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ABSTRACT 
 

 
HIPPOCAMPALLY-SYNTHESIZED ESTROGENS RAPIDLY FACILITATE 

RECOGNITION LEARNING IN OVARIECTOMIZED MICE 
 
 

Theresa Martin                                                             Advisor:  
University of Guelph, 2018    Professor Elena Choleris 
  
 

Estrogens are known to play a role in modulating cognition, including processes 

involved in recognition learning and memory. The hippocampus is known to synthesize 

its own estrogens, and the inhibition of this synthesis results in impaired recognition 

long-term memory. However, the role of locally-synthesized hippocampal estrogens in 

the encoding/early consolidation of recognition short-term memory (STM) remained 

unknown. 2-month-old, ovariectomized mice were hippocampally-infused with 2%-

DMSO-vehicle, 0.01, 0.05 or 0.1µg/µL of letrozole before the habituation phase of an 

object, social or spatial recognition task. The results showed impairment in OR and SR 

STM in groups treated with 0.01 and 0.05µg/µL, but not 0.1µg/µL, and spatial STM only 

impaired with 0.1µg/µL dose of letrozole. These results suggest that locally-synthesized 

estrogen may contribute to STM formation and raises the possibility that stimulation of 

local estrogen biosynthesis in the brain could contribute to improved hormone 

replacement therapies for menopausal women. 
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Introduction 
 

Estrogens are secreted cyclically by the ovaries, serving to coordinate the 

multiple reproductive hormonal and behavioral changes that have to take place in order 

for successful reproduction. They are also involved in learning and memory processes. 

The principal natural estrogens in humans are estrone (E1), estradiol (E2) and estriol 

(E3). E1 is more important during the post-menopausal period, E2 is the major estrogen 

produced by the ovary and is the most biologically important estrogen before the onset 

of menopause, while E3 is synthesized by the placenta during pregnancy (Cui, Shen, & 

Li, 2013). Estrogens are a class of steroids that represent one of the primary hormonal 

end products of the steroidogenic pathway, starting from cholesterol (see Figure 1). 

Estrogens are also produced by non-ovarian tissues such as the liver, adipose tissue, 

bone, the heart and the brain. Estrogens act as chemical messengers within cells, 

leading to biological responses (Cui et al., 2013) mediated by estrogen receptors (ER) 

found in the membrane, nucleus and cytoplasm of cells (Balthazart & Ball, 2006; K M 

Frick, Kim, Tuscher, & Fortress, 2015). The better characterized ERs are ERα, ERβ and 

the G-protein coupled ER (GPER, formerly known as “GPR30”). All of these receptors 

have a high affinity for E2 as well as other forms of estrogens (Nilsson, S., Makela, S., 

Treuter, 2001 & Thomas, Pang, Filardo, & Dong, 2005).  

ERα and ERβ are members of the “nuclear steroid receptor” family (Giguere et 

al., 1988), and are found intracellularly (reviewed in Frick, 2015), within the cell 

membrane (Wong & Moss, 1992), cytoplasm and cell nucleus (Osborne et al., 2001; as 

summarized by Jazbutyte et al., 2009). In the brain, these receptors are found within 

structures such as the amygdala, hippocampus (HPC), hypothalamus and in the 
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allocortex, with varying degrees of expression (Cui et al., 2013). Within the HPC 

specifically, ERα and ERβ have been found within dendritic spines, glia, axon terminals 

and the nucleus of pyramidal neurons. The location of these ER’s allows them to affect 

various cellular processes including affecting local protein synthesis and gene 

regulation by altering transcription factors and, or epigenetic processes (reviewed in 

Frick, 2015). In contrast, GPER is expressed within the plasma membrane as well as 

intracellularly (Brailoui et al., 2007) in structures such as the endoplasmic reticulum and 

Golgi apparatus (Revankar et al., 2005) and belong to the “cell-membrane bound 

receptor” family. GPER is expressed in the pre-frontal cortex, hypothalamus, striatum 

and HPC, among other regions (Brailoiu et al., 2007). Within the HPC specifically, 

GPER receptors are located in dendritic spines, terminals and axons of pyramidal, 

interneurons and glial cells (Waters et al., 2015). GPER, ERα and ERβ are known to 

play a role in learning and memory throughout the lifespan (reviewed in Frick, 2015).   

Classical and Non-classical Action of Estrogens  

Estrogens were traditionally understood to only play a role in slow biological 

changes (Balthazart & Ball, 2006), but have since been found to also produce rapid 

actions at local sites. The two mechanisms by which estrogens produce their actions 

are often termed “classical” (long-term) and “non-classical" (rapid) (reviewed in Luine, 

2014).  

Classical 

Estrogens produce classical effects when they act on nuclear receptors (ERα 

and ERβ), causing them to dimerize, forming a hormone/ER complex, that then binds 

tightly to the chromatin. This complex influences gene transcription by either acting as a 
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transcription factor or by binding to existing transcription factors. When classical 

mechanisms are activated, changes in behaviour are typically seen between 4-48 hours 

post-administration of estrogen (Nilsson et al., 2001) (reviewed in Sheppard et al., 2017; 

Choleris et al., 2008; Frick, 2012). Classical actions of estrogens typically have a 

delayed onset, and usually result in sustained effects; because of these sustained 

effects, estrogens are considered to have long-term effects (Luine, 2014). Since the 

long-term mechanism through which estrogens act was discovered first, more is 

currently known of its role and effects on learning and memory, compared to their non-

classical, rapid mechanism of action (reviewed in Frick, Kim, Tuscher, & Fortress, 

2015).  

Non-classical  

Non-classical effects occur when estrogens act on ERs either found within the 

cell membrane, or within the cytoplasm, modulating cell-signaling cascades to induce 

changes observed between 15 minutes to a few hours post administration (Frick, 2015; 

Balthazart et al., 2018) – a time course too rapid to be mediated by a classical 

transcriptional mechanism. ER activated cell-signaling cascades affect cellular function 

by influencing local protein synthesis, epigenetic processes and gene regulation, among 

other things (as reviewed in Sheppard et al., 2017; Vasudevan & Pfaff, 2008; Frick et 

al., 2015). The regulation of changes to these processes occur rapidly, which allow for 

fast-passed learning, and consequently, faster-passed behavioural responses 

compared to acting via genomic mechanisms. Importantly, the non-classical and 

classical pathways of estrogen action are tightly integrated, so that they can at times 

potentiate or antagonize one another (as discussed in Vasudevan & Pfaff, 2008). For 



 

4 
 

example, studies of aggressive behavior have demonstrated that administration of 

estrogen non-classically increases, but classically decreases, aggression  (Trainor, Lin, 

Finy, Rowland, & Nelson, 2007), demonstrating that non-classical mechanisms of 

estrogenic action can lead to opposite classical effects on behaviour. Classical versus 

non-classical mechanisms of estrogenic action on behaviour are typically investigated 

by manipulating the timing of drug administration, or interval before behavioral testing, 

as well as performing control experiments that test the non-classical and classical timing 

of estrogenic action. Because of the non-classical to classical effects of estrogen 

integration, researchers develop methodologies that consider the timing of classical 

versus non-classical effects.  

Estrogens, learning and memory  

Estrogens influence processes that underlie learning and memory and do so by 

inducing structural changes in the brains of rodents, such as increasing dendritic spine 

density (DSD) and long-term potentiation (LTP), which are linked to improvements in 

memory task performance (Foy et al., 1999; Kramar et al., 2009, reviewed in Sheppard, 

P., Koss, W., Frick, K., Choleris, 2017 and Vierk et al., 2015). LTP can be defined as an 

increase in potentiation after a period of stimulation (Bailey et al., 2015). Structural 

changes due to the manipulation of estrogen have been observed across a variety of 

learning and memory tasks including spatial, social and object recognition (OR) (Phan 

et al., 2011 & 2015; Frick et al., 2015; Luine, 2014; reviewed in Sheppard et al., 2018).  

Learning is the ability of animals to encode new information about their 

environment, whereas memory is a process that allows animals to alter their behaviour 

based on retained information. There are considered to be two types of memory: short-
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term memory (STM), where memories are vulnerable to being disrupted, and long-term 

memory (LTM), where memories are more stable and long-lasting (Wadsworth, M., 

2015). STM lasts seconds, minutes or hours and involves the modification of pre-

existing proteins or the synthesis of new proteins from locally stored messenger 

ribonucleic acid (mRNA) (Akama and McEwen, 2003; Sheppard et al., 2018, IBNS 

published abstract) whereas LTM lasts days, weeks or years and depend on protein 

synthesis including the transcription of protein-coding genes (reviewed in Goelet et al., 

1986). Notably, the process of consolidation, which stabilizes memories to eventually 

store them in LTM for later retrieval, is understood to have two parts: early and late 

consolidation. The processes that make up early consolidation are considered to be 

more involved in the formation of STMs, whereas the formation of LTMs is associated 

with late consolidation. Early consolidation is understood as the phase following 

encoding and is associated with structural changes including changes to synaptic 

plasticity and dendrites, which are dependent on protein synthesis early consolidation 

has been linked to an early phase of LTP, that is independent of gene transcription and 

translation (Bailey et al., 2015; reviewed in Sheppard et al., 2018).   

The phases of learning and memory include acquisition, consolidation and 

retrieval. Acquisition is the phase where information is initially encoded; Consolidation 

involves the transfer of the encoded information into a more stable, long-lasting memory 

over the time frame of a 2-3 hour consolidation window; and retrieval is the phase 

where memories are recalled (Tuscher et al., 2016; Abel et al., 2001). All three of these 

phases involve structural and molecular changes that occur in a time-dependent 

manner (Kandel et al., 2014; reviewed in Sheppard, P., Koss, W., Frick, K., Choleris, 
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2017). Structural and molecular changes that occur within these phases can include: an 

increase in DSD and LTP, which are correlated with enhancements in learning and 

memory in ovariectomized mice (Tuscher et al., 2016; Phan et al., 2015; reviewed in 

Kim & Frick, 2017). Researchers have investigated the classical and non-classical 

effects of estrogens and their receptors on different phases of learning and memory by 

manipulating levels of estrogen, as well as by manipulating the action of estrogen, 

timing of administration and post-acquisition retention interval before testing memory 

such as long-term and short-term memory.  

Via a timeline of testing classical mechanisms of estrogenic action (which may 

also include sustained non-classical action of estrogens), studies have found that 

estrogens have effects on spatial, social and OR memory and learning. The majority of 

the literature to date suggests that spatial memory is improved after the chronic 

administration of estrogen (Heikkinen et al., 2002; Luine et al., 2003; Inagaki et al., 

2010; Frye et al., 2007; and Walf et al., 2008, as reviewed in Sheppard et al., 2017), 

although impairments (Fernandez & Frick, 2004; Fugger et al. 1998), as well as no 

effect of treatment (Chesler et al., 2000; Mcclure et al., 2013) have also been found. 

Improvements in spatial memory after the chronic administration (42 days, via osmotic 

mini-pump) of either an ERα (PPT), ERβ (DPN) or GPER (G-1) agonist in 

ovariectomized rats has also been documented (Hammond et al., 2009), suggesting 

that the action of estrogen is facilitated through multiple ERs and is involved in the 

processing of spatial memories.   

Similar results for the beneficial long-term effects of estrogen on OR memory have also 

been found, where the chronic administration of oral 17-beta estradiol treatment for 5 
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weeks prior to testing, and an additional 3 weeks of treatment during the behavioral 

testing period, led to improved memory consolidation in an OR task (Fernandez et al., 

2004). Studies have also found that the post-acquisition, treatment of estradiol also 

improved object memory consolidation when tested (Luine et al., 2003; Walf et al., 

2006; Inagaki et al., 2010; Walf et al., 2008; Pereira et al., 2014, as reviewed by 

Sheppard et al., 2017). In contrast, other researchers have observed impairments when 

estrogen treatment was administered systemically for a longer period of time (three 

months) (Gresack et al., 2006b). PPT and DPN have also lead to improved 

performance on OR learning when treatment was administered immediately post-

acquisition, and OR memory was tested one week later (Walf et al., 2006). The results 

of these studies support the conclusion that estrogens play a role in facilitating the 

consolidation process of OR memory.  

Social recognition (SR) has also been found to be improved with the chronic 

administration of estrogen (Tang et al., 2005; Spiteri et al., 2009), and is reduced 

(female ERβKO), partially impaired (female ERβKO) (Choleris et al., 2006) or 

completely impaired in female (ERβKO and ERαKO) (Choleris et al., 2003; Choleris et 

al., 2004) and male (ERαKO) (Imwalle et al., 2002) ER knock-out (KO) mice. In contrast 

to these results, Sanchez Andrade and colleagues found that only ERαKO but not 

ERβKO female mice, showed impaired memory formation in SR (2011). Taken together, 

these results demonstrate that estrogens and their receptors are involved the processes 

that underlie learning and memory of SR, and that ERα may play a more critical role 

than ERβ in these processes.  
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Via non-classical mechanisms, estrogens have also been reported to play a role 

in learning and memory processes involved in spatial, object and SR tasks. Pre and 

post-acquisition treatment administration has been used in order to investigate the rapid 

effects of estrogens and their role in different phases of learning and memory. The 

results of pre-acquisition administration of estrogen have demonstrated a role for the 

rapid action of estrogens in the initial encoding and formation of new STMs (Luine et al., 

2003; Phan et al., 2012), whereas studies that administered treatment post-acquisition 

during the consolidation window demonstrated a role for enhancing effects of estrogens 

on memory consolidation (Frick et al., 2009; Frick et al., 2015; Galea et al., 2016; 

reviewed by Sheppard et al., 2018).  

