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A critical component of social cognition is distinguishing between species conspecifics,
known as social recognition (SR). SR is mediated by the interaction of several brain regions
within the social brain and various neurohormones, including estradiol (E2). One brain region
within the social brain that is also likely to mediate SR rapidly is the medial prefrontal cortex
(mPFC). Therefore, our first study aimed to determine if E2 in the mPFC rapidly mediates SR. In
this project, female mice were infused with E2 15 minutes before taking part in a rapid social
recognition paradigm. Afterwards, since the mPFC also mediates several other forms of memory,
a second experiment was conducted to assess if E2 in the mPFC also has a role in rapidly
mediating object recognition (OR). Results for the SR paradigm demonstrated that E2 infused
into the mPFC rapidly facilitates SR, but not OR memory. Overall, this research provides novel
information on the effects of estrogens within the social brain.
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CHAPTER 1: INTRODUCTION
Social cognition is a multifaceted process that is critical for normal social interaction and
stable group living. Briefly, social cognition can be summarized as the cognitive events
surrounding the identification and interpretation of social stimuli, allowing for situationally
appropriate behavioural responses (Millan & Bales, 2013). Many behaviours fall under the
comprehensive concept of social cognition, including social motivation, social learning, and
social recognition (SR), with the latter being the focus of this thesis (Bicks, Koike, Akbarian, &
Morishita, 2015). More specifically, SR is the ability to differentiate between species
conspecifics (Colgan, 1983). The ability to recognize a conspecific is an integral early step for
several social behaviours. For instance, in mice, SR is essential for creating and maintaining
social bonds, such as the ones found between mates and parents and offspring, and creating
social hierarchies (Colgan, 1983; Choleris et al., 2012). Additionally, SR is used to distinguish
between various social classes, including between sexes, health, and reproductive states (Colgan,
1983; Choleris et al., 2012). As such, SR is a fundamental aspect of social cognition and group
living, and therefore it is essential to understand the neurobiological factors involved in this
cognitive process.
Several interconnected brain regions, collectively known as the social brain, are involved
in murine social cognition and SR. (Fernández, Mollinedo-Gajate, & Peñagarikano, 2018).
Briefly, the process of social cognition begins with the perception of olfactory cues by both the
main and accessory olfactory systems (Noack et al., 2010). This social information then
continues to be processed in regions such as the bed nucleus of the stria terminalis and amygdala
(reviewed in Fernández, Mollinedo-Gajate, & Peñagarikano, 2018; Ko., 2017; Skuse &
Gallanger, 2009). Once processed, this information is subsequently sent to a variety of other
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brain regions, including the paraventricular nucleus of the hypothalamus (PVN), nucleus
accumbens, hippocampus and medial prefrontal cortex (mPFC; reviewed in Fernández,
Mollinedo-Gajate, & Peñagarikano, 2018; Ko, 2017; Skuse & Gallanger, 2009). The mPFC is
not only central to the social brain (Murugan et al., 2017; Tanimizu et al., 2017; Yizhar et al.,
2011), it shares projections with several regions that are involved with motor control, the
endocrine response, autonomic response, emotional processing, which suggests the mPFC may
have diverse roles in the brain (Hoover & Vertes, 2007).
There are also several neuropeptides, neurotransmitters, and hormone systems work
together in an integrated fashion to mediate cognition within the mPFC (Bielsky & Young, 2004;
Choleris et al., 2012; Skuse & Gallanger, 2009). One group of hormones well known to
influence cognition, such as SR, especially in females, are estrogens (Choleris et al., 2003,
2012). Estrogens are well known to mediate various physiological and memory processes
(Choleris et al., 2003, 2012; Lymer et al., 2018; Paletta, 2018). Estrogens can exert these effects
rapidly by influencing cell signalling cascades or modulating gene transcription and protein
expression (Almey et al., 2015; Cui, Shen & Li, 2013; Hall et al., 2001; Vasudevan & Pfaff,
2008). Although both rapid and delayed mechanisms affect cognition, of more interest to this
thesis is that estrogens rapidly mediate several memory processes, including recognition memory
such as SR and object recognition (reviewed in Luine, 2014; Phan et al., 2012). However, the
specific regions within the social brain where estrogens rapidly mediate SR are poorly
understood.
A potential brain region of interest is the mPFC, which may be directly involved in
estrogen-mediated SR. Not only is the mPFC sensitive to estrogens, but it is also an integral part
2

of the social brain that coordinates a variety of social and non-social cognitive processes (Bicks
et al., 2015; Tuscher et al., 2016). Although several studies have demonstrated that estrogens in
the mPFC can mediate both short-term working memory and long-term spatial memory, to our
knowledge, no research has been conducted specifically on the rapid effects of estrogens on
recognition memory in the mPFC. Therefore, the primary goal of this study was to determine if
estrogens in the mPFC do indeed rapidly mediate SR in female mice. As a follow-up to this
primary objective, we also assessed if the effect of E2 in the mPFC would generalize to other
forms of recognition memory, such as object recognition, or if the rapid effects of E2 were
specific for SR.
1.1

Estrogens
Estrogens are a group of steroid hormones derived from cholesterol (Almey et al., 2015;

Cui, Shen & Li, 2013). The most common estrogens in females include estriol, estrone and
estradiol (E2), the latter having the highest affinity for estrogen receptors (ERs) and being the
most abundant in mammals (Almey et al., 2015; Cui, Shen & Li, 2013). In females, most
circulating estrogens are synthesised within the ovaries from cholesterol through aromatization,
although numerous hormones are also synthesized through this pathway (Barakat et al., 2016;
Cui, Shen & Li, 2013). Afterwards, most of these ovarian-synthesized estrogens are released into
the general circulation, thereby allowing them to travel throughout the body to exert their effects
at numerous target tissues (Cui, Shen & Li, 2013). However, local synthesis of estrogens also
occurs in various extragonadal sites, including the liver, skin, pancreas, adipose tissue, bones,
and brain (Barakat et al., 2016). In these regions, estrogens act locally to mediate a variety of
physiological processes including, stimulating lipoprotein production, maintaining normal bone
mass, and regulating insulin sensitivity (Barakat et al., 2016; Cui, Shen & Li, 2013). In addition
3

to its diverse role throughout the body, estrogens also influence behaviours (including anxiety,
aggression, and sexual behaviours) and learning and memory (reviewed in Tetel & Pfaff, 2010;
Luine, 2014). These numerous effects are first initiated by estrogens binding their receptors.
There are at least three ERs located throughout the body including, estrogen receptor
alpha (ERa), estrogen receptor beta (ERb) and G protein-coupled estrogen receptor (GPER,
previously known as GPR30), that mediate the effects of estrogens. These receptors are also
differentially expressed throughout the brain in regions such as the hippocampus, striatum, basal
forebrain, and cerebral cortex (Almey et al., 2015; Hazell et al., 2009; Mitra et al., 2003).
Depending on the specific ERs activated and their location, estrogens can initiate a delayed
(classical) mechanism, a more rapid (non-classical) mechanism. Classical mechanisms are
activated when estrogens bind to either or both classical nuclear receptors- ERa or ERb (Almey
et al., 2015). This receptor-ligand interaction causes the ERs to dimerize and translocate into the
cell nucleus (Toran-Allerand et al., 1999). Once this receptor-ligand complex reaches the
nucleus, it binds to the promoter region on target genes, specifically the estrogen response
elements (Hall et al., 2001; Vasudevan & Pfaff, 2008). This set of events can, in turn, lead to the
increase or decrease of downstream gene expression and protein synthesis (Hall et al., 2001;
Vasudevan & Pfaff, 2008). These mechanisms have a delayed onset that can range from hours to
days, leading to lasting changes within the cell and on behaviours (Luine, 2014). Conversely,
rapid mechanisms influence the cell and induce behavioural changes in a much shorter
timeframe than what is associated with the previously mentioned classical mechanisms.
Estrogens’ binding membrane ERs, including ERa, ERb and GPER, can also influence
rapid, non-classical mechanisms (Almey et al., 2015; Cui, Shen & Li, 2013). Almost
4

immediately following estrogens’ binding these ERs in the cell membrane or the cytoplasm, nonclassical mechanisms, including cytoplasmic signalling cascades and calcium influx to the cell,
are activated (Almey et al., 2015; Cui, Shen & Li, 2013; Vasudevan & Pfaff, 2008). Within
minutes these rapid mechanisms can induce physiological and behavioural changes (unlike
classical mechanisms, which can take hours or days to cause observable behavioural effects)
(Cui, Shen & Li, 2013). It is noteworthy that although these non-classical mechanisms are also
commonly referred to as ‘non-genomic,’ they can eventually mediate gene transcription
(Björnström & Sjöberg, 2005); and, like classical mechanisms, are also able to mediate learning
and memory in females (Sheppard et al., 2018).
1.2

