of selective ER antagonists, for example, would be 

valuable in expanding our understanding. 
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