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This dissertation explores some of the mechanisms underlying the rapid facilitating effects of 

estrogens on short-term social recognition memory in female mice. It has recently been shown 

that estrogens and estrogen receptor agonists can rapidly facilitate short-term social recognition 

memory within 40 minutes of systemic or intra-hippocampal administration. However, the 

mechanisms driving this facilitation are not yet known. Therefore, we explored whether 1) the 

extracellular signal-regulated kinase (ERK) or phosphoinositide 3-kinase (PI3K) cell signalling 

pathways and/or 2) actin polymerization or protein synthesis in the dorsal hippocampus are 

necessary to the rapid facilitating effects of estrogens or short-term social recognition memory in 

ovariectomized female mice. Furthermore, in order to explore the involvement of estrogens in 

other regions in the “social brain”, we investigated whether 3) estrogens or estrogen receptor 

agonists in the medial nucleus of the amygdala (MeA) could rapidly facilitate short-term social 

recognition memory. We found that 1) inhibition of either the ERK or PI3K pathway blocks 

estrogen-facilitated short-term social recognition memory. Estrogen receptor (ER)  requires 

both the ERK and PI3K pathways, whereas the G protein-coupled estrogen receptor 1 (GPER1) 

requires only the PI3K pathway, to facilitate short-term social recognition memory. Both 2) actin 

polymerization and protein synthesis, but not gene transcription, are required for rapid estrogen-



   

  

facilitated short-term social recognition memory. Finally, 3) estrogens in the MeA can facilitate 

short-term social recognition memory and this appears to be driven by ER, ER, and the 

GPER1. Together, these data suggest that complex and concurrent intracellular processes drive 

the rapid effects of estrogens on short-term social recognition memory in the dorsal hippocampus 

and that regions other than the dorsal hippocampus play a role in the rapid effects of estrogens on 

social cognition. 
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Estrogens and Estrogen Receptors 

 Most commonly known for their roles in sex, reproduction, and affiliated behaviours, the 

subset of steroid hormones known as estrogens also exerts a variety of other physiological, 

cognitive, and behavioural effects. The “classical” mechanism of estrogen action sees lipid 

soluble estrogens bind to estrogen receptors (ERs) that then dimerize, translocate to the nucleus, 

and bind to estrogen response elements (EREs) on target genes affecting DNA transcription and 

downstream protein expression (reviewed in Nilsson et al., 2001). Other “non-classical” 

mechanisms of action (i.e. those that do not directly affect transcription via ER complexes 

binding to EREs) involve estrogens affecting cell signalling pathways, neurotransmitter systems, 

post-translational products, and other intracellular compounds (Cui et al., 2013; Paletta et al., 

2018a; Sheppard et al., 2018). Together, these classical and non-classical effects go on to 

influence a wide variety of behaviours over different timeframes.  

 The classical mechanism of estrogen signalling typically shows effects beginning 

between 4-48 hours post-administration (Nilsson et al., 2001). These occur when estrogens bind 

to estrogen receptors α or β (ERα and ERβ, respectively) located in the cytosol and/or the 

nucleus. This estrogen-ER complex dimerizes and translocates to the nucleus where it either 

directly influences gene transcription as a transcription factor or binds to or alters the function of 

other transcription factors or co-factors indirectly (Nilsson et al., 2001). The downstream results 

are gene transcription and subsequent protein synthesis. The non-classical effects of estrogens 

(often called rapid, membrane-initiated [as it is thought that these effects are primarily mediated 

by membrane-bound ERs; Rudolph et al., 2016], or non-genomic) occur too quickly to be 

explained by genomic action. These can begin within minutes of administration and tend to be 

the result of estrogens affecting signalling cascades that go on to have behavioural and/or 
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physiological consequences (reviewed in Choleris et al., 2008; Frick, 2012; Luine et al., 2003; 

Paletta et al., 2018a; Sheppard et al., 2018). Much less is known regarding these rapid effects, 

their mechanisms, and their outcomes than is known about the classical, genomic effects.   

 Expressed widely throughout the adult brain are ERα, ERβ, and the more recently 

investigated and described G-protein coupled estrogen receptor (GPER1 or GPER, previously 

GPR30; Srivastava & Evans, 2013). These receptors all show high affinity for 17β-estradiol 

(17β-E2 or E2), the most common, abundant, and widely expressed circulating estrogen in 

mammalian species (Cui et al., 2013). Less is known regarding two other ERs: ER-X and Gq-

mER. ER-X appears to be expressed only in development, as it is almost undetectable in mature 

tissue (Cui et al, 2013). Gq-mER, the Gq-coupled membrane estrogen receptor, is a membrane 

bound receptor that is activated by 17β-E2 and the agonist STX. While recent evidence shows its 

involvement in rapidly regulating estrogen-mediated corticotropin releasing hormone neuronal 

activity and the hypothalamic-pituitary-adrenal axis (Hu et al., 2016) and, in conjunction with 

ER, proopiomelanocortin neurons in the arcuate nucleus that project to medial preoptic nuclei 

regulating lordosis (Conde et al., 2016), the contributions of Gq-mER to other behaviours has yet 

to be established (Vail & Roepke, 2018; Christensen & Micevych, 2013; Nag & Mokha, 2014; 

Qiu et al., 2003; Roepke et al, 2011). ERα and ERβ are found in multiple areas of the brain and 

are expressed in varying intensities. Both have been located in the cortex, hippocampus, 

amygdala, bed nucleus of the stria terminalis, preoptic area, hypothalamus, as well as several 

brainstem nuclei with ERβ also being found in areas of the basal ganglia, thalamus, 

paraventricular nucleus of the hypothalamus, ventral and anterior tegmental nucleus, and other 

brainstem nuclei (Cui et al., 2013; Mitra et al., 2003). In mice (Hazell et al., 2009) and rats 

(Brailou et al., 2007; Hazell et al., 2009), GPER1 is expressed in the hypothalamus, 
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hippocampus, cerebral cortex, striatum, and a number of brainstem nuclei. Differences in 

expression intensity and locale, as well as mechanisms of action, suggest the individual subtypes 

of ERs may produce distinct behavioural and physiological consequences (reviewed in Paletta et 

al, 2018a; Sheppard et al., 2018; Ervin et al., 2013; Choleris et al., 2008). 

 

Rapid Effects of Estrogens on Behaviour 

 Estrogens affect a number of behaviours in a rapid manner. While there are far fewer 

studies looking at these effects when compared to those of genomic estrogen effects, three 

generalizations have been made (Phan, 2013): 

1) Estrogens’ rapid and genomic effects do not always result in the same behavioural 

outcome. 

2) Different roles can be played by the same receptors depending on the timeframe, that is, 

there may be an effect on a behaviour through classical, genomic effects but not rapidly 

through non-classical effects, and vice versa. 

3) The time required for estrogens to rapidly affect behaviours is notably consistent, both 

across behaviours and between different species. Behavioural effects become evident 

within 10-15 minutes of administration of estrogen and remain active for up to 45 

minutes. 