Estrogens Classical effects on Learning and Memory
Estrogens are well known for their role in influencing both learning and memory, with a

number of these studies being conducted in female mice and rats. During the estrous cycle, when
the levels of gonadal hormones (including estrogens) fluctuate, female mice and rats experience
coinciding changes in memory (Tuscher et al., 2015). Both female mice and rats also
demonstrate improved memory in object placement (OP) and object recognition (OR) memory
tasks when circulating estrogens are high (i.e., the proestrus phase), compared to their
counterparts in the diestrus or estrus phase (when circulating estrogens are lower; (Tuscher et al.,
2015). Similarly, female mice experience improvements in various forms of social cognition,
including social learning (Choleris, Clipperton-Allen, Gray, Diaz-Gonzalez & Welsman, 2011)
and long-term SR memory (Sánchez-Andrade& Kendrick, 2011) during the proestrus phase of
their estrogen cycle. However, the estrous cycle is also associated with fluctuations in other
hormones that influence memory, such as progesterone, making it difficult to parse the specific
role of estrogens (Tuscher et al., 2015). Therefore, studies that control for endogenous
5

fluctuations of gonadal hormones provide more information on the specific roles of estrogens in
memory.
Through ovariectomy (ovx) studies, whereby the ovaries are removed to control for
circulating hormone levels, researchers have been able to isolate estrogens' role on memory in
female rodents. In these studies, anywhere from 1-4 weeks after receiving ovariectomies, mice
and rats experience noticeable impairments in various forms of recognition and spatial memory
tasks compared to their gonadally intact counterparts (Luine, 2014). If these ovx rodents then
receive estrogen treatments, various memory impairments can be reversed (reviewed in Luine,
2014). For example, young ovx mice that received an intraperitoneal injection of 17b-estradiol
immediately after learning performed significantly better on both the Morris water maze and OR
tasks when tested 24-48 hours later, compared to vehicle-treated mice (Gresack & Frick, 2006).
Similarly, ovx rats that received chronic estradiol administration (either subcutaneously,
ingestion or through capsules that released specific amounts of the hormone daily) demonstrated
improved performances on memory tasks such as the Morris water maze, delayed matching to
position T-maze, Y maze and OR (Gibbs et al., 2004; Fernandez & Frick, 2004; Luine, 2016).
Comparable results can be found in studies using selective estrogen receptor agonists, including
the selective ERa agonist 1,3,5-tris(4-hydroxyphenyl)-4-propyl-1H-pyrazole (PPT), ERβ
agonist, 2,3-bis(4-hydroxyphenyl) propionitrile (DPN) and the GPER agonist G1 (GPR30specific compound 1). After two weeks of daily ER agonist administration, ovx rats that received
PPT, DPN, or G1 perform significantly better than gonadally intact or vehicle-treated rats in
spatial memory tasks (Hammond et al., 2009).
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Although most of the above research on estrogens and spatial and recognition memory
suggests that within hours to days of the administration, estrogens facilitate memory, other
studies have instead found that at some doses of estrogens may impair (Fernandez & Frick,
2004) or have no effect (Chesler et al., 2000) on memory. These discrepancies in results may be
attributed to the fact that estrogens are well known to work on an inverse U dose-response curve
(Inagaki et al., 2010). Unlike a normal sigmoidal dose-response curve, if estrogens are
administered at too high or low a dose, they may show no effect or even inhibit cognition
(Inagaki et al., 2010). One hypothesis presented to explain this dose-response curve is that
estrogens require optimal receptor activation to exert their effect (Packard, 1998). Too little
receptor activation and sub-optimal receptor activation; conversely, too many activated receptors
may illicit a supra-optimal response (Packard, 1998). Additionally, several other factors,
including the species tested, when estrogens were administered relative to ovx and living
conditions of the rodents, such as environmental enrichment and the type of rodent chow, have
been all been found to influence the effectiveness of estrogens on cognition and may be involved
with these conflicting results of the role of E2 on cognition (reviewed in Luine, 2014).
Estrogens also appear to have a central role in mediating SR, as the administration of E2
can reverse ovx induced SR impairments (Hlinak, 1993; Spiteri & Agmo, 2009; Tang et al.,
2005). For instance, by using a variation of the habituation-dishabituation task (where a rodent is
exposed to another rodent during multiple habituation phases, before then being exposed to a
novel rodent in the dishabituation phase), Spiteri & Agmo (2009) found that days after the
administration of a combination of E2 and progesterone, ovx rats had enhanced SR memory
compared to vehicle rats. Another study by Hilnak (1993) assessing the administration of E2 in
isolation found that ovx rats that received a subcutaneous injection of estradiol both ten days and
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three days before testing spent significantly less time investigating a juvenile rat during a second
exposure, thus demonstrating social memory (Hlinak, 1993). Conversely, ovx rodents that did
not receive estradiol treatments investigated the juvenile rats the same amount during the first
and second exposure, indicating that these rats did not demonstrate SR during the second
exposure (Hlinak, 1993). Similarly, long-term consumption of pellets containing physiological
doses of estradiol also improved SR in sexually mature ovx mice, compared to ovx mice that did
not ingest estrogens (Tang et al., 2005). Therefore, in addition to a variety of non-social memory,
systemic E2 treatments can facilitate SR memory within hours of administration.
Finally, other studies have looked at the effects that specific ERs may have on SR by
using ERα and ERβ gene knockout mice (α-ERKO and β-ERKO), which are lacking both
classical and non-classical mechanisms associated with estrogens (Choleris et al., 2003). These
studies have found that female mice lacking the genes for ERa and ERb demonstrated
impairments in SR (Choleris et al., 2003). Specifically, it appears that ERa may be necessary for
SR as a-ERKO female mice demonstrated complete impairments in SR, while ERb may have a
modulatory role in SR, as b-ERKO mice demonstrated partially impaired SR (Choleris et al.,
2006). Overall, estrogens have a role in enhancing SR memory, but to what degree they mediate
SR may depend on the ER involved.
1.3

Estrogens Rapid effects on Learning and Memory
Memory formation is a time-dependent process that can be assessed at separate phases:

acquisition, consolidation, and finally memory recall (Abel & Lattal, 2001; Sheppard, Koss,
Frick & Choleris, 2017). Memory acquisition is the initial learning that occurs in an environment
and is followed by memory consolidation, where a labile memory stabilizes anywhere from
8

minutes to hours after acquisition (Abel & Lattal, 2001). Finally, memory recall, or the ability to
retrieve and apply the memory can be assessed though a memory task, such as the test phase
(Abel & Lattal, 2001; Ben-Yakov, Dudai & Mayford, 2015; Bisaz et al., 2014). Depending on
when treatment administration occurs relative to the learning/memory process, separate phases of
memory formation can be manipulated and assessed. For example, administering estrogens
immediately before acquisition can influence memory acquisition and consolidation while
administering treatment immediately following memory acquisition, but before testing, can
influence consolidation.
In the previous chapter, various studies that assessed some of the delayed effects that
estrogens have on learning and memory were introduced. However, as previously mentioned,
estrogens are also able to rapidly influence various phases of learning and memory (Frye, Duffy,
& Walf, 2007; Inagaki et al., 2010; Luine et al., 2003; Lymer et al., 2017 Phan et al.,
2015). Some of the earliest studies that assessed these rapid roles of estrogens on memory looked
at estradiol's effect within hours of treatment administration. Luine and colleagues (2003) found
that, compared to control rats that did not receive hormone treatments, ovx rats that received
subcutaneous 17 a-estradiol, 17 b-estradiol or a synthetic estrogen 30 minutes pre-acquisition
demonstrated enhanced discrimination in object placement and OR tasks when tested 4 hours
later. Similarly, memory consolidation was also influenced by estradiol within the same fourhour timeframe. Ovariectomized rats that were administered with estradiol (17a or 17b)
immediately after learning performed significantly better four hours later when they were tested
in OR, OP or inhibitory avoidance tasks (Frye, Duffy, & Walf, 2007; Inagaki et al., 2010; Luine
et al., 2003; Rhodes & Frye, 2004). Furthermore, estrogens have been found to mediate various
forms of learning in less than an hour. In female ovx mice, systemic administration of E2 before
9