Studies have frequently demonstrated that systemic treatment with 17-beta 

estradiol to ovariectomized females at different time points after the training period 

leads to enhancements in OR memory (Fernandez et al., 2008; Gresack et al., 2006a; 

Luine et al., 2003; Walf et al., 2008, as reviewed by Frick et al., 2012; Frick et al., 2015; 

Galea et al., 2016). The enhancing effects of systemic estrogen were observed when 

female mice were systemically treated with 17-beta estradiol and tested for retention 

either 24 or 48 hours post-administration, for a spatial or OR task, respectfully (Frick et 

al., 2003). Estrogen action was further implicated in the consolidation of object and 

spatial memories by the observed impairment of ovariectomized mice treated with intra-

hippocampal infusion of either ER α or β antagonists (MPP and PHTPP, respectfully) 

post-acquisition. Studies looking at post-acquisition infusion of MPP resulted in impaired 

consolidation of spatial memories only, when tested 4 hours later. In contrast, the 

infusion of PHTPP was found to impair the consolidation of both spatial and OR 
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memories, when object memory was tested 24 hours later (Kim & Frick., 2017). Similar 

effects of estrogen have also been observed with systemic, pre-acquisition treatments 

of estrogen in ovariectomized mice. Specifically, administration of 17-beta estradiol 

either 30 or 15 minutes before a spatial or object recognition task lead to rapid 

enhancements in memory in rats when tested 4 hours post-treatment (Luine et al., 

2003) and in the encoding/early consolidation of STMs in mice, when tested 35 minutes 

after infusion (Phan et al., 2012). Furthermore, the rapid effects of estrogen 

administration were observed in the encoding/early consolidation of STMs for SR in 

ovariectomized mice (Phan et al., 2012). Similar rapid, enhancing effects were seen in 

spatial learning tasks when ER agonists were systemically administered to 

ovariectomized mice pre-acquisition. In addition to treatments with natural estrogens 

such as estradiol, researchers have observed enhancing effects with systemic ER 

agonists. The systemic, pre-acquisition administration of the ERα agonist PPT or GPER 

agonist G-1, but not the ERβ DPN, resulted in enhancement of the encoding/early 

consolidation of social and OR STMs (Phan et al., 2011; Lymer, et al., 2017; reviewed 

by Sheppard et al., 2017). Taken together, these results strongly implicate the rapid 

effects of estrogens and their receptors in the facilitation and enhancement of the initial 

encoding/early consolidation period of spatial, social and OR memories and these 

improving effects have been linked to molecular and structural changes in neurons.  

The acquisition of new memories has been connected to an increase DSD in 

female rats within the CA1 region (Beltran-Campos et al., 2011) – changes that are 

associated with LTP (Jedlicka et al., 2008; Morgado-Bernal., 2011, as reviewed by 

Luine, 2014). Researchers observed an increase in DSD in the CA1 region of the HPC 
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within 40 minutes of estrogen, PPT, or G-1 treatment when administered systemically to 

ovariectomized mice (Phan et al., 2012; Phan et al., 2011; Gabor, Lymer, Phan, & 

Choleris, 2015), suggesting that this change in cellular structure is linked to the 

enhancements seen in spatial and recognition learning. This observation is supported 

by the increasing evidence demonstrating that learning and memory processes involve 

changes in dendritic spine structure (Luine, 2014). The combination of the behavioral 

and anatomical results strongly implicates estrogenic action within the HPC in the rapid 

facilitation of spatial, object and SR learning and memory. In order to further explore the 

role of estrogenic action within the HPC, researchers have administered estrogen, ER 

receptor agonists and antagonists into the HPC specifically. 

Estrogens and the Hippocampus  

 The HPC is a brain structure involved in recognition learning and memory (Moser 

et al., 2015). Estrogens within the CA1-CA3 regions of the HPC are known to increase 

in spine density  and lead to increased LTP, which has been linked to the facilitation of 

learning and memory processes (Foy et al., 1999; Kramar et al., 2009), as well as 

enhanced performance on HPC-dependent tasks (as reviewed by Vierk et al., 2015).  

Intrahippocampal infusion of estradiol (Fan et al., 2010; Fernandez et al., 2008) 

or PPT, DPN (Boulware et al., 2013) and G-1 (Kim et al., 2016) immediately post-

acquisition led to improvements on spatial learning and OR memory in ovariectomized 

mice. The effect of estrogen was demonstrated to have occurred within three hours of 

the acquisition period, as the administration of estrogen after 3 hours showed no 

memory improvements in the OR or spatial task (Fernandez et al., 2008; as reviewed by 

Lymer, Robinson, Winters, & Choleris, 2017), suggesting that there is a three hour 
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window period where estrogens play a rapid role on LTM, likely via enhanced 

consolidation. Taken together these results demonstrate the sensitivity of the HPC to 

estrogenic effects, implicating this brain structure in the estrogen-mediated rapid 

consolidation of spatial and object recognition memories within a three-hour time frame.    

The administration of estrogens intrahippocampally to ovariectomized mice has also 

been found to enhance spatial, object and SR encoding/early consolidation of STMs 

within 40 minutes of pre-acquisition administration (Phan et al., 2015). These effects of 

estradiol are aligned with an increase in DSD within the CA1 region of the HPC between 

20-30 minutes post-administration to female mouse hippocampal slices (Phan et al., 

2015). While the pre-acquisition intrahippocampal administration of PPT enhanced 

learning of all three tasks, DPN only enhanced spatial learning, and G-1 improved 

object and social recognition but not spatial learning (Phan et al., 2015; Lymer et al., 

2017). The results of these studies are once again in parallel with the structural effects 

seen within the HPC, where DSD was increased within 20-30 minutes when 

hippocampal tissue was treated with estrogen or PPT, but not DPN (Phan et al., 2015). 

Thus, rapidly, ERα and GPER may play a more significant role in object and social 

recognition STM, whereas ERα and ERβ may be more involved in spatial recognition 

STMs.  

The approaches taken by the studies presented so far provide information about the 

differential effects of estrogen treatment and role of ERs but leave unanswered the 

question of whether brain derived estrogens are actually necessary for normal learning 

and memory processes within the HPC. To examine the role of brain derived estrogens, 

the actions of endogenous estrogens within the HPC can be inhibited using drugs such 
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as ER antagonists or Aromatase inhibitors (AI). Kim and Frick explored the natural role 

of brain derived estrogens by hippocampally infusing ERα and ERβ antagonists, MPP 

and PHTPP, respectively, in ovariectomized mice. They found that MPP impaired 

spatial but not OR memory, whereas PHTPP impaired both types of memory (Kim & 

Frick 2017). These results suggest that in the hippocampus the two main nuclear ERs 

play a differential role in spatial and OR recognition memory, even in the absence of 

circulating ovarian steroids, but do not clarify the source of the endogenous estrogen – 

whether central or systemic.  

Brain-synthesised estrogens, learning and memory  

It is known that regions in the brain such as the HPC are able to rapidly 

synthesize estrogens, and that rapid synthesis is likely due to the rapid synthesis of 

local testosterone, since levels of both testosterone (Konkle et al., 2011) and the 

presence of mRNAs for the testosterone synthesizing enzyme, 17β-hydroxysteroid 

dehydrogenase (17β-HSD) (Beyenburg et al., 2010), have been found in the rodent 

HPC. This rapid synthesis allows the brain to function independently of the constant 

fluctuation of peripheral estrogen levels due to the estrous cycle (Woolley et al., 1990; 

Reviewed in Vierk et al., 2015). The final step of estrogen synthesis within the 

steroidogenic pathway is the aromatization of androgens by the enzyme aromatase. 

Aromatase is a component of the cytochrome P450 enzyme system (Merlotti et al., 

2011), and its role in estrogen biosynthesis from androgens in the brain has been well 

documented in both rodents (as reviewed by Roselli, Horton, & Resko, 1985; Naftolin et 

al., 1975) and humans (Biegon et al., 2010). Within the HPC, aromatase has been 

reported in the soma and dendrites of pyramidal cells of the CA1 and CA3 (Hojo et al., 
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2004), granular cells in the dentate gyrus (Azcoitia, Yague, & Garcia-Segura, 2011; 

Hojo et al., 2011; Yague et al., 2010), and in pre and post-synaptic terminals (Hojo et 

al., 2004). Successful suppression of local estrogen synthesis by inhibiting aromatase 

has been demonstrated in both male and female rats (Osterlund et al., 1998). The 

inhibition of estrogens within the HPC was correlated with a decrease in spine synapse 

density (SSD) in female but not male rats, which was reversed by the administration of 

E2 (Fester et al., 2012). Parallel results on DSD were found in the HPC of female mice 

treated with letrozole after as early as 6 hours of treatment (Vierk et al., 2015), as well 

as in HPC slices of aromatase KO mice (Zhou et al., 2014). The administration of AIs 

have therefore been used to investigate the role of brain-synthesized estrogens in 

neuronal plasticity in rodents.  

Using this approach, hippocampally-derived estrogens have been observed to play a 

rapid role in the consolidation of spatial and OR memory (Fernandez et al., 2008; 

Tuscher et al., 2016; Tuscher, Fortress, Kim, & Frick, 2015). Tuscher and colleagues 

found spatial and OR LTM in ovariectomized mice to be impaired when the AI letrozole 

was infused into the dorsal HPC immediately following acquisition, and memory was 

tested either 24 (in OR task) or 4 (in a spatial task, object placement) hours later. 

Interestingly, if the AI was administered 3 (in OR task) and 2 (in spatial task) hours after 

the acquisition period, and LTM was tested at the same time points (at 24 or 4 hours 

later) this memory impairment was not observed, suggesting that aromatase within the 

dorsal HPC is necessary for the processes involved in the consolidation of spatial and 

OR memory between 1-3 hours after a learning episode (2016). The impairing effects of 

letrozole on LTM are consistent with the results of ex-vivo studies that demonstrated 
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reduced spine synapses’ (Vierk et al., 2012; Zhou et al., 2010; Kretz et al., 2004), DSD 

(Vierk et al., 2012) and synaptic proteins (Rune et al., 2006) in letrozole-treated rodent 

hippocampal slices. Taken together, these studies suggest a role for hippocampally 

synthesized estrogens in cellular plasticity as well as spatial and OR LTM. 

Similar to mammalian species, the inhibition of aromatase within the HPC of 

male zebra finches lead to impairments in learning and memory on a spatial task when 

birds began the task 3 days into chronic treatment with the AI ATD, via surgically 

implanted silicon-soaked pellets (Bailey et al., 2013). In contrast, studies have also 

reported no effect on a spatial learning and memory task after male and female rats 

were systemically treated with letrozole for 1-week before training commenced, until the 

5th day when the spatial task was complete (Vierk et al., 2015). The administration of 

letrozole was also found to facilitate the learning of a spatial memory task in males 

(Alejander Gomez et al., 2007) when treatment was administered orally 60 minutes 

before acquisition period. Letrozole administration was also hypothesized to be 

potentially beneficial for spatial memory in female rats, as although oral letrozole did not 

result in improvements behaviorally, there were structural changes such as increase in 

neural cell adhesion molecules expression within the HPC that have been linked to the 

facilitation of cognitive functioning (Aydin et al., 2008). These contrasting findings could 

be due to a variety of reasons including differences in the administration technique used 

for treatment (i.e. systemic injection compared to oral administration), dose of letrozole 

administered, or the solvent used for dissolving letrozole (i.e. tri-distillate and de-ionized 

water or dimethyl sulfoxide). Furthermore, sex differences in role of hormones, 

differences in the conducting of behavioral paradigm that were used, and difference in 
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species (i.e. rats versus mice) between tasks could also account for the observed 

differences in results. Taken together, these studies strongly suggest a role for 

hippocampally-derived estrogens in the processes that underlie spatial, social and OR 

learning and memory. In order to further understand how brain-synthesized estrogens 

modulate hippocampal function, the different regions of the HPC and their possible 

distinct roles should be discussed.  