 Rapid effects of estrogens have been implicated in a number of behaviours, including 

anxiety, aggression, and sexual behaviour. Treatment with 17β-E2 rapidly decreased time both 

male and female mice spent in the open arms of an elevated plus maze, the central area of an 

open field, and the light compartment in a light-dark choice task, all of which are anxiety-like 

behaviours (Kastenberger et al., 2012). This appears to be through actions on GPER1 as its 
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agonist elicits effects similar to those of 17β-E2, whereas PPT and DPN, ERα and ERβ selective 

agonists, respectively, did not (Kastenberger et al., 2012). Reports on the genomic effects of 

estrogens on anxiety have been mixed with some finding anxiogenic effects and others finding 

anxiolytic effects, likely depending on different actions through the various ERs (reviewed in 

Choleris et al., 2008). Aggression and agonistic behaviours appear to rapidly increase with 

administration of estrogens. Male golden hamsters (Mesocricetus auratus) exhibited increased 

flank marking, an agonistic behaviour, in an intruder task (while it did not directly increase 

attacks) within five minutes of a 10μM infusion of 17β-E2 into the anterior hypothalamus 

(Hayden-Hixson & Ferris, 1991). Male beach and California mice (Peromyscus polionotus and 

Peromyscus californicus, respectively) show increased aggression during short, winter-like days 

(Trainor et al., 2007; 2008). When housed under short day light conditions and administered 

17β-E2 or agonists for ERα or ERβ bite frequencies increased and attack latencies decreased 

rapidly in an intruder task (Trainor et al., 2007; 2008). However, these estrogens and ER agonists 

given during long day light cycles did not affect aggressive behaviours (Trainor et al., 2007; 

2008). The genomic actions of 17β-E2 and ERα and ERβ agonists also increased aggression in 

short day light conditions but decreased aggression in long day light conditions (Trainor et al., 

2007). These findings were also not due to seasonal differences in hormone levels (Trainor et al., 

2007; 2008). Non-genomic effects of estrogens influence female sexual receptivity in rats 

through a complementary mechanism with genomic estrogen effects, that is, both genomic and 

rapid effects of estrogens appear to be necessary to elicit lordosis (Vasudevan et al., 2005). In 

male rodents, estrogens, but interestingly not testosterone, appear to rapidly increase sexual 

behaviours (increased genital sniffs, number of mounts, and decreased latency to mount a 

female; Cross & Roselli, 1999). Mice lacking the gene for aromatase, an enzyme that converts 
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androgens to estrogens, or who have had aromatase blocked by an inhibitor show severe deficits 

in sexual behaviour (Taziaux et al., 2007). Administration of 17β-E2 to these animals rapidly 

reactivated mounting and other sexual behaviours (Taziaux et al., 2007). Thus, estrogens rapidly 

affect a number of different behaviours, including aggression, sexual behaviours, and anxiety. In 

addition to the aforementioned behaviours, estrogens can rapidly affect long- and short-term 

memory. 

 

Rapid Effects of Estrogens on Long- and Short-Term Memory 

 The vast majority of research on the rapid effects of estrogens has been done with regards 

to memory consolidation. Administration of 17β-E2 doses ranging from 5-400μg/kg thirty 

minutes prior to acquisition or immediately following training in spatial and object memory 

consolidation tasks, improves performance in ovariectomized (OVX) rats when tested 4 hours 

later (Luine et al., 2003). Similar effects have been found following systemic administration of 

17β-E2 in OVX rats (Packard & Teather 1997a; Frye & Rhodes, 2002; Inagaki et al., 2010) and 

in OVX mice (Gresack & Frick 2006; Fernandez et al., 2008; Walf et al., 2008) or intra-

hippocampal administration in OVX rats (Frye & Rhodes, 2002) and in OVX mice (Fernandez et 

al., 2008; Fan et al., 2010; Tuscher et al., 2016) across various learning and memory tasks, 

including the Morris water maze and inhibitory avoidance, in addition to object recognition and 

object placement. The involvement of the individual ERs varies between studies and species. For 

example, systemic administration of ER agonist DPN immediately following training on the 

location of test objects facilitated memory for the placement of said objects in female mice (Walf 

et al., 2008), but had no effects in rats (Frye et al., 2007). Post-acquisition ER agonist PPT 

enhances object placement memory in OVX rats (Frye et al., 2007) and enhances object 
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recognition memory in OVX rats (Walf et al., 2006), but not OVX mice (Periera et al., 2014).  

 Many of the aforementioned studies involved estrogen administration post-training in 

learning tasks followed by memory assessment 4-48 hours later. This is a period of time in which 

memories are consolidated by being maintained in working memory while genomic actions (not 

necessarily estrogen-initiated) allow for long-term memories to be formed (reviewed in Kandel 

et al., 2014). Inhibiting these genomic effects immediately post-training does not affect short-

term memory, but animals do show deficits when tested an hour or longer after training 

(Bourtchuladze et al., 1994; Da Silva et al., 2008; Nguyen et al., 1994). Furthermore, different 

cellular processes may underlie short- and long-term memory formation. For example, mice 

deficient in vesicular acetylcholine receptors in the striatum show impairments in short-term, but 

not long-term, object recognition memory (Palmer et al., 2016) and translation of neurogranin in 

the mouse hippocampus is required for acquisition, but not consolidation, of contextual memory 

(Jones et al., 2018). Importantly, the memory improving effects of estrogens are not seen when 

the hormones are administered more than 45 minutes after learning has occurred (Frye et al., 

2007; Gresack & Frick, 2006; Inagaki et al., 2010; Luine et al., 2003; Packard & Teather, 1997b; 

Walf et al., 2006) suggesting that estrogens play a role in early phases of consolidation of new 

memories and not in retrieval. 

 A number of 40- to 55-minute learning paradigms have been developed to test the effects 

of estrogens on short-term memory (Phan et al., 2011, 2012, 2015; Gabor, Lymer, et al., 2015; 

Lymer et al., 2017; Lymer, Sheppard, et al., 2018; reviewed in Ervin et al., 2013 and Sheppard et 

al., 2016). In these paradigms, mice are administered 17β-E2 or selective ER agonists 15 minutes 

prior to training and then are trained on the task and tested within 25-40 minutes. Therefore, 

these tasks involve both training and testing within an hour of treatment (Phan et al., 2011). 
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Furthermore, treatment is given prior to training, which allows for estrogens to affect acquisition 

of new information and task performance prior to the completion of consolidation, thus targeting 

short-term memory formation and early consolidation. Ovariectomized female mice have shown 

estrogen-mediated facilitation of a variety of cognitive functions, including object recognition, 

object placement, and the social transmission of food preferences, using these paradigms 

designed to target non-classical effects of estrogens (Phan et al., 2011, 2012, 2015; Ervin et al., 

2015; Gabor, Lymer, et al., 2015; Lymer et al., 2017). Among the cognitive functions rapidly 

facilitated by estrogens is social recognition. 

 

Social Recognition Memory 

 In order to behave appropriately within their social group and beyond, social animals 

require specialized cognitive skills. Social recognition - the ability to recognize a conspecific or 

distinguish between conspecifics – is, in most social species, paramount to functioning within a 

social group. This ability forms the basis of social hierarchical organizations and a wide variety 

of social bonds (e.g. mother-offspring, pair bonds; Carter & Keverne, 2002; Choleris et al., 

2004). An animal lacking this ability would be unable to distinguish between buddy and bully, 

mate and mother, kin and intruder, or friend and foe, and would have difficulty utilizing this 

information to display adaptive, socially appropriate behaviours towards conspecifics. 