memory acquisition improved SR, social learning, OR and OP memory within 40 minutes (Ervin
et al., 2015; Phan et al., 2012). Similarly, if E2 is injected immediately after acquisition, female
mice demonstrate improved LTM in the Morris water maze and the OR paradigm when tested 24
hours later and 48 hours later in the OR task (Gresack & Frick, 2006). Rats also demonstrate
these rapid effects on LTM as female ovx rats administered various estrogens immediately postacquisition show improvements in OR and OP memory. While These studies demonstrated that
within one to four hours of a systemic treatment of E2 ovx, mice and rats exhibited
improvements in various memory tasks, it remains unclear which ERs mediated these effects.
Through using systemic treatments of selective ER agonists, researchers were able to
pinpoint the role that specific ERs have on rapidly mediating memory. Adult female ovx rats that
received subcutaneous injections of PPT immediately post-acquisition were found to perform
significantly better in an OP task compared to rats that received either a dose of a vehicle
(sesame oil) or DPN when tested four hours later (Frye et al., 2007). In a similar timeframe, adult
wild-type ovx rats but not b-ERKO female ovx rats, which received subcutaneous doses of either
DPN or E2, investigated novel objects and novel locations significantly more during OR and OP
tasks (Walfe et al., 2008). Even if the time between treatment administration and testing was
reduced to under an hour, ER agonists rapidly mediated various recognition tasks. When
administered systemically to ovx mice, PPT and G1 (GPR30-specific compound 1) facilitated
SR, OR and OP short term memory (STM) within 40 minutes (Gabor et al., 2015; Phan et al.,
2011). These results contrast with DPN administration, which, in the same timeframe, impaired
SR at high doses, facilitated object placement and recognition STM, but had no effect on social
learning (Ervin et al., 2015; Phan et al., 2011). These studies suggest that the different ERs may
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have distinct roles in rapidly mediating STM, with ERa and GPER consistently facilitating SR,
while the role of ERb may depend on the type of memory task tested.
Finally, by using intracranial infusions, the brain regions where estrogens rapidly mediate
learning and memory are being identified. Research in this area began with infusing estrogens
into the dorsal hippocampus (DH), a brain region critical for various forms of memory (Moser et
al., 2015). In ovx mice, significant changes in cellular cascades, such as ERK, have been
observed within 5 minutes of intra-DH administration of E2, PPT or DPN (Boulware, Heisler, &
Frick, 2013; Fernandez, 2008). When these animals were assessed in an object placement and
OR memory task, 24 h and 48 h respectively, they demonstrated improved LTM than vehicle
mice (Boulware et al., 2013; Fernandez et al., 2008). This suggests that estrogens in the DH
rapidly activate mechanisms, including ERK/MAP cascades, that facilitate long-term memory
(LTM) formation.
Additionally, research using intracranial infusions in female mice has demonstrated that
estrogens influence learning and memory in less than an hour. When female mice received
micro-infusions of E2 or PPT directly into DH, ovx mice showed improvements in SR, OR and
OP STM, when tested in a 40-minute paradigm (Phan et al., 2015). In contrast, mice that
received DH G-1 demonstrated improvements in SR and OR STM, while DPN facilitated only
object placement STM (Lymer et al., 2017; Phan et al., 2015). More recently the role that E2 has
on SR has also been assessed in other brain regions that are integral to social cognition, such as
the medial amygdala (MeA) and the PVN. In both of these brain regions, E2 can facilitate SR
within 40 minutes of administration (Lymer et al., 2018; Paletta, 2018). Additionally, all three
ER agonists, DPN, G-1 and PPT in the MeA (Lymer et al., 2018), and DNP and G-1 in the PVN
(Paletta, 2021), were also able to facilitate SR. As such, these studies begin to reveal the
11

multifaceted role that estrogens have on rapidly mediating memory in different brain regions.
Although estrogens within the DH mediates several types of learning and memory, activating
GPER did not facilitate OP, and ERb did not facilitate OR or SR, while estrogens within the
MeA mediate social information and rapidly facilitate SR STM. This information suggests that
estrogens may differentially mediate different forms of learning and memory in distinct brain
regions.
1.4

The Medial Prefrontal Cortex and Learning and Memory
The mPFC is an anatomically anterior brain region that is comprised of three associated

subregions: the anterior cingulate cortex (ACC), the prelimbic cortex (PL) and the infralimbic
cortex (IL; see Figure 1) (Laubach et al.,2018). These regions are comprised of unique
cytoarchitecture and appear to mediate distinct activities, with the ventral ACC being involved
with controlling movement, while the more ventral IL and PL are more involved with cognitive
and emotional processing (Hoover & Vertes, 2007). The mPFC is essential for mediating diverse
higher-order memory processes and high-order executive functions, including decision making,
working memory, emotional processing, reasoning, and complex social behaviours, to name a
few (Corcoran & Quirk, 2007; Kesner & Churchwell, 2011; Wood & Grafman, 2003). In
addition to mediating these executive processes, the mPFC is also appears to be involved
recognition memory (Churchwell et al., 2010; Corcoran & Quirk, 2007; Lee & Solivan, 2008),
although results in this area remain conflicting (Akirav & Maroun, 2006; DeVito & Eichenbaum,
2010; Tuscher et al., 2018). For instance, one study found, when male mice with mPFC lesions
were tested in a 2-hour OR paradigm, they demonstrate impairments in object place memory but
not OR or temporal order memory (DeVito & Eichenbaum, 2010). Although the previous study
found the mPFC was not involved in the OR memory, another study found that mPFC was
12

involved in long-term OR memory consolidation, since inactivating the mPFC after learning
impaired OR memory when rats were tested 24 hours later (Akirav & Maroun, 2006). Similarly,
Tuscher et al., 2018 found that inactivating the mPFC immediately after training causes
impairments in OP memory when assessed 4 hours later and OR memory when 24 hours later
(Tuscher et al., 2018). This research cumulatively suggests that the mPFC is involved with OR
and OP memory, although the exact role of the mPFC in OR may be time dependent. However,
the mPFC is not limited to spatial and object memory (Churchwell et al., 2010; Corcoran &
Quirk, 2007; Lee & Solivan, 2008), but also plays a significant role in the rodent social brain.

m PFC

ACC
PL

Bregma +1.94mm

m PFC

IL

ACC
PL
IL

Figure 1: Schematic of the mouse mPFC.

Although, the mPFC is comprise of the ACC, PL and IL cortices, the PL and IL appear to have
more of a role in social behaviours (Laubach et al.,2018; Tanimizu et al., 2017)
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1.5

The mPFC and the Social Brain
In recent years, various reciprocal connections between the mPFC and multiple brain

regions that comprise the social brain network have been identified (Ko, 2017). In both male and
female mice, the PL has well-documented projections to various brain regions that are essential
for social behaviours, including the nucleus accumbens, hippocampus, amygdala, and ventral
tegmental area (Murugan et al., 2017). Multiple studies have found that these connections
between the mPFC and the nucleus accumbens, hippocampus, and amygdala are essential for
mediating a variety of social behaviours in mice. For instance, the neurons that project from the
PL to the nucleus accumbens are active when a juvenile male mouse participates in the social
investigation of either a novel, juvenile male mouse, adult male mouse, or female estrous mouse,
but not when they investigated a novel object (Murugan et al., 2017). If instead, the mPFC and
the ventral hippocampus connections were disrupted in adult male mice, and they were presented
a familiar and novel juvenile male mouse 24 hours later, they were not able to discriminate
between the two (Sun et al., 2020). Finally, a recent study conducted on young adult male mice
found that within 90 minutes of being able to explore a juvenile male mouse, there was an
increase in calls containing c-fos and Arc within the hippocampus, amygdala, anterior cingulate
cortex and the mPFC (both PL and IL) (Tanimizu et al., 2017). When the researchers blocked
protein synthesis in any one of these regions, mice were unable to differentiate between a novel
or familiar conspecific 24 hours later, indicating that long-term SR memory was impaired
(Tanimizu et al., 2017). Considering that an important marker for memory consolidation,
including SR memory, is CREB mediated transcription of c-fos and Arc, this suggests that these
brain regions are required for long-term SR memory consolidation (Tanimizu et al., 2017).
Therefore, it appears that not only are the connections between the mPFC and several other brain
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regions critical for social behaviours, but the mPFC may itself have a significant role in SR
memory.
The involvement of mPFC in social cognition has been further elucidated, with studies
explicitly focused on this brain region. In adult male mice, the PL demonstrated increased
activity when mice explored age and sex-matched novel mice, compared to when they explored
an inanimate object (Lee et al., 2016). Similarly, male mice and rats demonstrate impaired social
investigation and social odour recognition within minutes of disruptions within their mPFC (PL
and IL) ((Robinson et al., 2019; Yizhar et al., 2011). Additionally, the mPFC appears to be
necessary for creating long-term SR memory. If male mice received a dose of intra-PL, NMDA
receptor antagonist or AMPA receptor antagonist immediately after the sample phase of an SR
paradigm, they demonstrated impaired SR when assessed 24 hours later (Marcondes et al.,
2020). Taken together, these studies suggest that the PL and IL have a central role in normal
social cognition in rats and mice.
While many of the previously mentioned studies on social cognition have been conducted
in male mice and rats, the mPFC is also important in mediating social behaviours in female mice.
During estrous, the female mPFC is essential for sociosexual behaviours as adult female mice
with disruptions in oxytocin receptor-containing neurons within the mPFC demonstrate impaired
investigation of male mice (Nakajima et al.,2014). Also, lesion studies of the PL and IL in male
and female mice demonstrate that the mPFC is required for normal social interaction and SR in
both sexes (Murray et al., 2015). These findings provide compelling evidence supporting the role
of the mPFC in social cognitive processes, including SR in both sexes, even though research in
females is less extensive and is lacking investigation into SR memory.
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1.6