Letrozole and the Tri-Synaptic Circuit of the hippocampus   

The Tri-synaptic Circuit consists of four parts: the entorhinal cortex, dentate 

gyrus and CA1 and CA3 regions of the HPC. The excitatory projections (performant 

path) from neurons in the entorhinal cortex reach granule cells in the DG which in turn 

project to the pyramidal cells in the CA3 region via mossy fibers. CA3 neurons then 

project to pyramidal cells of the CA1 region via Shaffer collaterals (as described in 

Yeckle & Berger, 1989) (See Figure 2). KO mice that lack the N-methyl- D-aspartate 

(NMDA) -1 gene within the CA1 pyramidal cells of the HPC and thus have no NMDA 

receptor mediated synaptic currents and LTP in CA1, show impaired spatial but not 

non-spatial learning (Tsien et al., 1996). The CA1 and CA3 regions are known to have 

high levels of so called “place cells”, where CA1 place cells mostly received input from 

neurons that represented local cues, and CA3 from both local and distal cues 

representations (Lee et al., 2004). The CA3 and dentate gyrus regions have been linked 

to storing the representation of past experiences (Hasselmo et al., 1995). Additionally, 

pattern completion (Samsonovich et al., 1997) and auto-associative functions (Ishizuka 

et al., 1990; Hasselmo et al., 1995) have been described within the CA3, and pattern 

separation within the dentate gyrus (McNaughton et al., 1997; Kesner et l., 2001; as 
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reviewed by Lee et al., 2004). Additionally, 17-beta estradiol leads to an increase in 

DSD in CA1 and CA3 regions of the HPC and is linked to improved learning and 

memory with the increased magnitude of LTP (Foy et al., 1999; Phillips & Sherwin, 

1992), demonstrating a role for estrogens within these separate regions. In-line with 

this, the administration of PPT and G-1 led to an increase in presynaptic glutamate 

release in the CA1 (Smejkalova et al., 2010). Furthermore, the CA1 region is known to 

be involved in the coding of olfaction-based memories (Petrulis et al., 2005), which are 

an important part of social interaction for rodents (Ropartz, 1968) (as reviewed by 

Stevenson et al., 2014).   

Although not included in the Tri-synaptic pathway, the CA2 region of the HPC is 

known to be required for the initial creation and recall of social memory in male mice 

because CA2 excitoxic N-methyl-D-aspartate lesions impaired SR memory (Stevenson 

& Caldwell, 2014), hypothesized by the researchers to be due to an impairment of 

processing of olfactory information. This finding is supported by Hitti et al., (2014) who 

found impairment of SR in male transgenic mice with specifically inactivated pyramidal 

cells in the CA2 region. Interestingly, the same inactivation of cells within the CA2 

region did not result in impairments in spatial or contextual memory (Hitti et al., 2014). 

These findings taken together demonstrate the requirement in the CA2 region of the 

HPC specifically in the formation of SR memories, but that CA2 may not be as important 

for the learning and recall of spatial and contextual tasks.  

The presented studies demonstrate differential roles of hippocampal sub-regions 

in different types of memory. Whether a similar role in played in the rapid facilitation of 

different types of STMs by estrogens specifically remains to be investigated. 
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Summary 

The literature shows that estrogens modulate cognitive function for recognition 

learning and memory. Hippocampally-synthesized estrogens mediate enhancing effects 

on consolidation of LTM. What is still unknown, is what role hippocampally-synthesized 

estrogens play in the encoding/early consolidation of STMs.  

Research Question and Primary Objectives 

The primary objective of this study was to determine whether hippocampally-

synthesized estrogens rapidly facilitate the encoding/initial consolidation of recognition 

STMs. To achieve this, we attempted to reduce the local synthesis of estrogens within 

the HPC with the AI letrozole, then determine the rapid effects of blocking estrogen 

biosynthesis on the learning of spatial, object and SR tasks in ovariectomized mice. We 

hypothesized that hippocampally-synthesized estrogens are involved in these initial 

encoding or early consolidation processes. Therefore, we predicted that mice treated 

with letrozole (0.01, 0.05 or 0.1µg/µL) would not show recognition learning. Moreover, 

we expected that the effects would be dose-dependent, as studies that manipulate the 

action of estrogens have frequently see dose-dependent effects (Phan et al., 2011 & 

2015; Lymer et al., 2017; Inagaki et al., 2010; Gabor et al., 2015; discussed in Luine et 

al., 2014). 

Methods 

Animals, Housing and Diet  

 Subjects were purchased as 2-3-month-old, naïve, female CD1 mice (Charles 

River, Lasalle, QC). This strain was chosen because it is out-bred (Charles River, 

2017), increasing the generalizability of the results to other mouse strains and other 



 

18 
 

species. Subjects were housed in clear polyethylene cages, with dimensions of 16 x 12 

x 26cm, that included corncob bedding and environmental enrichment. Six mice of the 

same age were randomly selected to be the stimulus mice for the SR experiments and 

housed in groups of three, except for 1-week post-surgery when they were singly 

housed. Experimental mice were housed in groups of three per cage until surgeries 

were preformed and were single housed thereafter. Mice were provided with ad libitum 

food (Teklad Global 14% Protein Rodent Maintenance Diet, Harlan Teklad, WI) and 

water, on a 12:12h-reversed light/dark cycle (lights off at 8am), with the temperature of 

the room at 21±1 ºC. All behavioral paradigms were conducted in the home cage of 

experimental mice. In order to ensure the home cage territory was well established, the 

cages of the experimental mice were not changed for at least three days before testing. 

The night before the experiment, staples from surgery were removed and mice were 

moved into the testing room to acclimatize to the new environment. At this time, vaginal 

swabs were collected from the subjects to confirm that the ovariectomy had been 

successful. All testing was conducted during the dark phase of the light cycle under red 

light. Each subject was used only once. All research was conducted in accordance with 

the Canadian Council on Animal Care and approved by University of Guelph’s Animal 

Care and Use Committee.  

Surgeries 

 Surgeries were performed at least one week after arrival to the facility, 10-15 

days prior to behavioral testing. One hour before surgery, mice were injected with 

10mg/kg anti-inflammatory analgesic Carprofen (0.4mL stock solution, 19.6mL saline). 

For surgery, subjects were anesthetised with isoflurane and oxygen gases, with levels 
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of isoflurane at 5% and oxygen at 420mL/minute for induction of anesthetic, and 2% 

and 400mL/minute for maintenance throughout surgery. All stimulus mice received 

ovariectomy surgery, while experimental mice underwent both ovariectomy and 

cannulae implantation of the dorsal HPC within one surgery session. These surgeries 

have been described previously (Phan et al., 2012; Phan et al., 2015; Lymer et al., 

2017). Briefly, for bilateral ovariectomy, the back of each mouse was shaved and 

disinfected. 0.2mL local anesthetic mixture (0.15mL Lidocaine + 0.3mL Bupivacaine + 

0.45mL saline) was subcutaneously administered at the sites where incisions would be 

(i.e. middle of back and top of head). 0.5mL of warm saline was subcutaneously 

administered away from the dorsal site of incision for re-hydration. After waiting 3 

minutes for the anesthetic mixture to take effect, a 1cm incision was made into the 

dorsal skin, followed by a smaller incision of the muscle above each ovary. The ovaries 

were then drawn out, clamped at the level of the uterus and excised. The remaining 

tissue was then returned to the abdominal cavity, and 0.2mL of anesthetic was 

administered bilaterally to the muscle sites of incision. The incision on the dorsal skin 

was then closed using 1-2 surgical staples (MikRon Precision Inc Gardena, CA). 

Extraction of the ovaries results in the decrease in most circulating estrogens (Vedder et 

al., 2014). The cannulation surgeries involve shaving and disinfecting the dorsal area of 

the head, cutting away the skin from the to of the head, and removing membrane over 

the skull using a 3% H202 in Millipore water solution. Bilateral guide cannulae (HRS 

Scientific, Montreal, QC) were then implanted in the location where two holes (+/-1.5mm 

medial-laterally, and -1.7mm anterior-posteriorly) were drilled, reaching 2.3mm ventral 

into the dorsal HPC. The final placement of the cannulae was 1mm above the final 
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coordinate of infusion. Three additional holes were drilled in the skull in a triangular 

pattern surrounding the guide cannulae for the placement of three jeweller screws. In 

order to hold the cannula in place, a head cap was created overtop of the cannulae and 

screws using dental cement (Central Dental Ltd. Scarborough, ON, Canada). After 

surgery, cannulae stoppers were inserted to prevent clogging. The recovery of the 

subjects was observed every 10 minutes for the first hour or until the mice were 

ambulating and eating normailly, and again 24 hours later. Additional 0.05mL of warm 

saline, Carprofen (10mg/kg), heating pad and liquid or mashed chow was provided to 

some of the subjects based on recovery status.    

Drug 

 Letrozole. The potent third generation aromatase inhibitor Letrozole (Thermo 

Fisher Scientific, MA) was dissolved in 0.9% saline and 2% dimethyl sulfoxide (DMSO) 

vehicle, resulting in concentrations of 0.01, 0.05 and 0.1 µg/µl (Tuscher et al., 2016), 

making up three drug groups and one vehicle control group. These concentrations were 

bilaterally infused into the dorsal HPC of subjects at a rate of 0.2 µL/min, administering 

a volume of 0.5 µL per hemisphere using a microinfusion pump (PHD 2000, Harvard 

Apparatus) (as previously described in Phan et al., 2015; Lymer et al., 2017). Injectors 

were left in for 1-minute post-infusion to minimize potential backflow of the treatment 

through the cannula during the removal of the infuser.  

Rapid Learning Paradigms 

In OR two different objects (glass cube (4 x 4 x4 cm3), stainless steel drain 

catcher (6x 6 x1 cm3) or plastic hairclip (4 x 3 x 3) cm3, held in place using Velcro) were 

presented on one of the sides of the home cage of experimental mice for three 4-minute 
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habituation periods, each separated by a 3-minute rest period, where the objects were 

removed. Previous pilot studies demonstrated that mice did not show spontaneous 

preferences for any one object (Phan et al., 2011). A 4-minute Test period then 

occurred 3-minutes after the last habituation, where one of the objects was traded for a 

novel one. Because mice preferentially explore novelty within their environment (Vogel-

Ciernia & Wood, 2015), mice that remember the stimuli used during the habituation 

periods will spend more time exploring the novel stimulus than to the familiar stimuli. If 

at Test, mice demonstrate no preference for either the familiar or novel stimulus this 

indicates that they do not have a memory for the familiar object. Object Placement (OP) 

was run in the same way as OR, with the exceptions that the stimuli used in each 

habituation and in Test were identical and at Test one of the identical objects was 

relocated to the opposite side of the home cage, across from where it was during the 

habituations. SR was run in exactly the same way as the OR task, with the exception 

that ovariectomized mice were used as stimuli instead of objects (see Figures 3, 4 and 

5 for illustrations of OR, SR and OP paradigms, respectively). Stimulus mice were 

presented in clear, Plexiglas cylinders (7cm in diameter and 12cm in height) with 

perforations at the bottom (60 total) in order to allow for experimental mice to explore 

the stimulus mice. The stimulus mice were habituated to the cylinders for at least 7 days 

before using them in the paradigm. Objects and tubes were cleaned with odorless soap 

(Sparkling brand) and baking soda, and towel-dried after each phase of testing in order 

to remove odor cues. The entirety of the paradigms took 40 minutes (see Figure 6) from 

the moment of treatment administration to completion of test, making it likely that 

changes in behaviour at test could be attributed to the rapid and not genomic effects of 
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local estrogens, since genomic effects take longer than this period to produce changes 

in behaviour (Frick, 2012). Intrahippocampal infusion of letrozole was preformed 15 

minutes before the first habituation period, allowing the AI to take effect. The inhibitory 

effects of letrozole on local, hippocampal concentrations of estrogens has been 

documented to be present at 30 in mice when letrozole was infused into the dorsal HPC 

at the same concentrations as used in the current study (0.01, 0.05 and 0.1 µg/µl) 

(Tuscher et al., 2016), and for more than 40 minutes in rats in the central nucleus of the 

amygdala (Saleh et al., 2005). These specific learning paradigms were chosen because 

past research has demonstrated that ovariectomized, vehicle-treated mice (sesame oil), 

demonstrate recognition learning (Phan, Lancaster, Armstrong, MacLusky, & Choleris, 

2011), allowing for the potentially impairing effects of Letrozole to be studied. 

Experiments were a between-subjects experimental design, where each experimental 

mouse only received either one of the three doses of letrozole or 2% DMSO vehicle.  

Additional Methodologies  

Estrous cycle test. Vaginal swabs were taken the night before testing using wet 

cotton swabs and transferred onto microscope slides, in order to confirm that the 

ovariectomy was successful. The slides were then observed under a microscope (5x 

objective) (Leica DM4500 B). The phase of estrus was determined using the criteria 

outlined by Byers, Wiles, Dunn and Taft (2012), that describe diestrus, proestrus and 

estrus as having high concentrations of leukocytes, nucleated epithelial cells and non-

nucleated cornified cells, respectively. Ovariectomy of subjects were considered to be 

successful if they were found to be in diestrus, but not proestrus or estrus phases.  
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Aromatase assay. In order to demonstrate that the action of aromatase was 

indeed blocked by Letrozole, an in-vitro aromatase assay that measures the amount of 

3H2O created from androstenedione (an aromatase substrate) as a reflection of the 

amount of estrogen synthesized, was intended to be conducted on hippocampal tissue 

samples (Roselli et al., 1985). This technique has been demonstrated as being effective 

in past studies (Roselli et al., 1984 & 1985; MacLusky et al., 1994). Unfortunately, due 

to the substrate Androst-4-ene-3,17-dione being a controlled substance in Canada, we 

were not able to get it delivered from the United States. In light of this, our research 

team decided to pursue Liquid Chromatography–Mass Spectrometry testing instead.   