 Social recognition occurs at various levels such as sex, reproductive state (e.g. estrous 

phase), health, hierarchical status, mood or affect (e.g. stress), relatedness (kin recognition), 

familiarity (“Have we met before?”), and individual identity (“Hi Owen!”; Choleris et al., 2009; 

Choleris et al., 2012). The lattermost – true individual recognition – can be operationally defined 

as “unique modifications in the way an animal behaves towards another animal based on past 
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experiences with that specific individual” (Choleris et al., 2009). That is to say, an animal will 

behave differently towards a conspecific that, for example, has previously defeated it compared 

to a familiar conspecific that, with all other factors equal, has not (e.g. Lai et al., 2005). The 

other levels of social recognition mentioned above allow for identification based on factors 

shared by a class of individuals. These class-specific types of recognition allow for recognition 

based on factors shared by animals, such as sex, relatedness, or familiarity. Clues for these 

factors need not be individual-specific (e.g. scents given off by males and females of a species 

can be a signifier of sex; Baum & Keverne, 2002). In most cases, combinations of individual- 

and class-specific clues are employed in social recognition. True individual recognition is rarely 

conclusively assessed in laboratory neurobiological studies. Instead, two tests testing familiarity 

recognition are commonly employed: the habituation-dishabituation and the social 

discrimination paradigms. 

  In the habituation-dishabituation paradigm (Figure 1, left side), an animal (typically a 

rodent) is exposed to a stimulus conspecific for one or multiple trials in step 1 (Gheusi et al., 

1994). Removal and reintroduction of a stimulus animal typically results in reduced social 

investigation by the experimental animal (habituation). Conversely, if a novel stimulus animal is 

introduced and, if social memory for the initial animal persists, this novelty will result in a higher 

level of investigation (dishabituation). The main disadvantage of this task is that repeated testing 

of the same animal has the capability of causing non-specific behavioral changes (e.g. fatigue 

and/or habituation or sensitization to the procedure itself) that may confound behavioral changes 

related specifically to social recognition (reviewed in Choleris et al., 2009). 

 Increasingly more utilized is the social discrimination paradigm (Figure 1, right side; e.g. 

Engelmann et al., 1995; Choleris et al., 2006; Phan et al., 2011, 2012, 2015; Gabor, Lymer, et al., 
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2015; Lymer et al., 2017; Lymer, Sheppard, et al., 2018). Similar to the habituation-

dishabituation task, this paradigm takes advantage of an animal’s innate preference for novelty. 

Like other discrimination tasks, such as object or flavor recognition, an animal is given a binary 

choice between stimuli at test. In step 1 of this paradigm, a test animal is presented with either 

one or two conspecifics and allowed to investigate them. This step can be repeated to increase 

number of exposures or total exposure time to the stimuli. In step 2, the test animal is presented 

with two conspecifics, one previously encountered in step 1 and one entirely novel. Rats and 

mice will typically investigate a novel stimulus to a greater degree than one encountered before. 

Therefore, if the animal recognizes that it has encountered one of the stimuli previously, it will 

investigate the novel stimulus to a greater degree than the familiar one. This is a more direct way 

of assessing social recognition and has been found to be more sensitive than the habituation-

dishabituation procedure (Engelmann et al., 1995; Choleris et al., 2003, 2006).  
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Figure 1: Habituation-dishabituation and social discrimination social recognition paradigms.  

Adapted from Sheppard et al., 2016. 

A) Habituation-dishabituation paradigm. In step 1, the experimental rodent (left) is paired 

with a conspecific (right) with whom he/she investigates over one or multiple 

presentations. In step 2, the experimental mouse is paired with either the previously 

encountered animal or a novel, unfamiliar conspecific (grey). The experimental rodent 

will typically show decreased investigation time of a familiar conspecific (habituation) 

and increased investigation of a novel conspecific (dishabituation). 

B) Social discrimination paradigm. In step 1, the experimental rodent (left) is presented with 

either one or two conspecifics (right) with whom he/she is allowed to investigate over 

one or multiple presentations. In step 2, the experimental rodent is presented with two 

conspecifics: one previously encountered (white) and one novel (grey). If the animal can 

discriminate between the two conspecifics through recognition of familiarity of the 

previously encountered conspecific, he/she will typically investigate the novel 

conspecific to a greater degree.  

 

Step 1

Step 2 or
NEW

A) Habituation-Dishabituation

NEW

B) Social Discrimination
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 While one cannot conclusively determine true individual recognition from these tasks as 

they incorporate aspects of both familiarity and individual recognition, they do allow for great 

flexibility in the study of the neurobiology of social recognition. For example, more habituation 

phases can be added to develop an “easy” paradigm, which is able to test inhibitory effects of 

treatments since the control groups are able to learn. Conversely, habituation or sample phases 

can be removed to develop a “difficult” paradigm that can test facilitating effects since the 

control groups are not able to learn (e.g. Phan et al., 2011, 2012, 2015). Through use of these 

different paradigms, the rapid effects of estrogens – given through systemic administration or 

directly into target brain regions – on social recognition memory can be explored. 

 

Brain Regions Involved in Social Recognition Memory 

 It has been posited that an interconnected network of brain regions, many of which are 

gonadal-hormone sensitive, regulates social behaviours (Newman, 1999). This network includes 

a variety of hypothalamic nuclei, the lateral septum, the medial nucleus of the amygdala, the 

medial preoptic area, the periaqueductal gray, and the tegmentum (reviewed in Newman, 1999), 

as well as input from sensory regions (e.g. the main and accessory olfactory bulbs; Oettl et al., 

2016; Lymer, Sheppard, et al., 2018) and output to memory processing regions (e.g. the 

hippocampus and medial prefrontal cortex; Gabor et al., 2015; Phan et al., 2015; Tanimizu et al., 

2017). It has been suggested that social recognition memory is processed, at least in part, in this 

network (Sheppard et al., 2016; Paletta et al., 2018a).  

 Estrogens have different effects on behaviour, including social behaviour, through actions 

on different sites and regions in the brain. For example, social recognition is blocked by 

genetically “knocking down” ERα expression in the medial amygdala (Spiteri et al., 2010), while 
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aggression is affected by estrogens in the anterior hypothalamus (Trainor et al., 2007; 2008), and 

estrogens present in the ventral medial hypothalamus are important in sexual behaviours 

(Vasudevan & Pfaff, 2008). When taken together with the dissociable classical and non-classical 

effects of estrogens (Vasudevan & Pfaff, 2008) and their constituent underlying mechanisms 

(e.g. signalling cascades; reviewed in Sheppard et al., 2018), it is evident why and how estrogens 

can influence a wide variety of behaviours. Estrogens have been found to affect social 

recognition as well as other types of learning and memory, through actions in various brain 

regions including the hippocampus and the medial nucleus of the amygdala.  

 

The Hippocampus in Rapid Estrogen-Mediated Social Recognition and Other Types of 

Learning and Memory 

 The hippocampus is likely the most widely studied structure with regards to learning and 

memory (Muñoz-López, 2015). Thought to be necessary for spatial learning and memory but not 

fully necessary for discrimination tasks (e.g. Winters et al., 2004), the hippocampus has been 

implicated in some aspects of rapid estrogen-mediated learning and memory enhancements, both 

in the presence and absence of context cues (Phan et al., 2015; Lymer et al., 2017; Phan, 2013). 