The mPFC and estrogens
Considering that the mPFC expresses all three ERs and has a significant role in mediating

social behaviours, it may be a site where estrogens mediate social cognition, including SR
(Almey et al., 2014; Hazell et al., 2009; Mitra et al., 2003). Some early indications that estrogens
have a role in the mPFC were studies assessing the density of dendritic spines following the
removal and subsequent administration of estrogens. Dendritic spines are tiny projections found
along the dendrite, and rapid remodelling of dendritic spines occurs within neurons in response
to intense activity, such as learning (Luine & Frankfurt, 2012; Kasai et al., 2003). Several brain
regions, including the mPFC, demonstrate changes in dendritic spines and memory because of
gonadal hormones fluctuations (Hajszan et al., 2007; Leranth et al., 2008). For instance,
following ovx, female rats and African green monkeys demonstrate reductions in spine density
within the mPFC, while rats also demonstrate noticeable impairments in recognition memory
(Leranth et al., 2008; Wallace et al., 2006). However, if these ovx animals receive systemic
treatment with estradiol, spine density reduction was rapidly reversed within the mPFC in as
little as 30 minutes (Inagaki et al., 2012; Leranth et al., 2008; Luine, 2015). Similarly, within 2
hours of direct infusions of E2 into either the DH or mPFC of ovx mice, there are significant
increases in spine density on neurons in the mPFC (Tuscher et al., 2016; Tuscher et al., 2019).
As these new synapses have been suggested to be the basis of new memories, these rapid
changes in spine density suggest that the estrogens acting on the mPFC may be directly involved
in memory formation.
To date, surprisingly few studies have assessed the role that E2 has on memory within the
mPFC (Almey et al., 2014; Sinopoli et al., 2006; Tuscher et al., 2019). A recent study conducted
by Tuscher, and colleagues (2019) found that ovx mice that received an infusion of E2 into their
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mPFC (PL and IL) immediately after training demonstrated improvements in OR when tested 48
hours later and OP memory when tested 24 hours later. Therefore, demonstrating that E2 has a
role in facilitating long-term OR and OP memory consolidation. Furthermore, E2 infusions into
the mPFC also appear to mediate other forms of memory rapidly. Female rats that received
infusions of E2 into their mPFC immediately before going through a modified T-maze
demonstrated a preference for using place memory, as opposed to vehicle-treated rats that used
response memory, when tested 30 minutes later (Almey et al., 2014). Another study in ovx rats
found that E2 facilitated working memory when infused into the PL 40 minutes before testing in
the radial arm maze (Sinopoli et al., 2006). These results suggest that E2 within the mPFC are
not only able to mediate various forms of memory, but they can also exert their effects rapidly.
In conclusion, estrogens have a significant role in mediating both social and non-social
recognition in female mice. Studies have consistently found that removing estrogens impairs
recognition memory such as SR and OR, while E2 can reverse these impairments (Hlinak, 1993;
Lymer et al., 2018; Phan et al., 2011; Tang et al., 2005). E2 exerts these effects by acting on
various interconnected brain regions that constitute the social brain, including the DH, PVN and
the MeA (Lymer et al., 2018; Phan et al., 2011; Paletta., 2018). Although it is yet unknown if E2
rapidly mediates recognition memory in the mPFC, E2 facilitates long-term OR and spatial
memory consolidation and can rapidly alter memory systems and working memory when infused
into the mPFC (Almey et al., 2014; Tuscher et al., 2019). In addition to these findings, the mPFC
is involved with mediating several forms of social cognition, including SR (reviewed in Bicks et
al., 2015; Sinopoli et al., 2006; Tanimizu et al., 2017). This provides a compelling argument that
estrogens may also act directly on the mPFC to facilitate SR rapidly.
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1.7

Overall Hypothesis and Specific Objectives
Given that estrogens are rapidly able to facilitate various forms of memory when

administered into the mPFC of ovx rats and mice (Almey et al., 2014; Tuscher et al., 2019;
Sinopoli et al., 2006) and that the mPFC is an integral brain region for mediating social
behaviours and SR (Bicks et al., 2015; Tanimizu et al., 2017); we predicted that E2 would
rapidly facilitate short term SR memory in the mPFC. Therefore, the first objective of this
project was to determine if E2 infused into the mPFC of ovx mice would rapidly facilitate SR. If
the results of our first objective demonstrate that E2 can facilitate SR, the second objective of
this research project was to determine if rapid facilitation would occur with other forms of
recognition memory, specifically OR memory. For this second objective, it is unclear what effect
E2 will have on rapid OR memory in the mPFC. The results on the role of the mPFC on OR
memory remain conflicting (Akirav & Maroun, 2006; DeVito & Eichenbaum, 2010; Tuscher et
al., 2018), although it appears that the mPFC may have more of a role in long term OR memory
(Akirav & Maroun, 2006).
To conduct these studies, mice first received surgeries that consisted of an ovariectomy (to
control for circulating estrogens), followed by a bilateral cannulae insertion just above the
mPFC. This cannulae placement allowed E2 to be administered into the PL and IL subregion,
two regions within the mPFC which are involved in several social behaviours (Murugan et al.,
2017; Tanimizu et al., 2017) and are also likely to mediate ER-enhancing effects on SR. For both
the first and second objectives, mice were divided into four groups. The first group received an
injection of the vehicle, while the remaining mice were divided into either 25nM, 50nM or
100nM E2 treatment groups.
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After a 15-minute delay, all the mice completed either a “difficult” SR paradigm (for
objective one) or a difficult OR paradigm (for the second objective). These recognition
paradigms rely on the natural tendency of rodents to prefer novelty. Previous findings display
that these paradigms are too difficult for CD1 mice which have received ovx to demonstrate SR
or OR (Phan et al., 2012). Therefore, if E2 rapidly facilitates SR and OR memory, treatment
mice should demonstrate restored memory compared to ovx vehicle mice. As such, this
paradigm allows the facilitating effects of our treatments to be easily observed in ovx mice.
2
2.1