Liquid chromatography–mass spectrometry (LC-MS). LC-MS was to be used 

to measure the components (e.g. androgen and estrogen metabolites) found within the 

tissue of each treatment group. This method works by combing liquid chromatography 

and mass spectrometry techniques, where tissue is first ionised and then separated into 

components based on mass, then the component levels of interest are counted. The full 

description of the combined technique has been explained previously (see Caruso et 

al., 2010). Unfortunately, due to the sensitivity of the LC-MS machine that we had 

planned to use, we were unable to perform this testing until larger sample sizes are 

collected, and therefore no results are reported for the LC-MS testing within this thesis. 

The tissue samples are currently in -80 degrees Celsius freezer and will be used in a 

future collaboration to test the hormone metabolite measurements by LC-MS testing or 

other.  

Sample preparation. The preparation of samples for the LC-MS testing was 

conducted in three steps, including decapitation, slicing and micro-dissections. 
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Decapitation – Experimentally naïve mice were infused with either 0.01, 0.05, 0.1µg/µL 

of letrozole or 2% DMSO in the dorsal HPC and were euthanized by cervical dislocation 

exactly 40-minutes post-infusion (the duration of the experimental paradigms conducted 

with the experimental mice). The brain was extracted, placed on a metal surface, and 

flash frozen using liquid nitrogen, and immediately stored in a -80 freezer until it was 

sliced. Slicing – Full brains were then sliced at 250µm, at -8 degrees Celsius using a 

cryostat (Leica 1950), mounted on gelled-covered microscope slides, and stored in a -

80 freezer until they were micro-dissected. Micro-dissections – Using a microscope 

(Midland Cross Complex) with a freezing stage set to -10 degrees Celsius, and a fine 

scalpel, five samples were collected for LC-MS testing one sample at the infusion site of 

the HPC (from 1 slice), samples both anterior & posterior to the site of infusion (from 2 

slices), the ventral HPC (from 2 slices), the amygdala (from approximately 11 slices) 

and the pre-optic area and hypothalamus in combination (from approximately 11 slices). 

Landmarks were based on an online interactive mouse atlas (reference: 

http://mouse.brain-map.org/static/atlas).  

Cannulae placement verification. In order to assess if the cannulae were 

successfully implanted into the dorsal HPC, each subject was infused with 1% Chicago 

blue dye (Sigma-Aldrich Canada Ltd., Oakville, ON), after behavioral testing. Their brain 

was then extracted 40 minutes post-dye infusion (to replicate the timing of the 

behavioral paradigm), immersed in 4% (wt/vol) formalin for 7 days, and then transferred 

to 30% (wt/vol) sucrose PBS for 24-48 hours. The tissue was then stored at -80C and 

sectioned coronally at 40µm thickness using a Cryostat (Cryomatrix 1950) and mounted 

on microscope slides that had been coated in gelatine (Sigma cat. 2625). The cannulae 

http://mouse.brain-map.org/static/atlas
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placements were then checked with an optical microscope (5x objective) (Leica 

DM4500 B), using a mouse brain atlas (Paxinos & Franklin, 2001). The following 

number of mice were excluded for incorrect placements: OR (n = 28), SR (n = 32) and 

OP (n = 10). See Figure 11 for a summary of hippocampal placements for mice that met 

criteria for each treatment group, within each experiment (OR, SR and OP). See Figure 

12 for a depiction of a dorsal hippocampal placement.   

Behavioral Analysis  

Behavioral testing was video recorded using (JVC GZ-E300 Full HD Everio 

Camcorder GZ-E300B) under infrared light (NOMA red transparent incandescent light 

bulb, A19 medium, 420 lumens). These videos were then coded by the experimenter 

using Observer Video Analysis software (Noldus information Technology, Wageningen, 

Netherlands), where twelve behaviours were collected from mice during each phase of 

the paradigm (see Table 1 for description of behaviours). The experimenter was blind to 

treatment received by the subjects during the experiments as well as behavioral coding. 

Once the experimental videos were coded, the experimenter was unblinded to 

treatment so that statistical analysis could be conducted.  

 For statistical analysis, an Investigation Ratio (IR) was calculated using the 

following equation: IR = N/(N+F) where N represents the amount of time the subject 

investigated the novel stimulus, and F represents the amount of time the subject 

investigated the familiar stimulus. A larger investigation ratio during the test phase 

compared to the average of the habitation phases is indicative of recognition learning 

(as described in Phan et al., 2011).  
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Organization of the Data 

 “Sniff” was used as the investigation behaviour of each mouse towards the 

stimulus. For statistical analyses, Sniff behaviour, as well as directional behavioural 

data (i.e. Stretch, Bite, Sit/climb, Dig, Bury, Non-social investigation of the stimulus) 

were converted into an IR score, arcsin transformed, and organized into an IR average 

habituation score and an IR test score. For the non-directional behavioral data (i.e. Total 

investigation, Inactive, Groom, Stereotypy, Dig-none, Bury-none, Horizontal and Vertical 

activity), raw data were organized into habituation 1, 2, 3 and test.   

Exclusion Criteria 

Mice were included in the data set if their score for IR Test for the stimulus 

investigation behaviour was not more than 2 standard deviations above and below the 

mean score, and if the mouse investigated for at least 3% of the Test phase time length 

(4 minutes) in Total Investigation Test phase for OR, OP (7 seconds) and at least 5% of 

the Test phase time length for SR (12 seconds) (originally percentages taken from 

Phan, 2013). In general, CD-1 female mice tend to explore objects less than 

conspecifics, and therefore exclusion criteria for investigation time are slightly lower for 

experiments that use objects as stimuli. Mice were also excluded if they did not 

investigate one of the stimuli during the test phase. Based on the exclusion criteria, the 

total number of mice that were excluded from the analyses per experiment and per 

treatment were as follows: OR: n = 2 (1 from 2% DMSO & 1 from 0.05µg/µL), SR: n = 8 

(4 from 2% DMSO, 2 from 0.01µg/µL & 2 from 0.05µg/µL) OP: n = 4 (2 from 0.01µg/µL 

& 2 from 0.05µg/µL).  
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Statistical Analysis  

Behavioral data were analysed using IBM SPSS Statistics 25 for the repeated 

measures mixed design ANOVAs, and Sigma plot version 11.0 for all remaining 

statistical analyses. A p-value of p < .05 was considered to be a statistically significant. 

Non-significant values and results are not presented unless meaningful. For all 

analyses, Mauchly’s Test of Sphericity and Levene’s Test of Equality of Error Variances 

were not violated unless otherwise stated. Levene’s was based on the median due to its 

robustness to violations in assumptions of normality, as suggested and described in 

Brown & Forsythe (1974). Effect sizes were based on partial eta squared and were 

considered as follows: high (0.13), medium (0.06) and low (0.01) (Cohen, 1988).  

Stimulus Investigation IR data 

Repeated measures mixed design ANOVAs were used to analyze the stimulus 

investigation and other directional behaviours of mice, where phase of testing (i.e. 

average habituation IR score or test IR score) was the repeated measure, and 

treatment (i.e. 2% DMSO vehicle, 0.01, 0.05 or 0.1µg/µL letrozole) was the between 

groups factor. In order to reduce type I errors, specific a priory planned paired t-tests 

were run, that compared the IR average habituation score to IR Test score within each 

treatment group, to assess whether object, social or place recognition were present 

within each group.  

A one-way ANOVA was run on the IR Test scores across treatment groups. In 

order to reduce type I errors, specific a priory independent samples t-tests were used to 

compare the IR Test score of vehicle to each of the letrozole treatment groups (i.e. 0.01, 

0.05 or 0.1µg/µL).    
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Non-directional behavioral data  

Repeated measures mixed ANOVAs were used to analyze the non-directional 

behaviour of mice, where phase of testing (i.e. habituation 1, 2, 3 and test scores) was 

set as the repeated measure, and treatment (i.e. 2% DMSO vehicle, 0.01, 0.05 or 

0.1µg/µL letrozole) as the between groups factor. Post hoc analyses were run in order 

to explore significant findings. Specifically, for the between-subjects factor Tukey’s post 

hoc analyses were used, and for the within-subjects factor Bonferroni post hoc 

analyses.     

Hippocampal Placement Analysis 

 Before choosing an analysis technique to use, the Difference Score (DS) for 

placements were assessed to see if they met the assumptions for parametric tests. The 

SR and OP data were found to have violated tests of normality, and therefore the non-

parametric test Kruskal-Wallis was used. OR was found to meet the assumption criteria, 

and therefore a One-way ANOVA was conducted.  

Mice were given placement scores based on the dorsal-ventral coordinates noted 

on the y-axis of a mouse brain atlas (Paxinos & Franklin, 2001) for left and right 

hemispheres, separately. The difference of the two scores was taken in order to get a 

DS for each placement to run the Kruskal-Wallis or one-way ANOVA. Since the Kruskal-

Wallis and one-way ANOVA tests were found to be not significant for any of the 

experiments, the average of the two hemisphere placement scores were used as the 

placement score for the Multiple Regression analysis. Mice were excluded from the 

study if their cannula placement was not laterally within 0.5 millimetres from the center 

of the highest concentration of placement location for each separate hemisphere. Based 



 

29 
 

on the exclusion criteria, the total number of mice that were excluded from the analyses 

per experiment and per treatment were as follows: OR: n = 3 (2 from 2% DMSO & 1 

from 0.01µg/µL), SR: n = 3 (1 from 0.01µg/µL & 2 from 0.05µg/µL) OP: n = 5 (2 from 2% 

DMSO, 2 from 0.01µg/µL & 1 from 0.01µg/µL).  

To determine whether there was a significant difference between left, or right 

hemisphere hippocampal cannula placements, Kruskal-Wallis non-parametric tests and 

one-way ANOVAs were conducted, where Dose (2% DMSO vehicle, 0.01, 0.05 or 

0.1µg/µL letrozole) was the independent variable and DS between left and right 

hemisphere hippocampal placements was the dependent variable.     

 To determine whether the IR Test score for mice that received different 

treatments depended on site of hippocampal cannula placement, a Multiple Regression 

analysis test was conducted, where the IR Test (arcsin transformed data) score was the 

dependent variable, and Dose (2% DMSO vehicle, 0.01, 0.05 or 0.1µg/µL letrozole) and 

average placement score (since the Kruskal-wallis test were found to be non-significant 

for all three experiments) were the independent variables.  

Results 

Object Recognition  

Stimulus Investigation IR data 

Consistent with our hypothesis that hippocampally-synthesized estrogens play a 

role in the initial encoding/early consolidation of OR, hippocampally infused letrozole 

impaired OR learning at 0.01µg/µL and 0.05µg/µL doses, but not at 0.1µg/µL (Figure 

7A). The repeated measures ANOVA showed a significant main effect of Phase 

(F(1,46) = 18.03, p < .0001, ηp
2 = .282), even though Levene’s Test of Equality of Error 
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Variance indicated residual inhomogeneity. The planned paired-t test revealed a 

significant difference between the IR average habituation score and the IR Test score 

for mice treated with 2% DMSO, (t = -4.12, df = 12, p < .01), and 0.1µg/µL letrozole (t = 

-4.44, df = 9, p < .001) but not mice treated with 0.01 µg/µL or 0.05 µg/µL letrozole. 

Finally, the independent sample t-test comparing IR Test scores between vehicle (2% 

DMSO) and doses of letrozole revealed that IR Test score for mice treated with vehicle 

(2% DMSO) was significantly higher compared to mice treated with 0.05µg/µL of 

letrozole (t = 2.07, df = 25, p < .05).  

Directional and non-directional behaviours  

Treatment did not affect the directional or non-directional behaviours collected, 

suggesting that the effects of Treatment on OR were due to effects on investigation 

behaviour. The overall pattern of results show a decline of active, with an increase in 

inactive behaviours after repeated exposures to the stimuli. A significant interaction was 

found between Phase and Treatment for Bury behaviour (F(1,45) = 3.40, p = .026, ηp
2 = 

.185). Follow-up post-hoc analyses revealed that Bury behaviour was significantly 

higher in Habituation 2 (M = .604, SD = .795) compared to Habituation 1 (M = .172, SD 

= .336, p < .05) for 2% DMSO treatment group. Notably, there was a trend towards 

significant main effect of Phase for Bite behaviour (F(1,46) = 3.89, p = .054, ηp
2 = .078). 