Immediate post-learning intrahippocampal or intracerebroventricular (i.c.v.) administration of 

17β-E2, cyclodextrin encapsulated 17β-E2, or 17β-estradiol conjugated to bovine serum albumin 

(BSA-E2) – which is too large to pass through the cell membrane and must therefore act on 

surface ER – rapidly facilitated spatial and object long-term memory consolidation when tested 

between 1 and 2 days later (Fan et al., 2010; Fernandez et al., 2008; Fortress et al., 2013; Lewis 

et al., 2008; Packard & Teather, 1997a; Zhao et al., 2010; Tuscher et al., 2016). Recently, it has 

been found that 17β-E2, as well as agonists for ERα and the GPER1, administered directly to the 
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dorsal hippocampus prior to the acquisition phase of learning rapidly facilitate short-term social 

recognition memory in OVX mice (Phan et al., 2015; Lymer et al., 2017). A number of these 

memory enhancing or facilitating effects have been suggested to be dependent upon estrogens 

enhancing the activity of the extracellular signal-regulated kinase (ERK) or phosphoinositide 3-

kinase (PI3K)/Akt pathways in dorsal hippocampal cells. 

 

The Medial Nucleus of the Amygdala in Rapid Estrogen-Mediated Social Recognition 

 In addition to the dorsal hippocampus, another brain region likely to be involved in the 

facilitating effects of estrogens on short-term social recognition memory is the medial nucleus of 

the amygdala (medial amygdala or MeA). The MeA is a subdivision of the amygdala that has 

been heavily implicated in sociosexual behaviours (e.g. Takahashi & Gladstone, 1988; Wang et 

al., 2010; Shemesh et al., 2016). This region is critical for the processing of olfactory information 

(Keshavarzi et al., 2015) which, especially in rodents, is necessary for social recognition (Noack 

et al., 2015). Upregulation of c-Fos occurs in the MeA following exposure to a social stimulus 

(Ferguson et al., 2001) indicating this region responds to social stimuli. Lesions to this region in 

male mice cause a complete impairment in social recognition (Wang et al., 2014) and temporary 

inactivation of the MeA before the choice test in the social discrimination paradigm, but not 

before habituation, impaired social recognition (Noack et al., 2015). This suggests that the MeA 

is important for the recall of previously encountered conspecifics (Noack et al., 2015).  

 Pre-acquisition intrahippocampal administration of 17-E2, ER agonist PPT, or GPER1 

agonist G-1 rapidly facilitated short-term social recognition memory in OVX female mice (Phan 

et al., 2015; Lymer et al., 2017). However, a smaller dose range was effective in these mice than 

in mice given systemic administration of the same treatments (Phan et al., 2011, 2012; Gabor, 
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Lymer, et al., 2015). Furthermore, when tested in an environment with minimal spatial and 

contextual cues (i.e. a Y-apparatus, as in Winters & Bussey, 2005), as opposed to within the 

home cage of the test animal, dorsal hippocampal administration of 17β-E2 did not facilitate 

short-term social recognition memory, whereas systemic administration of 17β-E2 did (Phan, 

2013). In contrast, dorsal hippocampal G-1 facilitated social recognition in mice tested in both 

types of environments (Lymer et al., 2017). However, when tested in an environment with 

minimal spatial and contextual cues, the dose required to facilitate short-term social recognition 

memory was higher (Lymer et al., 2017). These results suggest extrahippocampal regions likely 

directly contribute to short-term social recognition memory.  

Expression of ERs in the MeA is robust (Mitra et al., 2003; Hazell et al., 2009). Social 

recognition was impaired in OVX female rats with prolonged inhibition of ER gene expression 

in the MeA (Spiteri et al., 2010). While i.c.v. administration of oxytocin – a neuropeptide that is 

involved in social recognition and is responsive to estrogens in certain brain regions (Choleris et 

al., 2003; Paletta, 2018) – results in long-term depression (LTD; i.e. the activity-dependent 

decrease in the efficacy of neuronal firing; Bliss & Collingridge, 1993; Cooke & Bliss, 2006) of 

MeA response to inputs from the accessory olfactory bulb in rats, 17β-E2 administered 45 

minutes prior to oxytocin shifts the response from long-term depression to long-term potentiation 

(LTD; i.e. the activity-dependent increase in the efficacy of neuronal firing; Bliss & 

Collingridge, 1993; Cooke & Bliss, 2006; Frankiensztajn et al., 2018). This effect was blocked 

by co-treatment with ER and ER antagonist, ICI 182,780 (Frankiensztajn et al., 2018). 

Whether estrogens in the MeA can directly affect short- or long-term memory, as they can in the 

dorsal hippocampus, and through what underlying mechanisms has yet to be determined. 
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Molecular Mechanisms in the Rapid Effects of Estrogens 

 The molecular mechanisms of the rapid effects of estrogens on short-term social 

recognition memory are, as of yet, unknown. However, some of the mechanisms through which 

estrogens rapidly effect consolidation of long-term object recognition and object placement 

memory have been established. While there are differences in the cellular mechanisms required 

for short- and long-term memory formation, these studies can help shed light on possible 

intracellular processes involved in the rapid facilitation of short-term social recognition memory 

by estrogens. 

 

The Extracellular Signal-Regulated Kinase Pathway 

 The ERK pathway is a chain of intracellular proteins that communicates a signal from a 

transmembrane receptor to downstream effector mechanisms via a series of phosphorylation 

reactions. Activation of this pathway leads to activation of transcription factors, other kinases 

and pathways, and further genomic and non-genomic effects including the regulation of cellular 

processes such as cell proliferation, apoptosis, differentiation, immune responses, and 

development (Marshall, 1994; Seger & Krebs, 1995; Dorard et al., 2017). Activated ERK 

(phospho-ERK or pERK) phosphorylates a number of proteins that play key roles in LTP, LTD, 

and synaptogenesis through actions regulating transcription and translation such as the 

phosphorylation of translation factors (Kelleher et al., 2004; Thomas & Huganir, 2004).     

 Signalling of the ERK protein, a mitogen activated protein kinase (MAPK), is necessary 

for learning and memory (reviewed in Peng et al., 2010). At least some of the rapid effects of 

estrogens on object recognition and object placement learning and memory involve an increase 

in ERK phosphorylation, especially in the hippocampus, occurring within 5 minutes to 1 hour of 
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administration (Fan et al., 2010; Fernandez, et al., 2008; Fortress et al., 2013; Lewis et al., 2008; 

Packard & Teather, 1997a; Zhao et al., 2010; Kim et al., 2016; Tuscher et al., 2016). Inhibition 

of NMDA receptors, protein kinase A (PKA), phosphoinositide 3-kinase (PI3K), or mitogen 

activated protein kinase kinase (MEK or MAPKK) – which phosphorylates and activates ERK – 

blocks the enhancements seen in ERK phosphorylation and in object recognition or placement 

memory retrieval normally seen 24-48 hours after estrogen administration (Lewis et al., 2008; 

Fan et al., 2010; Fortress et al., 2013; reviewed in Frick, 2012 and Sheppard et al., 2018). 