Chapter 2: Methods
Subjects
Subjects for this study consisted of 2-3-month-old, sexually mature, female CD-1 mice that

were purchased from Charles River, Kingston, NY, USA. Subjects were housed in clear
polyethylene cages that measured 26cm x 16cm x 12cm in groups of three. Mice were given
water and soy phytoestrogen-free rodent chow (Teklad Global 14% Protein Rodent Maintenance
Diet, Harlan Teklad, Madison, WI) to consume ad libitum and provided with corncob bedding
for their cages. The rooms that housed the mice at the University of Guelph Central Animal
Facility, were kept on a 12-hour reversed light-dark cycle (lights off at 0800 hours), with
behavioural testing being completed during the dark phase by using a red light. The facility was
also held at a consistent ambient temperature of 21 (plus or minus 1) degrees Celsius.
From seven to ten days after the mice arrived at the facility, experimental mice underwent
surgeries to receive cannulations and ovariectomies (described in cannulation and ovariectomy
surgeries). After surgeries, experimental mice were housed individually and given 10-15 days to
recover before behavioural testing. Similarly, at least 15 days before testing, stimulus mice
received ovariectomy surgeries before being pair housed until testing. At least three days before
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behavioural testing, mouse cages stopped being cleaned to allow for them to establish a home
territory.
The day before behavioural testing, the experimental subjects were moved into the
behavioural testing rooms, and vaginal smears were obtained with a cotton swab dipped in saline
solution. The swab was then rolled along a dry microscope slide to transfer vaginal cytology; this
slide was assessed for the mouse estrous cycle stages to determine if ovariectomies were
successful. The phase of the estrous cycle was determined by assessing the cell types present in
the vaginal smear; this included nucleated and cornified epithelial cells in the proestrus phase,
cornified epithelial cells in the estrus stage, cornified epithelial cells in the metestrus phase and
polymorphonuclear leukocytes and a few epithelial cells in the diestrus phase (Byers et al.,
2012). All procedures were conducted by following the recommendations of the Canadian
Council on Animal Care and were also approved by the University of Guelph Animal Care
Committee.
2.2

Cannulation and Ovariectomy Surgeries
At least one hour before surgeries, mice were weighed and injected with the analgesic

anti-inflammatory carprofen at a dose of 20 ml/kg (Rimadyl, Pfizer Canada Inc, Kirkland, QC,
Canada). Experimental mice were administered a 5% isoflurane vapour in 100% oxygen (Baxter
Corporation, Inc., Mississauga, ON, Canada) for the induction that lasted 2-minutes. They were
then secured onto a stereotaxic apparatus and were maintained at 2% isoflurane for the remainder
of the surgery.
First, both the dorsal aspect of the skull (for the brain cannulation) and the lower back
(for the ovariectomies, see below) were shaved and disinfected using a three-step process
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consisting of germi-stat soap followed by isopropyl alcohol and finally savlon antiseptic tincture.
Both regions then received a subcutaneous injection of a local anesthetic consisting of a mixture
containing 50% physiological NaCl saline solution, 33.3% bupivacaine and 16.7% of lidocaine.
For the brain cannulation, the skin on the dorsal aspect of the skull was then removed, and the
exposed skull was cleaned with 4% hydrogen peroxide. By using bregma as a guide, the mPFC
was located at + 1.9mm AP, 0.3mm ML, and holes were drilled into these points. A bilateral
guide cannulae (HRS Scientific, Montreal, QC) was inserted to a depth of 1.3mm DV with the
injector extending to a final depth of 2.3 mm DV. Two other holes were drilled around the guide
cannulae, and small mounting screws (HRS Scientific, Montreal, QC) were screwed in to
provide grip for the dental cement that was added to stabilize the structure.
During the time that the dental cement was drying, mice also received ovariectomies.
First, a single dorsal incision was made into the skin, followed by small bilateral incisions into
the skin muscle above ovaries. The ovaries were then extracted, and both the uterine horns and
artery were clamped to reduce blood flow. Next, the ovaries were removed by cutting the ovarian
ligaments and artery just above the clamp. After approximately 10 seconds the clamps were
removed, and the uterus was returned to the abdominal cavity. Finally, the skin incision was
stapled with 2 or 3 MikRon autoclip wound clips (MikRon Precision Inc, Gardena, CA) and
mice were placed into a cage with a heating pad to recover.
2.3

Drugs
In both experiments, subjects were divided into four separate groups: the first group

received 0.5μL bilateral intracranial infusions of the vehicle of 0.02% ethanol in artificial
cerebrospinal fluid (aCSF; 119 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO4●7H2O, 2.5 mM
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CaCl2, 1 mM NaH2PO4, 26 mM Na2HCO3, and 11 mM Glucose in water) while the next three
groups received 0.5μL bilateral intracranial infusions of one of the three E2 doses (either 25, 50
or 100 nM) dissolved in an aCSF with 0.02% ethanol. Infusions for both the vehicle and E2 were
conducted at a rate of 0.2μL/minute using a Harvard infusion pump (PHD 2000). In total,
treatment infusion took two and a half minutes and the infuser remained in the cannulae for an
additional minute to allow for the treatment to diffuse into the mPFC.
These doses for E2 were based on previous studies that have infused E2 into various
brain regions to rapidly facilitate memory. Studies that have previously assessed rapid SR and
OR memory used E2 doses of 25, 50 and 100 nM in both the DH and the PVN to rapidly
facilitate OR and SR in ovx mice (Paletta, 2018; Phan et al., 2011). Considering that the mPFC
appears to express similar levels of ERs as the DH and the PVN (Almey et al.,2014; Hazell et al.,
2009; Mitra et al., 2003), these doses may also be effective in the mPFC in rapidly facilitating
SR STM.
2.4

Behavioural Testing
Recognition memory in laboratory rodents, including SR and OR memory, can be

measured by using their natural tendency to prefer novelty. If mice are given time to explore two
conspecifics during a sample phase during the test trial, they will prefer a novel conspecific over
the one that they have previously investigated (Thor & Holloway, 1982). In both experiments,
mice were run through the "difficult" version of either the SR or the OR paradigm (See Figure 1)
(Phan et al., 2012). This paradigm was explicitly designed such that CD1 female ovariectomized
mice that receive the vehicle treatment could not demonstrate recognition (Phan et al., 2012).
Therefore, we could observe any facilitative effects treatments may have on both SR and OR
(Phan et al., 2012).
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Prior to both behavioral paradigms, the experimental mice received a bilateral intracranial
infusion into the mPFC of either a treatment (one of the 3 doses of 17b-estradiol) or vehicle
(aCSF + 0.02% ethanol). After a fifteen-minute delay post infusion, mice completed either the
SR or the OR paradigm (explained in more detail below, see figure 2A and 2B). Both the SR and
OR paradigms were completed within a 40-minute timeframe, so that only the estradiol’s rapid
effects on behaviour would be observed. The sample and test phases were recorded using video
cameras (Full HD Everio Camcorder, JVC, ON), so the footage could later be reviewed for
behavioural analysis.
2.4.1

Social Recognition Paradigm:
Fifteen minutes after mPFC infusion, subjects completed two, five-minute, sample

phases, which were separated by a five-minute rest phase (See figure 2A). During the two
sample phases, two ovx female stimulus mice were individually placed inside clear Plexiglas
tubes (12 cm tall and 7 cm wide, with 36-4 mm large holes along the bottom, which allowed for
olfactory cues to be transferred between the experimental and stimulus mice) and positioned in
the experimental mouse’s home cage. Five minutes following these two sample phases, the mice
completed a five-minute test phase, where they were presented with one of the ovx mice from
the sample phases and one novel ovx mouse.
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2.4.2

Object Recognition Paradigm:
The OR paradigm was almost identical to the SR paradigm and started 15 minutes after

administration (E2 or vehicle). Mice completed two 5-minute sample phases, separated by 5minute interphase breaks. During each sample phase two different objects (this could include a
glass cube, glass bottle or plastic hairclip) were placed into the cage for mice to freely explore
(See figure 2B). During the interphase breaks, objects were removed, cleaned with a solution
made with baking soda and odourless detergent before being rinsed and dried for the next phase.
Finally, mice completed the 5-minute test phase, where one familiar object (introduced during
the sample phases) and a novel object were placed into the cage for mice to explore. The objects
were attached to the cage wall with Velcro during the sample and test phase to allow for the
object's spatial location to remain consistent.
Figure 2: Timeline of Behavioural Testing.
2A
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2B

2A) Timeline of Social recognition paradigm: At the beginning of the experiment,
experimental mice were infused with either E2 or vehicle. After 15 minutes they participated in
two, five-minute sample phases with a five-minute rest phase in between, where they were
exposed to the same two stimulus mice. Following another 5-minute delay, the experimental
mouse participated in a test phase where they were presented with a familiar mouse (from the
sample phases) and a novel mouse. 2 B) Timeline of the difficult object recognition
paradigm: OR paradigm was conducted on an identical timeline as the difficult SR paradigm
but in this case, during the sample phases the mice were presented with two different objects
instead of mice. Finally in the test phase, they mice were exposed to a familiar object, one of the
objects from the sample phases, and a novel, third object. Both the SR and OR paradigm was
conducted over a 40-minute period so that only the non-classical effects E2 would be assessed.
2.5

Assessment of Cannulae Placement
Immediately after completing the recognition paradigms, mice were infused with 1%