There was a significant effect of Phase on Total Investigation (F(3,138) = 11.03, p < 

.001, ηp
2 = .193), Horizontal activity (F(1,138) = 27.35, p < .001, ηp

2 = .373), Vertical 

activity (F(3,138) = 4.42, p < .005, ηp
2 = .088), Grooming (F(3,138) = 3.94, p = .010, ηp

2 

= .079), and Dig-none (F(2.37,109) = 5.26, p = .004, ηp
2 = .103), behaviours. Notably, 

there was a trend towards significant main effect of Phase for Bite behaviour (F(1, 7.63) 
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= 2.82, p = .058, ηp
2 = .058). Because Bury none and Dig none behaviours violated 

Mauchly’s Test of Sphericity, a Greenhouse Geiser correction was applied. Follow-up 

post-hoc analyses revealed that there were significant differences among the following 

behaviours: Total Investigation – where Habituation 1 (M = 34.63, SD = 11.79) was 

higher than Habituation 2 (M = 15.99, SD = 11.21, p = .001), Habituation 3 (M = 24.19, 

SD = 12.84, p < .001) and Test phase (M = 28.48, SD = 14.29, p = .019). For Horizontal 

activity – Habituation 1 (M = 98.69, SD = 24.99) was higher than Habituation 2 (M = 

79.53, SD = 25.75, p < .001), Habituation 3 (M = 77.87, SD = 25.69, p < .001) and Test 

phase (M = 71.26, SD = 25.16, p < .001). For Vertical activity – Habituation 1 (M = 

34.19, SD = 14.54) was significantly higher than in Test phase (M = 25.71, SD = 13.02, 

p = .002). For Grooming, Habituation 2 (M = 30.93, SD = 37.14, p = .024), Habituation 3 

(M = 30.62, SD = 33.17, p = .013) and Test phase (M = 30.98, SD = 35.29, p = .033) 

were all significantly higher than Habituation 1 (M = 14.79, SD = 18.65). For Dig none, 

Habituation 3 (M = 11.63, SD = 21.68, p = .013), Habituation 4 (M = 10.32, SD = 16.93, 

p = .004) were significantly higher than Habituation 1 (M = 1.93, SD = 3.59). There was 

a significant interaction between Phase and Treatment for Dig-none (F(2.37,109.07) = 

3.20, p < .032, ηp
2 = .173). Notably, there was a trend towards significant interaction 

between Phase and Treatment for Bury None behaviour (F(2.23,102.49) =  2.77, p = 

.052, ηp
2 = .153). Follow-up post-hoc analyses revealed that Dig-none behaviour was 

significantly higher in Habituation 2 (M = 12.13, SD = 25.69), Habituation 3 (M = 20.76, 

SD = 29.30) and IR Test phase (M = 20.68, SD = 24.77), compared to in Habituation 1 

(M = 2.27, SD = 2.83, p < .05) for 2% DMSO treatment group. Similarly, in the 

0.01µg/µL letrozole treatment group, Dig-none behaviour was significantly higher in 
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Habituation 2 (M = 4.76, SD = 9.78) and Habituation 3 (M = 4.30, SD = 9.49) compared 

to in Habituation 1 (M = 1.20, SD = 2.81, p < .05). Finally, Dig-none behaviour was 

significantly higher in Habituation 3 (M = 16.79, SD = 28.34) and IR Test phase (M = 

12.94, SD = 17.82, p < .05), compared to in Habituation 1 (M = 1.98, SD = 3.59) for 

0.1µg/µL letrozole treatment group.   

Social Recognition 

Stimulus Investigation IR data 

Consistent with our hypothesis that hippocampally-synthesized estrogens play a 

role in the initial encoding/early consolidation of SR, hippocampally infused letrozole 

impaired SR learning at 0.01µg/µL and 0.05µg/µL doses, but not at 0.1µg/µL (Figure 

8A). The repeated measures ANOVA showed a significant main effect of Phase 

(F(1,48) = 11.94, p < .01, ηp
2 = .199), and a significant interaction between Phase and 

Treatment (F(3,48) = 3.26, p < .05, ηp
2 = .169). The planned paired-t tests revealed a 

significant difference between the IR average habituation score and the IR Test score 

for mice treated with 2% DMSO (t = -4.35, df = 14, p < .0001), and 0.1µg/µL letrozole (t 

= -2.33, df = 10, p < .05), but not mice treated with 0.01 µg/µL or 0.05 µg/µL letrozole. 

Finally, the planned paired-t test comparing IR Test for vehicle (2% DMSO) and each 

letrozole dose, revealed a significant difference between the IR Test score for mice 

treated with 2% DMSO, and mice treated with 0.01µg/µL of letrozole (t = -2.79, df = 27, 

p < .05).  

Directional and non-directional behaviours  

Bury-none was the only behaviour affected by Treatment, suggesting that the 

effects of Treatment on SR were due to effects on investigation behaviour. The overall 
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pattern of results show a decline of active, with an increase in inactive behaviours after 

repeated exposures to the stimuli. There was a main effect of Phase of Bury (F(1,48) = 

9.77, p = .003, ηp
2 = .169), and Non-social behaviours (F(1, 48) = 7.96, p = .007, ηp

2 = 

.142). Post hoc analyses revealed that Bury behaviour in IR average habituation phase 

(M = .43, SD = .46), was significantly higher than in IR Test phase (M = .24, SD = .46, p 

< .05), and Non-social behaviour was significantly higher in IR Test phase (M = .89, SD 

= .30) compared to in IR average habituation phase (M = .75, SD = .30, p < .05). 

Notably, there was a trend towards a significant interaction between Phase and 

Treatment for Non-social behaviour (F(3, 48) =  2.75, p = .053, ηp
2 = .147).  

There was a significant main effect of Treatment in Bury-none behaviour (F(1,48) 

= 2.89, p = .045, ηp
2 = .153). Follow-up post hocs revealed Bury-none behaviour to be 

higher for 2% DMSO (M = 17.29, SD = 22.24, p = 0.041) compared to 0.01µg/µL 

letrozole (M = 2.61, SD = 7.55) treatment groups. There was a significant effect of 

Phase on Total Investigation (F(3,144) = 16.16, p < .001), Horizontal activity (F(2.38, 

114.16) = 30.17, p < .001), Vertical activity (F(3, 144) =  20.15, p < .001), Inactive (F(3, 

144) = 6.23, p = .001), Grooming (F(2.29,110.06) = 11.19, p < .001), and Dig none 

(F(2.16, 106.63) = 10.78, p < .001) behaviours. Because Horizontal, Grooming and Dig-

none behaviours violated Mauchly’s Test of Sphericity, a Greenhouse Geiser correction 

was applied. Follow-up post-hoc analyses revealed that there were significant 

differences among the following behaviours: Total Investigation – where Habituation 1 

(M = 70.11, SD = 21.93) was higher than Habituation 2 (M = 55.91, SD = 23.26, p < 

.001), Habituation 3 (M = 49.86, SD = 22.08, p < .001) and Test phase (M = 48.48, SD = 

21.38, p = .003), and Total Investigation in Habituation 3 was higher than in Test phase 
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(p = .042). For Horizontal activity – Habituation 1 (M = 102.72, SD = 27.51) was higher 

than Habituation 2 (M = 84.03, SD = 23.27, p < .001), Habituation 3 (M = 80.62, SD = 

28.47, p < .001) and Test phase (M = 75.80, SD = 24.45, p < .001), and Horizontal 

activity at Habituation 2 was higher than in Test phase (p = .046). For Vertical activity – 

Habituation 1 (M = 24.93, SD = 11.40, p < .001), Habituation 2 (M =24.01, SD = 14.30, 

p < .001), and Habituation 3 (M = 21.20, SD = 12.81, p < .001) were all higher than in 

Test phase (M = 14.96, SD = 9.30). For Inactive – Habituation 2 (M = 25.03, SD = 

38.92, p = .012), Habituation 3 (M = 23.89, SD = 41.2, p = .043) and Test phase (M = 

28.70, SD = 34.53, p = .002) were all higher than Habituation 1 (M = 10.34, SD = 

24.03). For Groom behaviour, Habituation 2 (M = 17.53, SD = 25.29, p = .003), 

Habituation 3 (M = 30.49, SD = 40.20, p < .001) and Test phase (M = 25.02, SD = 

24.98) were significantly higher compared to Habituation 1 (M = 5.21, SD = 10.78, p < 

.001). For Dig none – Habituation 3 (M = 7.60, SD = 12.27) and Test phase (M = 10.03, 

SD = 13.79) were higher than in Habituation 1 (M = 1.83, SD = 2.99, p < .003, p < .001) 

and Habituation 2 (M = 3.82, SD = 6.04, p = .002, p = .005).  

Object Placement  

Stimulus Investigation IR data 

Consistent with our hypothesis that hippocampally-synthesized estrogens play a 

role in the initial encoding/early consolidation of OP, hippocampally infused letrozole 

impaired OP learning at 0.1µg/µL, but not 0.01µg/µL and 0.05µg/µL doses (Figure 9A). 

The repeated measures ANOVA showed a significant main effect of Phase, F(1,44) = 

74.08, p < .001, ηp
2 = .627, and a significant interaction between Phase and Treatment, 

F(3,44) = 5.24, p < .01, ηp
2 = .263. The planned paired-t test revealed a significant 
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difference between the IR average habituation score and the IR Test score for mice 

treated with 2% DMSO, t = -6.34, df = 11, p < .001, 0.01µg/µL, t = -5.53, df = 12, p < 

.001, and 0.05µg/µL, t = -3.32, df = 10, p < .01, but not 0.1µg/µL letrozole.   

Directional and non-directional behaviours  

Treatment did not affect the directional or non-directional behaviours collected, 

suggesting that the effects of Treatment on OP were due to effects on investigation 

behaviour. The overall pattern of results show a decline of active, with an increase in 

inactive behaviours after repeated exposures to the stimuli. There was a main effect of 

Phase of Sit (F(1,44) = 27.52, p < .001, ηp
2 = .385), where further post-hoc analyses 

revealed that Sit behaviour during IR Test phase (M = .94, SD = .21) was higher than 

average habituation phase (M = .76, SD = .16). A significant interaction was found 

between Phase and Treatment for Bite behaviour (F(3,44) = 3.39, p = .026, ηp
2 = .188). 

Follow-up post hoc analyses revealed that Bite behaviour in IR Test phase (M = .38, SD 

= .34) was significantly higher than in average habituation phase (M = .31, SD = .35, p < 

.05) for 2% DMSO treatment group. Similarly, Bite behaviour in IR Test phase (M = .65, 

SD = .81) was significantly higher than in average habituation phase (M = .97, SD = .80, 

p < .05) for 0.01µg/µL letrozole treatment group. Notably, there was a trend towards 

main effect of Phase for Bite (F(1,44) = 3.94, p = .053, ηp
2 = .082). There was a 

significant effect of Phase on Total Investigation (F(2.11,93.85) = 38.80, p < .001), 

Horizontal activity (F(3,132) = 6.29, p = .001), Vertical activity (F(2.49,109.35) = 23.35, p 

< .001), Grooming (F(3,132) = 3.70, p = .013), and Dig-none (F(2.59,114.00) = 11.23, p 

< .001), behaviours. Because Total Investigation, Vertical Activity, and Dig none 

behaviours violated Mauchly’s Test of Sphericity, a Greenhouse Geiser correction was 
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applied. Follow-up post hoc analyses revealed that there were significant differences 

among the following behaviours: Total Investigation – where Habituation 1 (M = 31.60, 

SD = 11.13) was higher than Habituation 2 (M = 20.34, SD = 7.94, p < .001), 

Habituation 3 (M = 18.13, SD = 7.12, p < .001) and Test phase (M = 20.34, SD = 7.92, p 

< .001). For Horizontal activity – Habituation 1 (M = 87.27, SD = 28.97) was higher than 

Habituation 3 (M = 72.35, SD = 26.98, p < .001). For Vertical activity – Habituation 1 (M 

= 40.90, SD = 14.29) was higher than Habituation 2 (M = 33.80, SD = 13.17, p = .005), 

Habituation 3 (M = 33.11, SD = 11.79, p = .005), and Test phase (M = 23.97, SD = 

10.86, p < .001). Vertical activity was also higher in Habituations 2 and 3 than in Test 

phase. For Grooming, Habituation 3 (M = 35.23, SD = 30.30) was higher than in 

Habituation 1 (M = 20.03, SD = 22.62, p = .014), Habituation 3 (M = 30.49, SD = 40.20, 

p < .001) and Test phase (M = 25.02, SD = 24.98, p < .001). For Dig-none – Test phase 

(M = 25.99, SD = 29.68) was higher than Habituation 1 (M = 6.91, SD = 7.18, p < .001) 

and Habituation 2 (M = 13.93, SD = 20.19, p = 0.015), and Habituation 3 (M = 21.79, 

SD = 26.16) was higher than Habitation 1 (p = .001).   