Enhanced long-term object recognition memory has been observed in mice 24-48 hours after 

administration of 17β-E2 immediately post-acquisition alongside increases in dorsal 

hippocampal ERK activation (Fortress et al., 2013; Zhao et al., 2010). These long-term memory 

enhancements resulted from ERK phosphorylation leading to the promotion of epigenetic 

changes to target DNA (Zhao et al., 2010; Fortress et al., 2014), as well as an increase in protein 

synthesis through the mammalian target of rapamycin (mTOR; Fortress et al., 2013). These 

experiments suggest a mechanism by which estrogens administered immediately post-acquisition 

can enhance long-term memory consolidation through ERK activation when subjects are tested 

4-48 hours later, that is, when memory is transcription dependent (reviewed in Kandel et al., 

2014). While the cellular mechanisms underlying short- and long-term memory can be 

dissociable, ERK signalling within the hippocampus appears to also be involved in short-term, 

transcription-independent memory (reviewed in Giovannini et al., 2015).  

 ERK exists in two isoforms, ERK1 and ERK2 (Satoh et al., 2011). While previously 

thought to redundantly share functions with ERK1, ERK2 appears to play a role in the control of 

social behaviours in mice (Satoh et al., 2011). Erk2 conditional knockout mice lacking in ERK2 

in target tissues show deficits in social recognition and other memory tasks as well as in social, 
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cognitive, and emotional behaviours whereas mice lacking the gene for ERK1 do not (Satoh et 

al., 2011); therefore, ERK2 may be necessary for learning to occur, possibly through 

downstream effects on the formation and modulation of dendritic spines via mechanisms 

involving the actin cytoskeleton, while ERK1 may play a smaller role. Whether ERK pathway 

signalling is required for the rapid facilitation of estrogen-facilitated short-term social 

recognition memory has yet to be determined. 

 

The Phosphoinositide 3-Kinase Pathway 

 Akt, or protein kinase B (PKB), is an estrogen sensitive intermediate downstream of 

PI3K in its own cell-signalling cascade (Carnero & Paramio, 2014; Ivanova et al., 2002). 

PI3K/Akt signalling is involved in myriad physiological mechanisms including cell survival, 

growth, metabolism, proliferation, and migration (reviewed in Manning & Cantley, 2009). This 

pathway participates in the regulation of protein translation via mTOR(Gingras et al., 2001a). 

The activation of Akt via downstream phosphorylation by PI3K leads to hyperphosphorylation of 

eukaryotic initiation factor (eIF) 4E-binding protein (4E-BP1), a translational repressor protein 

(Gingras et al., 1998). The hyperphosphorylation of this protein relieves the translational 

repression and initiates translation, making it a rate-limiting step in translation (Gingras et al, 

1999; 2001b). Recently, Sellers and colleagues (2015a) demonstrated that 17β-E2 elicited rapid 

and transient increases in activation of Akt, as well as ERK and mTOR, in primary cortical 

neurons. In a study by Akama and McEwen (2003), a well-established in vitro model system of 

differentiated NG108-15 neurons treated with 17β-E2 had increased levels of phosphorylated 

Akt (pAkt) within 30 minutes of treatment as well as increased levels of phosphorylated 4E-BP1 

(p4E-BP1) within 1 hour, both lasting until 4 hours post-treatment. Interestingly, the levels of 
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dendritic spine scaffolding protein postsynaptic density-95 (PSD-95) increased in cells treated 

with 17β-E2 with no change seen in PSD-95 mRNA after 6 hours (Akama & McEwen, 2003). 

Furthermore, this effect was found to be Akt pathway-dependent as treatment with LY294002, 

an inhibitor of PI3K and, thus, Akt activation, blocked this increase in PSD-95 levels (Akama & 

McEwen, 2003). This suggests that 17β-E2 elicits an increase in PSD-95 levels in an PI3K/Akt-

dependent and transcription-independent manner. 

 Modulation of the PI3K pathway affects memory (e.g. Lin et al., 2001; Horwood et al., 

2006; Chao et al., 2007; Fan et al., 2010; reviewed in Izquierdo et al., 2002 and Sheppard et al., 

2018). In rats, i.c.v. LY294002 impaired long-term object recognition memory but did not affect 

short-term object recognition or spatial memory (Horwood et al., 2006). PI3K inhibition blocked 

tetanus-induced LTP at cortical synapses to the lateral amygdala (Lin et al., 2001). PI3K 

inhibition further blocked long-term (24h) but not short-term (1h) fear conditioning when 

treatment was given directly into the lateral or basolateral amygdala 30 minutes prior to 

conditioning (Lin et al., 2001). Importantly, the PI3K pathway also rapidly affects performance 

on memory tasks (reviewed in Sheppard et al., 2018). When given concurrent with an i.c.v. dose 

of 17β-E2 that normally facilitates object recognition in middle-aged, ovariectomized female 

mice, the highest sub-effective dose of LY294002 (i.e. the highest dose that does not impair 

object recognition in the absence of 17β-E2) blocked object recognition when tested 24 hours 

later (Fan et al., 2010). These effects on long-term memory appear to involve downstream 

signalling to mTOR (Horwood et al., 2006; Fortress et al., 2013).  

 Taken together, the cellular and behavioural effects described above suggest that 

estrogens’ rapid effects on long-term memory may be, at least in part, dependent upon PI3K/Akt 

activation and downstream signalling affecting change in dendritic spine and synapse formation. 
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However, whether PI3K signalling is necessary for rapid estrogen-facilitated short-term social 

recognition memory has yet to be determined. 

 

 

Figure 2: Known rapid molecular effects of estrogens underlying the consolidation of long-

term object recognition and object placement memory. Estrogens activate membrane-bound 

estrogen receptors which initiate kinase pathway signalling. The ERK pathway can activate 

mTOR leading to protein synthesis, as well as activate genomic mechanisms via epigenetic 

processes or CREB phosphorylation. It has been proposed that ERK acts as a downstream target 

of PI3K; however, PI3K may act through parallel mechanisms. Activation of the GPER1 by G-1 

elicits JNK pathway signalling which can lead to actin polymerization or genomic actions in 

order to facilitate consolidation. Adapted from Frick & Kim, 2018.   
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Dendritic Spines, the Actin Cytoskeleton, and Protein Synthesis  

 Dendritic spines are small membranous protrusions from the dendrites of neurons, like 

thorns on a cellular rose bush. Often implicated in learning and memory, these structures express 

many different receptors on their surface and serve as the primary recipients of excitatory 

synaptic input in the mammalian central nervous system (reviewed in Alvarez & Sabatini, 2007). 

The plasticity of these structures has been suggested to play a role in motivation, memory, and 

learning (reviewed in Srivastava, 2012). In particular, the growth of novel spines and 

morphological changes of pre-existing spines has been shown to mediate long-term memory 

formation (reviewed in Hotulainen & Hooganraad, 2010).   