Chicago sky blue dye (0.5μL, Sigma-Aldrich Canada Ltd., Oakville, ON). After 40 minutes,
which was used to mimic the length of paradigms, mice were euthanized using CO2 and avertin.
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Subjects' brains were then removed, immersion-fixed in 4% formalin for approximate seven
days, followed by 30% sucrose for two days. Afterwards brains were removed from the sucrose,
and frozen (-20 C freezer) before being sliced at a thickness of 50 μm in a cryostat. Slices were
then mounted on gelled microscope slides before being assessed under a microscope and
compared to images in the Paxinos & Franklin (2004) brain atlas to determine if the cannulae
placements were in the mPFC (see figure 3). Any mice found with improper cannulae
placements (4 for the SR experiment, 6 for the OR experiment) were not included in the final
analysis.
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Figure 3: Medial Prefrontal Cortex Cannula Placements

A) SR mPFC Cannulae Placements

B) OR mPFC Cannulae Placements
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2.6

Behavioural analysis
Using Observer Video analysis software (Noldus Information Technology, Wageningen,

Netherlands), recordings of the paradigms were viewed and scored by a trained individual that
was blind to the treatment that was administered. Specifically, the observer scored and all mouse
social behaviours, including social investigation, stretching, burying and stretch approaching),
and this information was used to determine the amount of time the experimental mouse
investigated the stimulus mice (See Table 1). The duration of social investigation was used to
!

create an investigation ratio (IR), which was calculated as IR= !"# where N is the time that was
spent socially investigating the novel mouse, while F is the duration that the experimental mouse
spent investigating the familiar mouse. For each treatment, an IR was calculated for each of the
two sample phases as well as the test phase. If the IR that was calculated for the test phase was
significantly higher than that of the average of the two sample phases, the experimental mouse
spent significantly more time investigation the novel mouse, indicating successful recognition of
the familiar mouse. The IR for the test phase was then compared to the average IR of the two
sample phases to assess if recognition occurred. If the IR for the test was significantly higher
than the average IR of the sample phases, it was concluded that the experimental mouse
investigated the novel stimulus mouse to a greater extent, indicating successful recognition of the
familiar mouse. Non-social behaviours, such as horizontal activity, vertical activity, and
grooming, were scored to determine whether treatments affected the subjects in any other ways
that could offer alternative explanations for differences in IRs.
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Table 1:List of Behaviours assessed during the SR and OR paradigm
Behaviour

Description

Stretch approach

Stretching body towards the stimulus (mice or objects)

Social investigation

Sniffing the stimulus mice or objects

Non-social Investigation

Non-social sniffing such as smelling the Plexiglas tubes above or below
the holes

Biting

Biting the Plexiglas tubes or the objects

Digging

Moving the bedding backwards with their front paws

Burying

Moving the bedding forward with their front paws

Horizontal Activity

Horizontal activities that do not fall into any of the above categories (for
example: walking or exploring)

Vertical Activity

Rearing or climbing onto the sides of the cage, sniffing the lid of the cage
with kind paws planted or climbing on the on the stimulus tubes

Inactivity

Sitting or freezing

Grooming

Self-grooming or scratching

Stereotypies

Strange behaviours that include things like spinning, head shakes or spin
turns

Sitting on object

Sitting on the objects during any of the phases

Table adapted from: Choleris et al., 2003; Lymer et al, 2018; Paletta, 2018; Phan et al.,
2011
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2.7

Statistical Analysis
In SPSS, the IRs were first assessed by using a two-way repeated-measures ANOVA

(Analysis of Variance). For the two-way ANOVA, the treatments were used as the betweengroup factors, and the sample and test phases were used as the repeated measures factors.
Afterwards, a one-way ANOVA on the test IRs was used to assess if there was an effect of
treatment for any of the groups. To minimize type I errors, an a priori paired t-test was used for
each treatment group and compared the average IR of the sample phase to the IR of the test
phase. If the test IR was found to be significantly higher than the sample IR, it was concluded
that SR occurred. Additionally, total investigation, the sum of the time that the mouse spent
investigating both stimulus mice was assessed with a one-way ANOVA, to determine if results
for the SR or OR were due to changes in other behaviours. Any other behaviours were also
assessed with a mixed repeated measured ANOVA, where the E2 dose was used as the main
factor, while paradigm phases were the repeated measure. If the main effect of the one-way
ANOVA, or any interactions were found to be significant, a follow-up Tukey's post hoc was run.
Only statistically significant results (as indicated by p< 0.05) were reported.
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3
3.1

Results
Social recognition
The results of our first experiment, demonstrates that E2 in the mPFC is rapidly able to

facilitate SR in female ovx mice. The two-way repeated ANOVA found that there was a
significant interaction between the phase and the treatment (F3,39=4.103, p<0.05), there was also
a significant effect of treatment (F3,39=2.897, p<0.05). The results of the a priori paired t- test
indicate that there was a significant difference between the IR of the sample phase compared to
the IR test phase in the group that received the 50nM infusion of E2 (50 nM: t=-3.706, df=10, p<
0.01, Figure 4A) but no significant difference for any other treatment group or for the vehicle
group. Additionally, the one-way ANOVA found that there was a significant effect of treatment
in the test phase (F3, 39= 5.343, p<0.01). A follow up Tuckey’s post hoc demonstrated that the
significant difference was found between the 50nM group and both vehicle (p<0.01) and the
25nM (p<0.05) group. Additionally, when total investigation was assessed with a one- way
ANOVA it was found that there was a significant main effect of treatment during the test phase
(F3,39=3.2, p<.05). The follow up Tukey’s post hoc, found that the 50nM group spent
significantly less time (p<0.5) compared to the 25nM group investigating the stimulus mice
during the test phase (Figure 4B). Finally, treatment did not influence non-social behaviours,
such as vertical activity, horizontal activity, and grooming, treatment.
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Figure 4:Rapid effects of E2 in the mPFC on the difficult SR paradigm
Each group includes 10-11 mice. 4A. the bar graph represents the investigation ratio during the
SR paradigm where the blue bars are the average of both sample IRs, while the orange bar is the
IR of the test phase. The mice that received 50nM, spent significantly more time investigating
the novel mouse during the test phase when compared to the sample phase. This suggests that
50nM was able to rapidly facilitate SR. 4B. the line graph represents the total investigation of
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both stimulus mice during each phase. The 25nM group spent significantly more time
investigating the stimulus mice compared to the group that received 50nM. Significance in both
the bar graph and the line graph are denoted with an asterisk. p<0.05 *, p<0.01**
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3.2

Object recognition results
The results of the second experiment demonstrate that E2 does not rapidly facilitate OR

when infused into the mPFC of female ovx mice. The results of a two-way ANOVA
demonstrated that there was no significant interaction between any of the treatments and the test
phase. Similarity, the one-way ANOVA on the IRs at test demonstrated that there was no
significant effect of treatment on any of the groups. A priori paired t-test was also run to
determine if there was a significant difference between the sample and test phase within each
group. Since the t-test did not find any significance between the sample and test phases for any
of the E2 doses, it was concluded that E2 did not rapidly facilitate OR in the mPFC (Figure 5A).
Similarly, total investigation was not found to be affected by the treatment (Figure 5B).
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Figure 5: Rapid effect of E2 in the mPFC on the difficult OR paradigm
Each group includes 9-11 mice. 5A. the bar graph represents the investigation ratio during the
SR paradigm where the blue bars are the average of both sample IRs, while the orange bar is the
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IR of the test phase. 5B. the line graph represents the total investigation of both stimulus mice
during each phase.
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4