A significant interaction was found between Phase and Treatment for Horizontal 

activity (F(9,132) = 8.84, p < .001, ηp
2 = .376) and Grooming behaviour (F(9,132) = 2.67, 

p = .007, ηp
2 = .154). Follow-up post hoc analyses revealed that Horizontal activity was 

significantly higher in Habituation 1 (M = 90.03, SD = 33.37) compared to Habituation 3 

(M = 66.34, SD = 23.87) and IR Test phase (M = 66.55, SD = 27.82, p < .05), and 

higher in Habituation 2 compared to in Habituation 3 and IR Test phase (p < .05), for 2% 

DMSO treatment group. Similarly, Horizontal activity for Habituation 1 (M = 99.84, SD = 

18.46) was significantly higher than for Habituation 2 (M = 84.28, SD = 32.55), 
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Habituation 3 (M = 74.69, SD = 33.36) and IR Test phase (M = 73.69, SD = 27.03, p < 

.05) in 0.01µg/µL letrozole treatment group. In 0.05µg/µL letrozole treatment group, 

Horizontal activity was significantly higher in Habituation 1 (M = 101.52, SD = 14.53) 

compared to Habituation 3 (M = 72.98, SD = 20.85) and IR Test phase (M = 70.32, SD 

= 25.49), and significantly higher in Habituation 2 (M = 87.24, SD = 14.25) compared to 

IR Test phase (p < .05). Finally, in 0.1µg/µL letrozole treatment group, Horizontal 

activity was significantly higher in IR Test (M = 100.37, SD = 26.96) compared to 

Habituation 1 (M = 57.83, SD = 23.89), Habituation 2 (M = 69.23, SD = 30.89) and 

Habituation 3 (M = 75.24, SD = 29.58), and significantly higher in Habituation 3 

compared to Habituation 1 (M = 57.83, SD = 23.89). For Groom behaviour, Habituation 

3 (M = 41.12, SD = 31.76) and IR Test phase (M = 40.48, SD = 47.76) were significantly 

higher compared to Habituation 1 (M = 11.99, SD = 12.25, p < .05). For the 0.01µg/µL 

letrozole treatment group, Habituation 1 (M = 37.88, SD = 30.72) and Habituation 2 (M = 

37.48, SD = 36.07) had significantly higher grooming behaviour compared to IR Test 

phase (M = 15.53, SD = 31.10, p < .05). For the 0.05µg/µL letrozole treatment group, IR 

Test phase (M = 32.80, SD = 36.21) had significantly higher grooming compared to 

Habituation 1 (M = 12.44, SD = 12.11, p < .05). Finally, for 0.1µg/µL letrozole treated 

group, Groom behaviour was significant higher in Habituation 2 (M = 39.10, SD = 

46.43), Habituation 3 (M = 51.15, SD = 38.53), and IR Test phase (M = 37.16, SD = 

31.10) compared to Habituation 1 (M = 15.70, SD = 18.65, p < .05). Levene’s Test of 

Equality of Error Variance was not met for Groom behaviour.  
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Hippocampal Placement Analysis  

Hippocampal placement was not found to significantly differ between treatment 

groups within any experiment, and placement coordinate within the HPC did not predict 

behavioral outcome. In order to investigate if there was a significant difference between 

left, or right hemisphere hippocampal cannula placements, Kruskal-Wallis non-

parametric tests and one-way ANOVAs were conducted for each experiment. The 

results of the Kruskal-Wallis analysis were found to be non-significant, for both SR (p = 

.271) and OP (p = .415). The One-way ANOVA for OR was also found to be non-

significant (p = .478) (Figure 10). In order to investigate if the dose and IR Test score 

were independent from the site of hippocampal cannula placement, a Multiple 

Regression analysis test was conducted for each experiment. The results of the Multiple 

Regression analyses were found to be non-significant for SR (p = .721), OP and SR (p 

= .456), with a trend towards significance for OP (p = .059), where 13% of the IR Test 

score was accounted for by Dose.  

Discussion 

Overall letrozole effects  

The main objective of the experiments conducted in this thesis was to test the 

hypothesis that hippocampally-synthesized estrogens are involved in the processes that 

underlie the initial encoding or early consolidation of object, social, and spatial 

recognition, on a rapid timescale. Overall, the results were consistent with our 

hypothesis and predictions, where mice treated with letrozole (0.01, 0.05 or 0.1µg/µL) 

exhibited a dose-dependent inhibition of recognition learning (Inagaki et al., 2010; 

discussed in Luine et al., 2014). The results of the object and social recognition 
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experiments showed the same dose-response curve, where 0.01µg/µL and 0.05 µg/µL 

doses of letrozole impaired recognition on a rapid timescale in ovariectomized mice, 

while 0.1µg/µL hippocampal infusion resulted in normal object and social recognition 

learning. The dose-response curve of the results for the spatial recognition learning 

experiment were opposite to the pattern observed with the object and social recognition 

learning results, in that spatial learning was only impaired at the highest dose of 

0.1µg/µL. Overall, these results suggest that locally synthesized estrogens within the 

HPC play a rapid role in the processes involved in the formation of short-term (encoding 

or early consolidation) recognition memories. These results also suggest differential 

roles for local aromatization between types of recognition memories. Since the dose-

response of letrozole was task-specific, it may be that estrogens, and potentially other 

hormones, play different roles in the facilitation of different kinds of STM, that may be 

related to underlying STM mechanisms. Because the mechanisms through which 

estrogens act to facilitate STM are currently not well characterized, in order to interpret 

the results of our study, this thesis will also look at literature of LTM, and the possible 

mechanisms through which estrogens act in facilitating the consolidation of recognition 

memories.  

The results of the experiments of this thesis demonstrate the critical role that 

rapidly synthesized estrogens by the HPC play in the processes of learning and 

memory. This general finding is in-line with the majority of the estrogen literature, where 

the increased action of estrogens via the administration of exogenous 17-beta estradiol 

or ER agonists into the HPC, leads to improvements in both STM and LTM, whereas 

the administration of antagonists of ERs or AIs, leads to impairments in LTM (Phan et 
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al., 2011 & 2015; Kim & Frick, 2017; Tuscher et al., 2016). The dose-response curve of 

treatment, is in-line with the hormone literature, where instead of a traditional S-shaped 

curve, inverted U-shaped curves are often found (Inagaki et al., 2010; discussed in 

Luine et al., 2014). Making sense of why the behavioural outcomes observed occurred 

within our study is important so that the specific roles of local estrogens is characterized 

further in the processes that underlie recognition STMs. This discussion will begin by 

discussing which phase of learning and memory we tested within the conducted 

experiments in this thesis, followed by a discussion on possible reasons for why we 

observed a difference in dose-response curves between tasks.   

Short-term memory – Are we testing the role of hippocampally-synthesized estrogens 

on encoding or early memory consolidation? 

 Currently, it cannot conclusively be determined whether the effects of letrozole in 

our study are specific to the initial learning/encoding, the early consolidation of 

recognition memories, or both. Letrozole treatment was found to reduce hippocampal 

estrogen at 30 minutes post dorsal hippocampal infusion in ovariectomized mice 

(Tuscher et al., 2016), and continue to inhibit the synthesis of estrogens for 4 hours post 

infusion into the central nucleus of the amygdala in male rats (Saleh et al, 2005). Within 

our study, we administered treatment 15 minutes pre-acquisition, and tested for memory 

35 minutes afterwards, before the consolidation window is complete (Rossato et al., 

2007; Igaz et al., 2002; Fernandez et al., 2008). Because of this, pre-acquisition 

treatment is likely to affect encoding as well as the early consolidation phase when 

changes to dendrites and synaptic plasticity occur (Bailey et al., 2015). Further testing is 
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needed to investigate if brain-derived estrogens facilitate encoding or early 

consolidation of new STMs with the hippocampal treatments administered in our study.   

Different dose-response curves found between tasks   

Within our study, we observed dose-response curves that were specific to certain 

kinds of STMs. These results could be explained by additional recruited brain 

regions/sub-regions that may have compensated for the reduction of estrogenic function 

within the HPC. There may also be a potential role for androgens, as these hormone 

levels may fluctuate due to different levels of aromatase inhibition by the different doses 

of letrozole. Finally, the dose-response curve may be explained by cell-signaling 

pathways that have been found to rapidly facilitate STMs within the dorsal HPC. 

Brain region recruitment   

The idea of additional brain region recruitment for encoding/early consolidation of 

STMs could be used to explain the difference in dose-response between SR, OR and 

OP tasks. For the SR learning found with the highest dose of letrozole, it is possible that 

structures such as the medial amygdala, paraventricular nucleus (PVN), perirhinal 

cortex and/or medial prefrontal cortex could be recruited in order to compensate for the 

lack of estrogenic action within the HPC when estrogens are the most reduced. The 

medial amygdala (Lymer et al., 2018), PVN (Paletta, P., Howard, S., Ali, K and Choleris, 

E., unpublished) and medial prefrontal cortex (Yosida & Okanova., 2008) have been 

found to facilitate SR learning and memory. Specifically, ERs alpha, beta and GPER are 

expressed in medial amygdala and ERs beta and GPER in the PVN and have high 

affinities for estrogens (Rossato et al., 2007; Cui et al., 2013; Mitra, S., Hoskin, E., et al., 

2003; Hazell et al., 2009). Furthermore, the medial amygdala (Pitkänen et al., 2000), 
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prefrontal cortex (Jin et al., 2015) has reciprocal connections with the HPC. The medial 

prefrontal cortex interplays with the HPC in object memory consolidation (Euston et al., 

2012, Pitkänen et al., 2000; reviewed in Sheppard et al., 2018), is sensitive to the action 

of estrogen in ovariectomized mice (Hoeffer et al., 2010), and shows a rapid increase in 

spine density on pyramidal neurons following the administration of 17-beta estradiol 

administration in the dorsal HPC (Tuscher, J., Luine, V. et al., 2016). Similarly to SR, 

the recruitment of extra-hippocampal brain regions may explain our OR results with the 

highest dose of letrozole (0.1µg/µL). The perirhinal cortex (Winters et al., 2004), which 

has reciprocal connections with the HPC (Liu & Bilkey, 1996), and the medial prefrontal 

cortex (Jin & Maren 2015), have been demonstrated to work with the HPC in the 

mediation of learning and memory processes to occur. In this interpretation of our 

results, low doses of letrozole may not reduce hippocampal estrogen levels enough to 

trigger compensatory effects by other brain regions. For OP, where the two low doses of 

letrozole resulted in spatial learning, it is possible that the action of estrogens 

synthesized within the HPC specifically is not as critical for the encoding/early 

consolidation of spatial STMs compared to in OR and SR; although previous literature 

has demonstrated the hippocampal infusion of 17-beta estradiol to facilitate OP learning 

in ovariectomized mice (Phan et al., 2015). Studies have also shown that 

hippocampally-lesioned mice can improve their performance on a spatial memory task 

over time (Gerlai et al., 2002), whereas other researchers have shown spatial memory 

to be impaired in hippocampally lesioned male rats (Winters et al., 2004), suggesting a 

possible species difference. For OP, our results may be best explained by looking at the 

effect of letrozole on androgen levels, which is discussed in the next section. It would be 
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interesting for future researchers to conduct studies to explore if the activation of the 

HPC and connected brain regions such as the medial amygdala, PVN, perirhinal cortex 

and medial prefrontal cortex changes with the hippocampal administration of each dose 

of letrozole used in our experiments in order to test this hypothesis. If the results 

demonstrate no change in connected brain region activation when estrogenic action 

within the HPC is inhibited, compared to not inhibited, this would suggest that brain 

region recruitment likely does not explain the observed object and social recognition 

learning with the highest dose of letrozole administration. 

In addition to the direct recruitment of extra-hippocampal brain regions, the 

differences we observed in dose-responses between behavioral paradigms could have 

been due to where in the dorsal HPC the cannula placement was located as well as 

diffusion of treatment. When looking at the summary of placements for each treatment 

group within each experiment, a difference in dorsal-ventral placement can be seen 

where some placements hit the CA1 region, while others were more ventral hitting the 

dentate gyrus (see Figure 11). Higher doses of letrozole would be expected to have an 

increased effectiveness in inhibition of aromatase, and have a more potent 

concentration gradient as it diffuses outward from the site of infusion, compared to the 

lower doses. This dorsal-ventral difference in hippocampal placement, and expected 

difference in concentration gradient with diffusion, could potentially explain the dose-

response curve we observed, since different sub-regions within the HPC are known to 

preform different functions (Hasselmo et al., 1995; Lee et al., 2004). For example, 

looking at the summary of hippocampal placements for SR experiment (Figure 1), there 

are 4 mice that received 0.1µg/µL infusion of letrozole near to the dentate gyrus region, 
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where the remaining 7 mice, received the infusion near to the CA1, compared to 

0.01µg/µL and 0.05µg/µL treated groups who had a greater number of mice with 

infusion sites hitting the CA1. Because we know that CA1 is involved in the final process 

of integration of information before it sends this information to the subiculum (Lee et al., 

2004), and the dentate gyrus is involved in pattern separation (Hasselmo et al., 1995), 

potentially because the 0.1µg/µL treated group had fewer mice treated directly to the 

CA1 region compared to 0.01µg/µL and 0.05µg/µL treated groups, it could be that the 

action of estrogens are critical in this area of the HPC for facilitating the initial phases of 

SR STM, compared to the dentate gyrus which may not be as important for this 

facilitation. In order to investigate the possibility of hippocampal placement predicting 

how animals preform at Test a Multiple Regression analysis was run. The results of the 

hippocampal placement analyses we ran suggest that placement was not significantly 

different between treatment groups within each experiment, and that placement 

coordinate within the HPC did not predict how the mice performed at Test. These 

results suggest that difference in dorsal hippocampal infusion site does not provide an 

explanation for the difference in dose response that we saw in our results. Furthermore, 

it is reasonable to assume that the letrozole infused into the dorsal HPC may spread to 

the entire HPC including the CA1, CA2, CA3 and DG regions as it is lipophilic (Colussi 

et al., 1998) and can pass through cellular membranes. However, because of this 

characteristic of letrozole could potential leak to regions of the brain in addition to the 

target region, such as the amygdala that, anatomically, sits rostral to the HPC. In 

contrast, letrozole is also known to have low solubility (Buzdar et al., 2002), and 

because of this it may be that the highest dose of letrozole (0.1µg/µL) came out of 
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solution and did not diffuse as far as the lower doses, which could explain the observed 

OR and SR learning. These limitations in experimental design are discussed in detail 

within the section, Limitations and Future Directions. Future research is needed to 

determine the spread of different doses of letrozole used in our study, and the temporal 

profile of the spread of inhibition of the synthesis of estrogens both locally, and within 

surrounding/recruited brain regions as this is currently unknown. Additionally, it would 

be interesting to know which sub-regions of the HPC (CA1, CA2, CA3 and DG) were 

affected by treatment, as hippocampal sub-regions are known to play different roles in 

learning and memory (reviewed in Lee et al., 2004).  