 Estrogens substantially (i.e. as much as 50%) increase dendritic spine and synapse 

density in both rapid and longer timeframes in the CA1 region of the hippocampus (MacLusky et 

al., 2005; Mukai et al., 2007; Murakami et al., 2006; Phan et al., 2011, 2012, 2015). Furthermore, 

increases seen in synapse density both in vivo (MacLusky et al., 2005) and in vitro (Srivastava et 

al., 2008; Sellers et al., 2015a) suggest that pre-synaptic input (i.e. synaptic transmission to 

estrogen-treated neurons) may also be involved in estrogen-mediated learning and memory 

enhancements, as suggested by the idea of “two-step wiring plasticity” (reviewed in Srivastava, 

2012). In Step 1, acute application of 17β-E2 to cultured cortical neurons leads to a rapid, 

transient increase in the density of dendritic spines in an ERK-dependent manner along with the 

presence of silent synapses (i.e. synapses where the postsynaptic membrane lacks AMPA-type 

glutamate receptors; Srivastava et al., 2008). Following this, in Step 2, when NMDA receptors 

were activated after 17β-E2 treatment, the increases in dendritic spine density and silent synapse 

number persisted up to 24 hours (Srivastava et al., 2008). This rapid “two-step wiring plasticity” 

may be a mechanism by which estrogens can exert their enhancing effects on learning; that is, by 
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priming the neurons to form lasting connections by first creating silent synapses and increasing 

dendritic spine density, likely through actin cytoskeleton dynamics (reviewed in Srivastava, 

2012) and de novo protein synthesis (reviewed in Lai et al., 2016; Lai & Ip, 2013; Srivastava et 

al., 2013; and Dent et al., 2011). In turn, when stimulated during learning, these neurons can 

undergo LTP (Bliss & Collingridge, 1993; Cooke & Bliss, 2006). In this way, novel synapses are 

formed selectively; that is, only when silent synapses are present and when the neuron is 

activated (receives stimulation) do those synapses that get utilized in the neuron’s activity 

develop into their fully functioning forms. 

 The contributions of the different subtypes of ERs to the modulation of dendritic spines 

are not yet fully understood. Increases in spine density were found within 2 hours of 

administration of ER agonist PPT in the CA1 hippocampus of male rats, while ER agonist 

DPN did not produce such effects (Mukai et al., 2007; Murakami et al., 2006). Conversely, in 

CA3 neurons, estrogens decreased spine density in response to PPT but not DPN (Tsurugizawa 

et al., 2005). Systemic administration of 17β-E2 (Phan et al., 2012), PPT (Phan et al., 2011), and 

G-1 (Gabor, Lymer, et al., 2015) in ovariectomized female mice increased dendritic spine 

density in the stratum radiatum of the CA1 hippocampus, with PPT also increasing dendritic 

spine density in the lacunosum-moleculare (Phan et al., 2011). Many of the same doses of these 

estrogens and ER agonists facilitated social recognition, object recognition, and/or object 

placement in OVX female mice (Gabor, Lymer, et al., 2015; Phan et al., 2011; Phan et al., 2012). 

Conversely, systemic administration of DPN impaired social recognition, facilitated object 

placement, and did not affect object recognition performance in OVX female mice and decreased 

dendritic spine density and length in the lacunosum-moleculare (Phan et al., 2011). In ex vivo 

hippocampal slices, 17β-E2 and PPT rapidly increased spine density in the stratum radiatum and 
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stratum oriens subregions of the CA1 (Phan et al., 2015). Female OVX mice administered 17β-

E2 into the dorsal hippocampus had increased basal and apical dendritic spine density in CA1 

pyramidal neurons 30 minutes and 2 hours following hormone treatment (Tuscher et al., 2016). 

In cultured cortical neurons, GPER1 and ERβ activation were found to increase dendritic spine 

density (Srivastava & Evans, 2013; Srivastava et al., 2008). Together, these findings suggest that 

the ER mediating the effects of estrogens on spinogenesis and synaptogenesis may vary 

throughout the brain. 

 Of particular interest in dendritic spine modulation is the actin cytoskeleton within the 

neuron (reviewed in Hotulainen & Hoogenraad, 2010). The actin cytoskeleton is highly plastic 

and serves structural roles in many cell types (Hotulainen & Hoogenraad, 2010). A number of 

studies have found the actin cytoskeleton to be pivotal in the formation, elimination, motility, 

stability, size, and shape of dendritic spines (e.g. Ethell & Pasquale, 2005; Halpain, 2000; 

Schubert & Dotti, 2007). Estrogens have been found to affect the remodeling of the actin 

cytoskeleton by rapidly stimulating the RhoA/ROCK (RhoA kinase) pathway and activating 

Rac/p21-activated kinase (PAK) signalling in neurons (Briz & Baudry, 2014; Flamini et al., 

2009; Kramár et al., 2009; Kumar et al, 2005). Furthermore, intrahippocampal administration of 

latrunculin A, an inhibitor of actin polymerization, blocked the rapid GPER1-mediated 

enhancements of long-term object and spatial memory consolidation in OVX mice (Kim et al., 

2017). As such, the effects of estrogens on the pathways affecting the actin cytoskeleton 

dynamics within dendrites are a possible mechanism by which estrogens facilitate learning and 

memory on a rapid timescale.  

In addition to remodelling of the actin cytoskeleton, protein synthesis has been implicated 

as a critical factor in changes to dendritic spine morphology (reviewed in Lai et al., 2016 and 
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Bramham & Wells, 2007), as well as in learning and memory (e.g. Bourtchouladze et al., 1998; 

Schafe & Ledoux, 2000; Quevado et al., 2004; Rossato et al., 2007; Artinian et al., 2008; 

Moguel-Gonzalez et al., 2008; Kwapis et al., 2011;  reviewed in Sutton & Schuman, 2006; 

Abraham & William, 2008; Jarome & Helmstetter, 2014). The enlargement and stabilization of 

dendritic spines requires synthesis of new proteins, and specific subsets of mRNAs are actively 

transported to and stored in neuronal dendrites in order for local protein synthesis to be synapse- 

or spine-specific (Lai et al., 2016). Long-term memory requires turnover of proteins (i.e. protein 

synthesis and degradation; reviewed in Jarome & Helmstetter, 2014). In the hippocampus, 

protein synthesis inhibition impairs long-term memory for contextual fear conditioning 

(Bourtchuladze et al., 1998; Gafford et al., 2011), Morris water maze spatial memory (Artinian et 

al., 2008), object recognition (Rossato et al., 2007; Jobim et al., 2012), and inhibitory avoidance 

(Taubenfeld et al., 2001). Protein synthesis in the amygdala (e.g. Bailey et al., 1999; Schafe & 

Ledoux, 2000; Bahar et al., 2003; Lin et al., 2003; Yeh et al., 2006; Milekic et al., 2007; Jarome 

et al., 2011; Kwapis et al., 2011), perirhinal cortex (e.g. Stiver, Jacklin, et al., 2015), prefrontal 

cortex (e.g. Blum et al., 2006; Reis et al., 2013), and insular cortex (e.g. Moguel-Gonzalez et al., 

2008) is also necessary for various types of long-term memory. The necessity of protein 

synthesis in short-term memory is less conclusive. Hippocampal protein synthesis is required in 

long-term (tested 24h following training), but not short-term (tested 1.5h following training) one-

trial inhibitory avoidance memory in rats (Quevedo et al., 2004). However, protein synthesis can 

occur very rapidly (e.g. neurogranin in hippocampal lysate 15 minutes following novel context 

exposure, Jones et al., 2018; Arc in hippocampal slices following a 30-minute bath application of 

17β-E2; Briz & Baudry, 2014). Synthesis of localized postsynaptic proteins can modify synaptic 

transmission (in this case, induce LTD) within minutes following activation of metabotropic 
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glutamate receptors in hippocampal slices (Huber et al., 2000). While the necessity of these 

novel, rapidly-synthesized proteins to short-term memory has yet to be established, the rate of 

their synthesis and modification of synaptic transmission strongly indicates they may be present 

and active within the timeframe of short-term memory acquisition, encoding, and retrieval. 