Discussions
This study aimed to determine if E2 had a role in the mPFC in rapidly mediating

recognition memory in female mice. To briefly summarize the results, infusing 50nM of E2
rapidly facilitated SR when infused into the mPFC of female ovx mice. Since SR was facilitated,
we wanted to determine if other forms of recognition memory, such as OR, were also facilitated
by infusing E2 into the mPFC. Interestingly, none of the doses of E2 were able to facilitate OR
memory when infused into the mPFC of ovx mice. This suggests that E2 in the mPFC has a role
in rapidly mediating short-term SR memory but may not have a role in mediating short-term OR
memory. Considering that that research on the effects of E2 within the mPFC on memory are
sparce (Almey et al., 2014; Sinopoli et al., 2006; Tuscher et al., 2019), these results provide
novel information on the role that E2 has on rapidly mediating recognition memory in this
region.
These results align with previous research that has found that E2 in female mice
consistently and rapidly facilitates SR in female ovx mice (Phan et al., 2012). Research by Phan
et al. 2015 demonstrated that with systemic treatments of E2, female ovx mice demonstrated
significant improvements in SR within 40 minutes. Following these results, more research was
conducted on where in the brain E2 was acting to exert these effects on SR. It was found that E2
is similarly able to rapidly facilitate SR when infused directly into several regions in the social
brain, including the DH (Phan et al., 2015), MeA (Lymer et al., 2018) and PVN (Paletta, 2018).
The results obtained from my thesis adds to this growing body of literature by demonstrating the
E2 can also rapidly facilitate SR when infused into the mPFC of female ovx mice. Therefore, this
research contributes to our knowledge of where E2 may act in the social brain to facilitate social
cognition.
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Considering how complex and interconnected the social brain is (Bielsky & Young,
2004; Schubert, Martens & Kolk, 2015), and the fact that the mPFC is considered to mediate
higher-order processing (Fernandez et al. 2017), it is likely that the mPFC is downstream of
other brain regions that are known to be required for early SR processing. For instance, the
contribution of both the amygdala and the hippocampus in processing social information is
required for successful SR (Bielsky & Young, 2004). A hypothesized circuit for SR involves
detecting pheromones from conspecifics in the accessory and main olfactory bulb, followed by
the processing of this information in regions such as the amygdala (Bielsky & Young, 2004).
The amygdala then projects to several brain regions, including the lateral septum that connects to
the hippocampus, a region that is not only involved with storing SR memory but also thought to
be a connector hub that coordinates the storage and retrieval of SR memory between several
brain regions, including the mPFC (Bielsky & Young, 2004; Tanimizu et al., 2017). Since the
mPFC shares connections with both the amygdala and hippocampus (Schubert, Martens & Kolk,
2015), it may be that the mPFC is downstream either or both regions in the processing of SR
information. This idea is strengthened by research that shows ascending projections from the
hippocampus to the mPFC were involved in long term social memory (Phillips, Robinson, &
Pozzo-Miller, 2019), while the bidirectional connections between the amygdala and mPFC were
found to be involved with social interaction (Felix-Ortiz, Burgos-Robles, Bhagat, Leppla, & Tye,
2016). Additionally, increases in c-fos expression within the amygdala, hippocampus,
hypothalamus and mPFC of mice after just 90 seconds of social investigation (Kim et al., 2016),
suggests that these brain regions are rapidly and collectively activated during social interactions.
Therefore, it may be that after social information is processed in regions such as the amygdala
and/or hippocampus, these brain regions project to the mPFC, which is then involved in
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regulating appropriate social behaviours (Tanimizu et al., 2017) and higher-order processing
(Fernandez et al., 2017). Although, if these connections are involved with the E2, facilitation of
SR is yet to be determined.
Future research will need to determine more of the mechanisms that drive E2 facilitation
of SR in the mPFC. One mechanism that may be involved with E2 facilitating SR in the mPFC,
is a rapid coordination between E2 and the oxytocin (OT) and oxytocin receptors (OTR) within
the mPFC. OT can be released into the general circulation where it influences birth and lactation,
but it can also act centrally as a neuropeptide after being released primarily from neurons found
in the PVN, supraoptic nuclei of the hypothalamus (Donaldson & Young, 2008). Additionally,
OT has been found to be involved in SR since OTR-KO mice, that were missing OT
demonstrated impairments in SR (Choleris et al., 2003, 2006). It has long been suggested that E2
may be interacting with OT to facilitate SR (Choleris et al., 2003) and recently, it was found that
E2 infusions in the PVN of female mice facilitated SR while infusing an OTR antagonist into the
MeA blocked this facilitation (Paletta, 2018; unpublished results). Therefore, not only is OT
involved in mediating SR, E2 can rapidly interact with OT/OTR to facilitate SR. A similar
interaction between E2 and OT may be occurring in the mPFC since OTR in the mPFC have
been shown to be sensitive to E2, as OTR increase with the increase of circulating estrogens or
with the administration of estradiol benzoate (Bale, Dorsa & Johnston, 1995; Dellovade, Zhu, &
Pfaff, 1999). Additionally, OTR-containing interneurons within the mPFC of female mice are
directly involved with normal sociosexual behaviours (Nakajima, Görlich, & Heintz, 2014),
while OTR in the mPFC of males was found to be directly involved with SR (Tan et al., 2019).
Considering that the mPFC receives direct projections from OT-producing neurons from the
PVN (Knobloch et al., 2012) and expressed OTR that mediate social cognition, it may be that
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OT/OTR in the mPFC is involved with E2 related facilitation of SR. Future studies could attempt
to determine more of the role that E2 and OT have in the mPFC by recreating the present study
but infusing an OTR antagonist into the mPFC along with E2 to determine if SR facilitation is
impaired (similar to Paletta et al., 2018 unpublished results).
Another mechanism that may facilitate SR in the mPFC is E2 mediated changes in spine
density. Numerous studies that have assessed learning and memory have found that memory
improvements by estrogens are often associated with increases in dendritic spine density (Inagaki
et al., 2012; Leranth et al., 2008; Tuscher et al., 2016) and that these increases can occur rapidly
(Phan et al., 2012). It has also been proposed that these increases in dendritic spines, which occur
in neurons in response to intense activity such as learning, may be the basis of new memories
(Kasai et al., 2003). In the mPFC, E2 was found to increase apical spine density after two hours,
and these increases in spine density were correlated with improvements in long-term OP and OR
memory consolidation (Tuscher et al., 2019). Rapid increases in spine density within the mPFC
can also be observed in as little as 30 minutes after systemic E2 injections (Inagaki et al., 2012;
Leranth et al., 2008). Whether direct infusions into the mPFC rapidly increase dendritic spines
while also facilitating SR has yet to be determined. If a rapid increase of dendritic spines is found
after E2 infusions directly into the mPFC, this may be how E2 in facilitating SR in such a rapid
timeframe.
Additionally, the result of this thesis provide compelling evidence that E2 may not have a
role in rapidly facilitating OR, as OR memory was not facilitated with E2 (see figure 4). This
adds to the limited research on the role of the mPFC and E2 within the mPFC on OR memory.
Previous findings suggest that the mPFC may not have a role in mediating short term OR
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memory (Akirav & Maroun, 2006; DeVito & Eichenbaum, 2010; Tuscher et al., 2018) and
instead may only mediate long term OR memory (Tuscher et al., 2018). For instance, lesioning
and blocking protein synthesis in the mPFC caused no impairments in short term OR memory
(Akirav & Maroun, 2006; DeVito & Eichenbaum, 2010; Ennaceur, Neave, & Aggleton, 1997)
but if long-term OR is assessed, blocking NMDA receptors or protein synthesis in the mPFC
impaired long-term OR memory (Akirav & Maroun, 2006). These results suggest that the mPFC
may not have a role in short-term OR memory but instead is involved in long-term OR memory.
This idea appears to be further supported by research that found that direct E2 infusions into the
mPFC of female mice improved long-term OR memory consolidation (Tuscher et al., 2018).
Until now, no studies have assessed the role that E2 has on short term OR memory in the mPFC,
and our research suggests that E2 may not rapidly mediate OR within the mPFC. Thus, although
E2 has been found to mediate OR in the mPFC, it can only do so for LTM and through classical
genomic mechanisms, since it facilitates OR when tested after 24 hours (Tuscher et al., 2018) but
not within an hour of administration (see chapter 3: figure 5).
One mechanism that has been proposed to be involved in OR LTM is the ERK/PI3K
mammalian target of rapamycin (mTOR) signalling pathway. mTOR is involved with
consolidating numerous forms of memory and has been found to stimulate protein synthesis and
be involved with the initiation of translation (Bekinschtein et al., 2007; Gingras, Raught, &
Sonenberg, 2001). Although no studies have assessed the mechanism involved in LTM
consolidation in the mPFC, in the DH, since it has been found that ERK/PI3K and mTOR
signalling are all involved in long term memory and OR memory consolidation (Fortress, Fan,
Orr, Zhao, & Frick, 2013; Tuscher et al., 2016). Therefore, it may be that this mechanism is
involved in OR LTM consolidation in the mPFC, while rapidly E2 is interacting with OT to
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rapidly facilitate SR in the mPFC. If E2 is rapidly interacting with OT to mediate SR in the
mPFC, as mentioned above, this could also provide an explanation for why SR but not OR is
rapidly facilitated in this project. Previous research has found that OT and OT receptors are more
involved with regulating social behaviours and not be as involved with non-social memories
such as OR (Michael & Neumann, 2011; Zhang et al., 2015). For instance, mutant mice for the
oxytocin gene demonstrate impairments in social memory but appeared to have intact spatial
memory when assessed in a Morris water maze or Y apparatus (Ferguson et al., 2000).
Additionally, a recent study demonstrated that only SR, but not OR was affected, when OT
receptors in the mPFC were silenced (Tan et al., 2019). Therefore, in our current study, it may be
that E2 has a rapid and coordinated response with OT/OTR within the mPFC, which is then able
to mediates social but not non-social OT memory.
4.1