Finally, our results could be explained by looking at the drug we are using to 

investigate the role of hippocampally-synthesized estrogens, letrozole. Letrozole is a 

third generation AI that has high specificity for attaching to, and inactivating the P450 

enzyme aromatase (Thermo Fisher Scientific, MA; Kretz et al., 2004); however, the 

cytochrome P450 is a diverse group of enzymes that includes aromatase (reviewed in 

Mukai et al., 2006). In addition to estrogens being synthesized by P450 aromatase, the 

HPC is known to synthesize pregnenolone, testosterone, and DHT, by local cytochrome 

P450 enzymes P450scc and P45017α that are expressed in pyramidal neurons within 

the CA1-CA3 regions of the HPC, and within granule cells in the dentate gyrus (Hojo et 

al., 2004; Kimoto et al., 2001; Reviewed in Mukai et al., 2006). Because other P450 

enzymes are found in the HPC in addition to P450 aromatase, our results could 

potentially be explained by letrozole also affecting these other enzymes, which could 

have led to the dose-response curve we observed. For example, the highest dose of 

letrozole (0.1µg/µL) could have saturated the main target (P450 aromatase) and 
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resulted in then interfered with other targets (i.e. P450scc and P45017α enzymes) 

which resulted in the highest dose being ineffective within the OR and SR experiments 

as compared to the lower doses of letrozole. Future studies are needed to investigate if 

letrozole affected other P450 enzymes in addition to aromatase, by using 

immunohistochemical staining of hippocampal slices as was used in Kawato et al., 2002 

and Hojo et al., 2004 studies.  

Role of androgens or other steroidogenic metabolites of testosterone  

The observed impairments in OR, SR and OP encoding/early consolidation with 

the administration of letrozole found in our study are in-line with the AI literature, where 

inhibition of estrogens commonly leads to impairment in learning and memory in 

humans (Bayer et al., 2015) and animals (Tuscher et al., 2016; Remage-Healey et al., 

2010). Our results may be best interpreted by the hormone literature, looking into the 

effects of aromatase inhibition on androgen metabolites produced by the steroidogenic 

pathway (Figure 13). Letrozole works by inhibiting the conversion of testosterone to 

estrogens. The results of our study could be explained by the reduction of hippocampal 

estrogens, as well as potential compensatory effects of estrogen inhibition such as an 

increase in testosterone, leading to increased activity in the 5-alpha reductase pathway, 

resulting in an increase in the synthesis of DHT and other androgens. It was observed 

in song birds that the natural increase in estrogen within the caudomedial nidopallium 

(NCM) in response to a play back song was reduced, coupled with an increase in 

testosterone when the AI fadrozole was locally administered before the play back song 

(Bournouville, C, McGrath, A & Remage-Healey, L., 2017, SfN published abstract & 

personal communications, November 2017). An accumulation of androgens may 
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compensate for the reduction in estrogens because androgens too can promote 

hippocampal function and structure. It is known that ovariectomy reduces SSD in the 

CA1 of the HPC (McEwen & Wolley, 1994) and that this can be reversed by treatment 

with estrogen (Leranth et al., 2000), testosterone, or testosterone’s downstream 

metabolite via the 5-alpha reductase pathway, DHT (Leranth et al., 2004). However, the 

increase in SSD with testosterone administration required aromatization, whereas the 

increase in SSD with DHT was shown to be independent of estrogenic action (Leranth 

et al., 2004). This was observed when the increase in SSD in the CA1 of 

ovariectomized rats was blocked when letrozole was administered 1 hour before a 

testosterone treatment, and not blocked with the administration of DHT one hour after 

letrozole treatment. Taken together, these results suggest that SSD can be altered in 

the CA1 with the reduction of estrogens, and that DHT and not testosterone produces 

these estrogen-like effects. Similarly, in our study, the highest dose of letrozole 

(0.1µg/µL) may have led to an increase of the 5-alpha reductase pathway’s activity, 

leading to an increased concentration of DHT that may be compensating for inhibitory 

effects of low estrogen on performance in OR and SR by increasing SSD within the 

CA1, thus explaining the lack of impairment observed with this dose. This compensatory 

effect by DHT may only be triggered once a certain threshold of local estrogen inhibition 

or in local DHT production is reached, explaining why OR and SR STM was blocked 

with the lowest doses of hippocampal letrozole infusion.  

DHT can be further converted into metabolites 5a androstane-3α 17β diol (3αA-diol) and 

its 3β-isomer (3βA-diol), which have been found to have estrogenic activity (Ginsburg et 

al., 1977; Pak et al., 2004). 3βA-diol was found to activate ER-β1 induced transcription, 
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with no effect on ERα or ER-β (Pak et al., 2004; as reviewed by MacLusky et al., 2006). 

Thus, downstream metabolites of DHT may also be resulting in estrogenic action and a 

significant increase in DHT metabolism at the highest dose of letrozole may be 

compensating for the reduced action from hippocampally-synthesized estrogens caused 

by aromatase inhibition. Furthermore, 3αA-diol, which is found in the rodent HPC (Frye 

et al., 2004), is known to act like metabolites of progesterone and corticosterone in 

order to increase the activation of GABAnergic (inhibitory) action at chloride channels 

(Frye et al., 1996a,b; As reviewed by MacLusky et al., 2006). Looking at our results, it 

could be that the administration of letrozole, led to an increase in DHT metabolites 

including 3αA-diol, which could have increased activation of the GABA-mediated 

mechanisms, resulting in a counter of the activation of glutamatergic activity (excitatory) 

by estrogens (reviewed in Frick et al., 2015), which may have contributed to the 

impairment in OR and SR learning observed with low doses of letrozole (0.01 and 

0.05µg/µL). This hypothesis could be tested by hippocampally administering a GABA 

receptor antagonist such as (-)-alpha-Thujone, (1S,4R)-1-Isopropyl-4-

methylbicyclo[3.1.0]hexan-3-one (Sigma-Aldrich), with the coadministration of low doses 

of letrozole, to see if impairments in recognition learning are still observed. Future 

research is needed to investigate what the rapid effects of DHT metabolites have on the 

initial encoding/early consolidation of STMs, as all the studies so far have investigated 

longer time frames that likely includes the genomic action of estrogens and androgens.  

Other androgens found within the steroidogenic pathway that begins with 

cholesterol may also be compensating for a reduction in estrogenic action with the HPC 

due to the administration of letrozole. Dehydroepiandrosterone (DHEA) is synthesized 
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from pregnenolone via the 17α-hydroxypregnenolone pathway by 17-α, DHEA is 

produced in the brain, can be metabolized into androstenediol which is known in human 

physiology to act on ER’s alpha and beta (Chen et al., 2005; Baker et al., 2012; Blizzard 

et al., 2006), compete with the binding of 17-beta estradiol for these receptors (Miller et 

al., 2013), and can lead to estrogen-like effects (Ho and Levin, 1986; Littlefield et al., 

1990). These estrogen-like effects can include modulating estrogen target genes (Miller 

et al., 2013), acting as an ERβ selective modulator (Paterni et al., 2014), affecting ERα 

transcriptional activity, and ERβ mediated transcription (Miller et al., 2013). The action 

of DHEA metabolite 5-androstenediol was found to bind to ERβ within brain microglia 

(Saijo et al., 2011; Gottfried-Blackmore et al., 2008), demonstrating that DHEA and its 

metabolites can also be found in the brain. Interestingly, transcriptional activation of 

ERα was found to be counteracted when the transcriptional activity of ERβ was 

activated (Weihua et al., 2002; Lindberg et al., 2003; as reviewed by Baker et al., 2012), 

suggesting that the actions of androstenediol may lead to greater estrogen-like effects 

via activation of the beta and not alpha ER. Furthermore, OP and not OR or SR 

learning, has been found to be improved with the hippocampal administration of DPN, 

with no observed increase in DSD (Phan et al., 2015), possibly explaining the dose-

dependent effects observed between OR and SR compared to OP. Additionally, a study 

has also shown that letrozole treated hippocampal cultures resulted in the inhibited 

synthesis of 17-beta estradiol, the significant decrease in ERα, and increase in ERβ 

expression in female rats, although over a time-frame of 8 days (Prange-Kiel et al., 

2003). Although strictly a speculation as the upregulation of ERβ expression is not likely 

to occur rapidly, it could be that letrozole treatment is resulting in an increased 
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expression of ERβ, allowing for increased ERβ agonism by androgen metabolites such 

as androstenediol, that brings back estrogenic function within the HPC for OP with low 

doses of letrozole. It is curious, however, that if this was the case, why this effect would 

not have affected OP with the administration of the highest dose of letrozole, which led 

to impaired spatial STM in our study. This difference could be due to the potential 

differential spread of letrozole treatment, and/or the impairment of other recruited brain 

regions, as discussed in previous sections, or possibly due to weak agonism by 

androstenediol on ERβ, since the reported Radio-Binding Ligand Assay (RBA) score for 

androstenediol metabolites to ERβ are low (i.e. 5-Androstenediol: 17% RBA & 3beta-

androstanediol: 7% RBA). Furthermore, the transcriptional activity induced by androgen 

metabolites in the presented literature reflect a long-term process, and may not 

therefore be inferential for rapid effects, although the observation that androgens can 

indirectly influence ERs in general does raise the question if these effects can also 

occur rapidly, since androgens have been found to act rapidly on androgen receptors 

within the body (Foradori et al., 2008; Rahman et al., 2007; Michels et al., 2007), this 

may also be a possibility in the brain. Future research should measure the change in 

hormone levels and ER activation, on a rapid time scale, after the hippocampal 

administration of different doses of letrozole. LC-MS testing could be used to investigate 

rapid effects on local levels of estrogens, androgens and their metabolites, and ER 

activation could be investigated using ER antagonists administered concurrently with 

hormonal treatments including 17-beta estradiol, testosterone, DHT, DHEA or 

androstenediol to see which hormones or receptors may rapidly influenced the initial 

encoding/early consolidation of STMs with each of these treatments.   
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Role of cell-signaling pathways 

The dose-dependent responses observed in our study could also be explained 

by looking at kinase pathways that are known to play a rapid role in the mediation of 

estrogen action. Kinase pathways Extracellular signal-Regulated Kinase (ERK) and 

Phosphoinositide 3-kinase (PI3K), have been implicated in facilitating both short-term 

(Sheppard et al., 2016, 2017a) and long-term (Fernandez et al., 2008; Tuscher et al., 

2016a) recognition memory, where inhibition of either of these pathways blocked the 

enhancing effects of estrogen (Sheppard et al., 2016, 2017a; Fernandez et al., 2008; as 

reviewed by Paletta et al., 2018). Furthermore, inhibiting the activation of ERK led to the 

blocking of estrogen-mediated increase in DSD (Sellers et al., 2015), and PI3K has 

been shown to modulate dendritic spine morphology (Kumar et at., 2005). In-line with 

these results, aromatase KO mice have shown reduced spine density in the CA1 region 

of the HPC in ovariectomized mice (Zhou et al., 2010). Looking at how pathways ERK 

and PI3K may facilitate the action of estrogens, the effects of PPT required both ERK 

and PI3K activation, where as G-1 only required the activation of PI3K to facilitate SR 

learning (Sheppard et al., 2016 & 2017a). In contrast, studies investigating LTM have 

demonstrated that ERs alpha and beta activate ERK signaling, by acting on glutamate 

receptors, NMDA and mGLUR2A. Taken together, kinase pathways ERK and PI3K 

have been demonstrated to be involved as mechanisms that underlie the initial 

processes of recognition STMs, and this role may be related to the modulation of 

dendritic spines within the HPC via the action of estrogens on ERs alpha and GPER. 

These studies have also demonstrated that the activation of kinase pathways may be 

different between STM and LTM. Currently the rapid action of kinase pathways PI3K 
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and ERK and spine density are not well characterized; However, based on the 

combined presented literature, it could be that ERs alpha and GPER interact with PI3K 

and ERK pathways to facilitate spine enhancements through estrogen-mediated 

mechanisms. Looking at the results of our study, it could be that the different levels of 

aromatase inhibition within the HPC is resulting in different levels of disruption of ERK 

and or PI3K estrogen-dependent activation, possibly resulting in impairments in STM 

via interference with estrogen-mediated increases in spine density within the HPC, 

where ERs alpha and GPER, but not beta, may play a regulatory role. Interestingly, 

studies have also found that androgens such as DHT rapidly activate the ERK pathway 

by acting on membrane-bound androgen receptors in female human neuroblastoma 

cells (Mendell et al., 2016), suggesting that androgens may continue to activate the 

ERK pathway when the synthesis of estrogens is reduced. Future studies are needed to 

investigate the rapid effects of aromatase inhibition on levels of activation of ERK and 

PI3K kinase pathways and its consequences on spine density within the CA1 region of 

the HPC.    