Novel protein synthesis is not required for the rapid estrogen-facilitated formation of new 

dendritic spines in cortical neurons (Srivastava et al., 2008). However, it is unclear whether local 

protein synthesis, mediated by a mTOR pathway, is required for the maturation and stabilization 

of these novel spines (Sellers et al., 2015a; Sellers et al., 2015b; Srivastava et al., 2013). 

Furthermore, it has yet to be determined whether the modulation of dendritic spines and synapses 

via actin polymerization or protein synthesis is required for the rapid facilitation of short-term 

social recognition memory by estrogens. 

 

Objectives 

 The aims of this thesis were to explore the cellular mechanisms by which estrogens 

rapidly facilitate short-term social recognition memory. The foci were intracellular cell signalling 

mechanisms (CHAPTER II), changes to actin polymerization and/or protein synthesis 

(CHAPTER III), and extrahippocampal regions directly involved in social recognition 

(CHAPTER IV). Given the involvement of ERK and PI3K cell signalling cascades in rapid 

17β-E2-facilitated spinogenesis (Sellers et al., 2015a; Tuscher et al., 2016), synaptogenesis 

(Sellers et al., 2015a), and object and spatial long-term memory consolidation (Fernandez et al., 

2008; Fan et al., 2010; Fortress et al., 2013; Kim et al., 2017), our first objective was to explore 

whether the rapid facilitating effects on short-term social recognition memory of pre-acquisition 

17β-E2 in the dorsal hippocampi of OVX female mice (as observed in Phan et al., 2015) require 
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ERK or PI3K pathway activation (CHAPTER II). In addition, we sought to explore whether 

ER or GPER1 activation by selective agonists require ERK or PI3K pathway activation and 

whether their involvement is dissociable (CHAPTER II). As 17β-E2 rapidly stimulates changes 

in actin cytoskeletal dynamics through rapid enhancement of actin polymerization (Briz & 

Baudry, 2014), increases PSD-95 expression in a PI3K/Akt pathway dependent manner without a 

concurrent increase in PSD-95 mRNA (Akama & McEwen, 2003), increases translation of 

dendrite-localized mRNA in an ERK-dependent manner (Sarkar et al., 2010), and increases in 

CA1 dendritic spine density (Phan et al., 2012, 2015), our second objective was to determine 

whether rapid 17β-E2-facilitated short-term social recognition memory requires actin 

polymerization or protein synthesis in the dorsal hippocampi of OVX female mice (CHAPTER 

III). Our final objective was to explore whether estrogens and their receptors in the medial 

nucleus of the amygdala are capable of rapidly facilitating short-term social recognition memory 

in OVX female mice (CHAPTER IV) as part of an ongoing effort to map out the regions of the 

social brain in which 17β-E2 rapidly facilitates short-term social recognition memory. 

  



   

 27 

 

 

 

 

 

CHAPTER II:  

ERK and PI3K Pathway Inhibition in the  

Rapid Estrogen-Mediated Facilitation of Social Recognition  

in Ovariectomized Female Mice 
  



   

 28 

Abstract 

It is now established that estrogens can very rapidly affect learning and memory, occurring too 

quickly to be a result of classical gene-transcription mechanisms. In ovariectomized female mice, 

short-term social recognition memory is facilitated within 40 minutes of systemic or 

intrahippocampal administration of 17-estradiol (E2), estrogen receptor  (ER) agonist PPT, 

or the G-protein coupled estrogen receptor (GPER1) agonist G-1. In addition, systemic 

administration of E2, PPT, or G-1 increases dendritic spine density in regions of the CA1. 

Estrogenic actions on cell-signalling cascades affecting dendritic spine dynamics and synaptic 

plasticity appear involved in estrogens’ rapid effects on memory formation. Two candidate 

cascades are the extracellular signal-regulated kinase (ERK) and phosphoinositide 3-kinase 

(PI3K) pathways. Estrogens require one or both of these pathways to rapidly facilitate increases 

in dendritic spine density and synaptic protein expression and to enhance consolidation of long-

term object and spatial memory. Whether the ERK or PI3K pathways are involved in rapid 

estrogenic facilitation of short-term social recognition memory in the hippocampus is unknown. 

The highest doses of ERK activity inhibitor U0126 and PI3K inhibitor LY294002 that do not 

block short-term social recognition memory when infused in the dorsal hippocampus of 

ovariectomized female mice 15 min prior to testing were first determined. Whether these doses 

of U0126 and LY294002 could prevent the social recognition-facilitating effects of E2, PPT, or 

G-1 in a task where control mice do not typically perform social recognition was then tested. The 

paradigms were completed within 40 minutes of hormone administration, thus enabling 

investigation of rapid effects of estrogens. ERK and PI3K pathway activation was found to be 

necessary for E2 and PPT to rapidly facilitate short-term social recognition memory, whereas 

only PI3K inhibition blocked G-1-facilitated short-term social recognition memory. This study 
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provides mechanisms through which estrogens and their receptors rapidly facilitate short-term 

social recognition memory.  
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Introduction 

 In addition to their roles as “sex hormones”, estrogens facilitate learning and memory in 

female mice through both “classical”, genomic actions and through “non-classical”, rapid 

mechanisms (reviewed in Sheppard et al., 2018). The former actions occur when estrogens bind 

with their receptors and have direct actions on gene expression in the nucleus via estrogen 

response elements (reviewed in Nilsson et al., 2001 and Ervin et al., 2015). The rapid 

mechanisms are much less understood but are believed to occur when estrogens activate 

intracellular signalling cascades which have downstream effects on protein expression, dendritic 

spine and synapse morphology, neurotransmission, and/or epigenetic factors (reviewed in 

Sheppard et al., 2018 and Paletta et al., 2018a). 

 Estrogens and selective agonists for their receptors given prior to learning rapidly 

facilitate short-term memory formation. Phan and colleagues (2011, 2012) gave systemic 

injections of 17-estradiol (E2) or agonists for the estrogen receptors  and  (ER and ER, 

respectively) 15 minutes prior to the sample phases of social recognition (SR), object recognition 

(OR), and object placement (OP) paradigms in which ovariectomized (OVX) female mice do not 

show good short-term memory when tested 5 minutes after training and 40 minutes following 

estrogen or agonist injection (too rapidly for genomic actions to occur). E2 facilitated short-term 

memory in each task (Phan et al., 2012), as did ER agonist PPT, whereas ER agonist DPN 

facilitated OP memory, impaired SR, and had no effect on OR (Phan et al., 2011). Following 

systemic administration of the G protein-coupled estrogen receptor (GPER1) agonist G-1, mice 

displayed good SR, OR, or OP memory (Gabor, Lymer, et al., 2015). In separate cohorts of OVX 

mice that did not undergo behavioural testing, E2, PPT, and G-1 were found to increase dendritic 

spine density in the CA1 region of the dorsal hippocampus within the same rapid timeframe (40 
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min; Phan et al., 2011, 2012; Gabor, Lymer, et al., 2015), implicating this region as a possible 

site for estrogen action on learning and memory. Similar results have been found in rats (within 

30 min; MacLusky et al., 2005; Inagaki et al., 2012; Avila et al., 2017; reviewed in Luine et al., 

2018). Intrahippocampal administration of E2, PPT (Phan et al., 2015), and G-1 (Lymer et al., 

2017) were subsequently found to facilitate learning in the same paradigm. Direct application of 

E2 and PPT to ex vivo CA1 pyramidal neurons of mice that had not learned also increased 

dendritic spine density in these neurons (Phan et al., 2015). Similarly, OVX mice that received 

intrahippocampal E2 at a dose known to enhance long-term object recognition and placement 

memory, but who did not perform these tasks, showed increases in CA1 spine density within 30 

minutes (Tuscher et al., 2016). The exact mechanism by which estrogens facilitate short-term 

memory and changes in dendritic spine morphology have yet to be elucidated. 