Limitations and Future Directions
One limitation that heavily influenced this project was the COVID-19 pandemic. For

most of my degree, the numerous restrictions, lockdowns, and regulation changes within the
laboratory impacted my ability to complete my research. Therefore, my advisor and I had to
exhibit a significant amount of flexibility in the projects that I would complete. For these
reasons, on top of the added stress of a pandemic, I could not finish the final experiment that I
had planned for this thesis. I had initially planned to complete one other difficult memory task,
the OP task, to determine if E2 in the mPFC has a role in spatial memory. There is evidence
suggesting that the mPFC may rapidly facilitate spatial memory, as shown in studies that
assessed OP memory. For instance, if male mice received mPFC lesions, they demonstrated
impairments when tested on a two-hour OP paradigm (DeVito & Eichenbaum, 2010). Similarly,
when E2 was infused into the mPFC of female mice, it facilitated OP memory within 4 hours
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(Tuscher et al., 2018). This information suggests that the mPFC may rapidly mediate spatial
memory since the mPFC appears to mediate OP within a two-hour timeframe and E2 facilitates
OP memory within 4 hours. Although, more research needs to be conducted to determine if E2
also has a role in mediating OP on a rapid timescale. For this reason, it would have been
interesting to determine the role that E2 does have in rapidly mediating OP.
Another limitation is that this study was only conducted on female mice and not males.
This was done by choice since estrogens are abundant in females and have been more heavily
researched for their effects on female cognition (reviewed Luine 2014; 2016). However, E2 may
also have a role in mediating SR in male mice (Frick, Kim & Koss, 2018). Not only do the male
gonads synthesize E2, but testosterone is also rapidly converted to E2 by aromatase in neurons
found in several brain regions (Celotti, Melcangi, Negri-Cesi, & Poletti, 1991; Stanić et al.,
2014). Although not as researched as in females, several studies on male laboratory rodents have
found that E2 in males is also involved in mediating cognition. In male rats, slow-release E2
capsules have been found to reverse impairments in spatial working memory found after
gonadectomies (Locklear & Kritzer., 2014), enhance the acquisition in both delayed match to
position spatial task (Gibbs, 2005) and improve memory in the radial arm maze (Luine &
Rodriguez, 1994) when compared to castrated control. Similarly, castrated rats that received a
subcutaneous dose of E2 two hours before testing demonstrated significant improvements in
performance on a spatial memory task compared to control castrated rats (Jacome, Barateli,
Buitrago, Lema, Frankfurt & Luine, 2016). Estrogens also appear to be involved in male social
cognition, since male ERb KO mice demonstrate impaired social investigation (Dombret et al.,
2020) while ERa KO mice demonstrate impaired long term SR memory (Sánchez-Andrade &
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Kendrick, 2011) and lack social preference and motivation (reviewed in Scordalakes, Imwalle &
Rissman, 2002). Although little research has been done on the effects of E2 in specific brain
regions, E2 has been found to increase spine density within the hippocampus (Jacome et al.,
2016), and estradiol benzoate increased spine density within the mPFC of testicular feminization
mutant mice (Hajszan, MacLusky, Johansen, Jordan & Leranth, 2007). Therefore, since
estrogens have a role in social cognition in males and have been found to mediate spine density
in the male mPFC and hippocampus (Lee et al., 2016; Robinson et al., 2019; Marcondes et al.,
2020), E2 may have a role in either one of these regions in mediating SR. Future research could
attempt to determine the specific effects that E2 has in the male mPFC.
Finally, since our current study used E2, which binds all three ERs, it is unclear which
receptors mediate SR in the mPFC. Currently, there is no research on which specific ERs may be
involved in mediating SR in the mPFC. Research has been conducted in other regions, for
instance, ERb and GPER within the PVN (Paletta, 2021) and all three ERs in the MeA (Lymer et
al., 2018) appear to facilitate SR rapidly. Conversely, in the DH, ERb did not facilitate SR and
only activating ERa, and GPER-1 rapidly facilitated SR in the DH (Phan et al., 2015; Lymer et
al., 2017). In the mPFC, ERa, ERb and GPER (Almey et al., 2014) are all expressed, and thus
any of these receptors may be involved. Since ERa and GPER have consistently been found to
facilitate SR, while results for the role of ERb on SR vary (Choleris et al., 2006; Phan et al.,
2015), assessing if ERa and GPER are involved in mediating SR in the mPFC is a promising
avenue to pursue in future studies.
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4.2

Significance
The results of this study were able to give more insight into the neurobiology that drives

social cognition, which in turn may contribute to our knowledge of the neurobiology behind
certain cognitive disorders. For instance, schizophrenia (SCZ) and autism spectrum disorder
(ASD) are both characterized by deficits in social cognition (Brumback et al., 2018; Lazaro et
al., 2019; Uddin et al., 2013) and dysregulation within the social brain, including in the mPFC
(Calarge, Andreasen, & O’Leary. 2003; Razafimandimby et al., 2016). For example, individuals
with ASD appear to have reduced activation within the mPFC while doing social cognitive tasks,
such as viewing familiar faces (Pierce, Haist, Sedaghat, & Courchesne, 2004). While individuals
with either ASD or SCZ demonstrate reduced activation in the mPFC when thinking about the
emotions that other individuals experience (Calarge, Andreasen, & O’Leary, 2003;
Razafimandimby et al., 2016). Also, dysregulation within the mPFC of mice has consistently
been associated with autism-like deficits in social behaviours (Pirone et al., 2018; Yizhar et al.,
2011). Therefore, it appears the mPFC may be involved with some of the social cognitive
deficits that are associated with disorders such as ASD and SCZ.
Also, both ASD and SCZ present notable sex differences (Li, Ma, Wang, Yang & Wang,
2016; Werling & Geschwind, 2013). For instance, in SCZ, females experience symptoms that are
often less severe and occur later in life compared to that of their male counterparts while also
reacting more positively to treatment (Ochoa, Usall, Cobo, Labad, & Kulkarni, 2012; Li, Ma,
Wang, Yang & Wang, 2016). Additionally, both women and men demonstrate worsening
symptoms when circulating plasma E2 is low (Grigoriadis & Seeman, 2002; Kaneda & Ohmori.,
2005) suggesting that E2 may be involved with some of the pathophysiology of SCZ. Similarly,
ASD symptoms also vary by sex and are significantly more prevalent in males, with over 80% of
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diagnoses of ASD being in males (Werling & Geschwind, 2013). While several factors seem to
be involved in the pathophysiology of ASD, since ASD is sexually dimorphic suggests that
estrogens may also play a role (Crider & Pillai, 2017). Recent studies have found that individuals
with ASD demonstrate abnormal ER expression in the brain (Crider et al., 2014) and that genes
for ERb and aromatase were significantly associated with ASD-specific behaviours (Chakrabarti
et al., 2014). Moreover, because estrogens play a role in neuroplasticity and various
neuroprotective effects (Scott et al., 2012), estrogens may serve as a promising future treatment.
Some of the neuroprotective effects associated with estrogens have been attributed to rapid nonclassical mechanisms, including ERK signalling pathways (Yang et al., 2010).
In conclusion, since several cognitive disorders present with sex differences (Li, Ma,
Wang, Yang & Wang, 2016; Werling & Geschwind, 2013) and deficits in social cognition
(Brumback et al., 2018; Lazaro et al., 2019; Uddin et al., 2013) it is important to understand the
neuroendocrinology that may be involved in social cognition. Since our current research begins
to illustrate the role that E2 has on SR within the mPFC, it can contribute to the current
understanding of how hormones are involved in social cognition. This information has the
potential to be used to understand more about the neurobiology behind certain cognitive
disorders characterized by deficits in social interactions.
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