Directional and non-directional behavioural outcomes  

 As a general pattern across studies, during the habituation phases there were 

higher levels of stimulus investigation and other active explorative behaviours such as 

horizontal and vertical activity compared to during the test phase. Over repeated 

exposure, stimulus investigation and overall activity declined, paralleled by an increase 

in non-active behaviours such as inactive and sit. No effect of treatment was found for 

Total Investigation behaviours across all three tasks, suggesting that letrozole treatment 

did not affect locomotor activity.   
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Limitations and Future Directions 

 One obvious limitation of the experiments conducted in this thesis is that only 

female mice were used, even though there is a need to also characterize the role of 

brain derived sex hormones in males, as less is known about it compared to females 

(Frick, Kim & Koss, 2018).  

Looking into the literature investigating the role of estrogens in the male brain, there are 

often sex differences in response to hormone manipulation. In gonadectomized male 

rats, the administration of estrogen did not lead to increase in SSD, as it did in 

ovariectomized females (Leranth et al., 2004) or when males received testosterone or 

DHT treatments (Leranth et al., 2003), suggesting that androgens within the male HPC 

may play a larger role compared to estrogens in learning mechanisms such as 

regulation of SSD. This is not surprising, however, as studies have reported using a 

mass spectrometry technique, that there were higher concentrations of E2 in the 

hippocampal tissue of females than males (Fester et al., 2012). The cycle for the 

females tested, however, was proestrus, which may not be an appropriate comparison 

since circulating estrogen levels for females are at their highest at that time (Byers et 

al., 2012). When male rats were systemically injected with letrozole, they were found to 

show no impairment in spatial LTM (Vierk et al., 2015), but impairment in spatial STM 

when treatment was hippocampally-infused 20 minutes pre-acquisition (Mitchnick et al., 

2018, unpublished results). Furthermore, male aromatase KO mice showed unchanged 

SSD, whereas females demonstrated a significant decrease (Zhou et al., 2014). These 

findings suggest a sex difference between male and female regulation of spine density, 

where estrogens may play a smaller role in males compared to females. Interestingly, 
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ERK phosphorylation inhibition was found to not prevent the enhancing effects of E2 in 

gonadectomized males, as it was in females, and there is some evidence that ERs play 

differential roles in facilitating processes involved in learning and memory (reviewed in 

Frick & Koss, 2018). Thus, results suggest a sex difference in the intracellular 

mechanisms that underlie learning and memory. Future research should also focus on 

the role of brain-derived estrogens in male rodents since in addition to females, male 

patients also frequently suffer from cognitive deficits when sex hormones are depleted, 

and current hormones replacement therapies need refinement due to treatment 

resulting in negative side effects including increased risk of blood clots and stroke 

(Bayer et al., 2015; Palacios, 2009).   

 Another limitation is that the effects of the drug used for the studies in this thesis 

may have affected areas other than the target region (the HPC), and this could 

potentially explain some of the dose-dependent results that we observed, as different 

doses of letrozole dissolved in 2% DMSO could have been absorbed at different rates. 

The AI letrozole is known to be lipophilic (Colussi et al., 1998) and could therefore pass 

readily through the membranes of cells, and potentially reach structures outside of the 

hippocampus such as the amygdala – a structure that we know to be involved in SR 

(Lymer et al., 2018). Letrozole is also known to have a low level of solubility (Buzdar et 

al., 2002) and may have come out of the 2% DMSO solution at the highest 

concentration (0.1µg/µL). One way of testing this hypothesis, would be to use an LC-MS 

technique to measure post letrozole hormone levels within the HPC and neighboring 

brain regions. This technique could provide important information in regards to whether 

the rapid effects of aromatase inhibition is on estrogenic, androgenic levels, and/or 
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metabolites. Unfortunately, due to limitations of the LC-MS resource our group has 

access to, we were unable to perform this testing at this time. However, future studies 

could use this technique in order to investigate the effects of aromatase inhibition on 

sex hormone level as well as target region accuracy.  

  Finally, if time had permitted, and alternatively to the LC-MS testing, our study 

could have implemented a control study, where a group of animals received the HPC 

infusion of letrozole, followed by either, MMP, PHTPP, G-15 (GPER antagonist) or an 

androgen receptor antagonist such as Flutamide, in order to investigate if the results of 

our studies were due to the significant depletion of hippocampally-synthesized 

estrogens, or an increase in the level of androgens. These experiments could also 

provide insights into which ER hippocampally-synthesized estrogens natural act on to 

facilitate recognition learning.   

Significance of Research 

 The results of the current research project will contribute to the understanding of 

why the HPC produces its own estrogens, and how this may facilitate learning and 

memory. The insights gained could also potentially contribute to the development of 

more effective hormonal treatments for menopausal women who experience cognitive 

deficits (Frick et al., 2012; Luine, 2014; Bayer et al., 2015). Treatment strategies for 

cognitive deficits such as synthetic hormone therapy and selective estrogen receptor 

modulations (e.g. Tamoxifen) produce unwanted side effects (i.e. increasing the risk of 

cancer and cardiovascular disease), or are only mildly effective at restoring cognitive 

function in post-menopausal patients (Jenkins et al., 2004), respectively – effects that 

could potentially be avoided by understanding the full extend of neuro-estrogenic 
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actions (as reviewed by Frick et al., 2012). The results of this thesis may also provide 

evidence in support of using DHEA as a replacement therapy, without exposing patients 

to topical or systemic estrogens. Fernand Labrie proposed in 2010 that DHEA be used 

to treat symptoms including cognitive deficits that occur as a result of decreased 

hormone levels in menopause. DHEA levels were found to be decreased by 60% by 

onset of menopause (Labrie, 2003 & 2010), and its replenishment could result in the 

promotion of aromatization and maintenance of sex hormone levels including estrogens 

and androgens. Finally, these results could also be interpreted as a cautionary tale for 

physicians prescribing, and/or patients deciding to take letrozole as a treatment for 

estrogen receptor positive breast cancer. Even in women letrozole has been reported 

as leading to the development of cognitive deficits (Bayer et al., 2015; Blaustein, 2017). 

It has also been observed, however, that women treated with letrozole who go onto 

develop cognitive deficits, demonstrate a recovery of these deficits 1 year after 

treatment end (Phillips et al., 2010), suggesting that, the body may be able to recover 

from letrozole treatments. Other studies have also discussed the limitations of studies 

looking at affects of AIs on cognition, as it is common for subjects to also be receiving 

chemotherapy treatment concurrently with the AI, where chemotherapy has been 

reported to result in impairment in executive functioning (discussed in Bayer et al., 

2015), and because of this, the cognitive deficits may have been wrongly attributed to 

the AI treatment. Future research is needed to continue investigate the long-term effects 

of AI treatment after treatment cessation, in order to explore the possibility that cognitive 

function can recover after aromatase has been inhibited during treatment for estrogen 

receptor positive cancers. 
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Table 1 
 

Description of the behaviours recorded during the learning paradigms. (Modified from 
Phan, 2013). 
 

DIRECTIONAL BEHAVIOURS Description 

 

Stretch 

 

Stretching towards a stimulus   

Sniff Actively sniffing or investigating a 

stimulus 

Bite Biting the plexiglass cylinders or objects 

Sit/climb Sitting or climbing on top of the objects 

Dig Displacing cage bedding backwards with 

front paws in front of the stimuli  

Bury Displacing cage bedding forewords with 

front paws in front of the stimuli  

Non-social  Sniffing or investigation of the cylinder 

that occurs above the olfactory holes 

 

NON-DIRECTIONAL BEHAVIOURS  

 

Horizontal activity 

 

Activities such as waling, exploring or 

sniffing that do not fit any of the other 

behavioral categories 

Vertical activity  Leaning on the wall of the cage while 

being on back paws, including sniffing or 

chewing of the cage lid  

Inactive 

 

Displaying no activity such as sleeping or 

freezing behaviours  

Groom  Cleaning or scratching behaviours  

Stereotypy  

 

 

Bury none 

 

Dig none 

Strange, repeated behaviours including 

repeated flips or jumps or shaking of 

head  

Displacing cage bedding forewords with 

front paws but not in front of the stimuli   

Displacing cage bedding backwards with 

front paws not in front of stimuli  
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Figure 1. Diagram of steroidogenic pathways for estrogens. The estrogen synthesizing 
enzyme aromatase is highlighted. (Diagram from: Häggström M and Richfield, D., 
2014). 
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Figure 2. Diagram depicting the synaptic circuitry of the HPC. The Tri-synaptic Pathway 
of the HPC begins with excitatory projections from the entorhinal cortex reach granule 
cells in the DG, which then project to the pyramidal cells in the CA3 region via mossy 
fibers. CA3 neurons then project to pyramidal cells of the CA1 region via Shaffer 
collaterals. (Diagram from Suk-Yu Yau & Kwok-Fai So, 2018) 
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Figure 3. An illustration of the Object Recognition paradigm. Objects 1 (glass cube) and 
2 (hair clip) are presented in the home cage of the experimental mouse for the each of 
the three habituation periods. Then, at test, either object 1 or 2 is switched out for a 
novel object (object 3 – drain catcher).  
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Figure 4. An illustration of the Social Recognition paradigm. Mice 1 and 2 are presented 
in the home cage of the experimental mouse within plexiglass tubes for the each of the 
three habituation periods. Then, at test, either mouse 1 or 2 is switched out for a novel 
stimulus (mouse 3).  
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Figure 5. An illustration of the Object Placement paradigm. Two identical objects are 
presented in the home cage of the experimental mouse for the each of the three 
habituation periods. Then, at test, one of the two identical objects is placed on the 
opposite side of the home cage.  
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Figure 6. A description of the 40-minute behavioral timeline for object, social and spatial 
recognition paradigms. (“Min” indicates minutes).  
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Object Recognition 
 

 

 
 
 
Figure 7. A) Rapid effects of letrozole on Object Recognition (OR). Bars depict 
investigation ratio at habituation (grey bars) and test (red bars) phase. The investigation 
ratio (IR) is shown on the y-axis, where scores at 0.5 represent random investigation of 
the stimuli. B) Line graphs depict total investigation durations on the y-axis and phase of 
testing on the x-axis, where “H” indicates habituation. Mice that received 0.01µg/µL or 
0.05µg/µL did not demonstrate STM for the OR task, whereas mice that received 2% 
DMSO (vehicle) or 0.1µg/µL dose of letrozole did. A significant difference was found 
between IR Test score of vehicle compared to 0.05µg/µL dose of letrozole. Mean ± SE. 
Error bars represent standard error. *p < .05, **p < .01.  
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Social Recognition 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 8. A) Rapid effects of letrozole on Social Recognition (SR). Bars depict 
investigation ratio at habituation (grey bars) and test (red bars) phase. The investigation 
ratio (IR) is shown on the y-axis, where scores at 0.5 represent random investigation of 
the stimuli. B) Line graphs depict total investigation durations on the y-axis and phase of 
testing on the x-axis, where “H” indicates habituation. Mice that received, 0.01µg/µL or 
0.05µg/µL did not demonstrate STM for the SR task, whereas mice that received 2% 
DMSO (vehicle) or 0.1µg/µL dose of letrozole did. A significant difference was found 
between IR Test score of vehicle compared to 0.01µg/µL dose of letrozole. Mean ± SE. 
Error bars represent standard error. *p < .05, ***p < .001.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A) B) 



 

81 
 

Object Placement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Rapid effects of letrozole on Object Placement (OP). Bars depict investigation 
ratio at habituation (grey bars) and test (red bars) phase. The investigation ratio (IR) is 
shown on the y-axis, where scores at 0.5 represent random investigation of the stimuli. 
B) Line graphs depict total investigation durations on the y-axis and phase of testing on 
the x-axis, where “H” indicates habituation. Mice that received 2% DMSO (vehicle), 
0.01µg/µL or 0.05µg/µL showed STM for the OP task, whereas mice that received 
0.1µg/µL dose of letrozole did not. Mean ± SE. Error bars represent standard error. **p 
< .01, ***p < .001.  
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OR (N = 50) 
 
 
 
 
 
 
 
 
 
 
 
 

 
SR (N = 49) 

 
 

 
 
 
 
 
 
 
 
 
 

 
Object Placement (N = 42) 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Results of Kruskal-Wallis test for SR, OR, and OP paradigms. Hippocampal 
dorsal-ventral placement DS between hemispheres is on the y-axis, and Dose 
administered is on the x-axis, 2% DMSO, 0.01, 0.05, 0.01µg/µL letrozole.  
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Figure 11. Summary of hippocampal placements for mice that met criteria for each 
treatment group, within each experiment (OR, SR and OP).  
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Figure 12. Depiction of dorsal hippocampal placement. Left image from an online 
interactive mouse atlas, http://mouse.brain-map.org/static/atlas. Right image of right 
hemisphere of mouse “TME82” from this thesis project.    
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Figure 13. Diagram of steroidogenic pathways for androgens. The 5-alpha reductase 
pathways are highlighted. (Diagram from: Wang, K et al., 2014).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