 Previous work on the rapid effects of estrogens on long-term memory consolidation have 

provided evidence for the involvement of cell signalling cascades (Frick et al., 2015). Within 5 

minutes of administration, dorsal hippocampal infusion of E2 activates the phosphorylation of 

the extracellular signal-regulated protein kinase (ERK; Fernandez et al., 2008). ERK pathway 

signalling leads to activation of transcription factors, other kinases and pathways, and further 

genomic and non-genomic effects including the regulation of cellular processes such as cell 

proliferation, apoptosis, differentiation, immune responses, and development (Marshall, 1994; 

Seger & Krebs, 1995), and is critical to various types of memory (Fernandez et al., 2008; 

Fortress et al., 2013). Post-training dorsal hippocampal infusion of an ERK phosphorylation 

inhibitor prevents E2 from enhancing long-term OR (Fernandez et al., 2008; Zhao et al., 2010, 

2012; Fortress et al., 2013) and long-term OP (Kim et al., 2016) memory consolidation (tested 48 

and 24 hours, respectively, following initial exposure to the objects) in OVX mice. However, 
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GPER1 activation by the agonist G-1 did not increase ERK phosphorylation (Kim et al., 2016). 

Furthermore, i.c.v. estrogen-mediated increases in dendritic spine density in the dorsal 

hippocampus (30 minutes and 2 hours following treatment) and medial prefrontal cortex (2 hours 

following treatment) depend upon ERK activation in the dorsal hippocampus in OVX mice 

(Tuscher et al., 2016). In primary cortical neurons, ERK and Akt activation were necessary for 

the rapid modulations of synaptogenesis and spinogenesis brought on by E2 (30 minutes 

following E2 treatment; Sellers et al., 2015a).  

In addition to the ERK cell signalling cascade, the phosphoinositide 3-kinase (PI3K) 

pathway (in which Akt is a key kinase substrate) has been implicated in the rapid effects of 

estrogens on memory. In middle-aged female mice, i.c.v. or intrahippocampal administration of 

E2 increased phosphorylated PI3K and Akt (pPI3K and pAkt, respectively) in the hippocampus 

within 5 minutes (Fan et al., 2010). Furthermore, hippocampal ERK and PI3K activation were 

necessary for consolidation of long-term memory for objects (Fan et al., 2010). In primary 

cortical neurons, pAkt levels were greater than baseline ten minutes following E2 treatment and 

inhibiting PI3K blocked estradiol-facilitated increases in dendritic spine density thirty minutes 

following E2 treatment (Sellers et al., 2015a). Blocking the PI3K pathway further blocks E2-

facilitated long term potentiation (LTP) in ex vivo CA1 hippocampal neurons from male rats 

(Hasegawa et al., 2015).  

 Many of the previous investigations of the cell signalling cascades involved in the rapid 

effects of estrogens on memory have focused on long-term memory in OR and OP tasks. 

However, social recognition (SR) – the ability of an animal to recognize a previously 

encountered conspecific – is an essential cognitive skill in social species and has been found to 

respond differently to pre-learning ER agonism than OR and OP (Phan et al., 2011; 2015). 
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Furthermore, the involvement of these signalling cascades in short-term memory tasks where 

memory consolidation is still in its early stages and may depend on different mechanisms 

(reviewed in Sheppard et al., 2018) has not yet been explored. The mechanisms underlying the 

effects of estrogens or ER agonists on short-term social recognition memory are potentially 

distinct from those specifically targeting long-term consolidation through post-acquisition 

treatment as there are differences between the cellular mechanisms underlying short- and long-

term memory formation (e.g. Bozon et al., 2003; Kelly et al., 2003; Quevado et al., 2004; also 

see review by Izquierdo et al., 2002). In particular, the ERK and PI3K pathways may each have 

dissociable effects with regards to their involvement short- and long-term memory (Bozon et al., 

2003; Kelly et al., 2003; Quevado et al., 2004; Sui et al., 2008; also see reviews by Izquierdo et 

al., 2002 and Giovannini et al., 2015). As such, the present study seeks to understand whether 

dorsal hippocampal ERK and PI3K signalling is necessary for the rapid facilitation of SR (within 

40 minutes) in OVX female mice by intrahippocampal E2, as well as by activation of ER and 

GPER1. In Experiments 1a and 2a, we first determine whether dorsal hippocampal ERK or PI3K 

inhibition, respectively, can rapidly block short-term SR memory under conditions when SR 

normally occurs. In Experiments 1b and 2b, we then determine whether the highest 

intrahippocampal dose of the ERK or the PI3K inhibitor that did not block normal SR can block 

the rapid facilitation of short-term SR memory by a dose of intrahippocampal E2 previously 

determined to rapidly facilitate SR in a task where control OVX mice do not spontaneously show 

short-term SR memory (from Phan et al., 2015). Finally, in Experiments 1c and 2c, we determine 

whether this same intrahippocampal dose of the ERK or the PI3K inhibitor can block the rapid 

facilitation of SR by specific estrogen receptors, namely ER and GPER1.  
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Methods 

Subjects  

 Two-month old (young adult), experimentally naïve female CD1 mice (Mus musculus) 

were used (Charles Rivers, St. Constant, QC, Canada). Upon arrival, mice were initially triple-

housed in clear polyethylene cages (26 x 16 x 12 cm3) containing corncob bedding, 

environmental enrichment (paper nesting material, paper cups, and/or clear plastic houses), and 

ad libitum access to tap water and rodent chow (Teklad Global 14% Protein Rodent Maintenance 

Diet, Harlan Teklad, WI). Mice were given a minimum of 7 days to acclimate to the colony room 

before receiving surgeries. Following surgeries, experimental mice were single-housed for 10-15 

days for recovery before participating in any experiments Stimulus mice were single-housed for 

7 days to recover before being pair-housed for a minimum of 7 days before participating in 

behavioural testing. All animals were housed in the Central Animal Facility, University of 

Guelph, on a reversed light/dark cycle (12:12h, lights on at 20:00h) at 21±1°C with 40-50% 

humidity. All procedures were approved by the University of Guelph Institutional Animal Care 

and Use Committee and were in accordance with the guidelines of the Canadian Council on 

Animal Care.  

Animals were moved into the experimental rooms the evening prior to testing to 

acclimate. With wet cotton swabs, vaginal smears were taken in order to ensure ovariectomies 

were effective. Vaginal cells were transferred to glass slides and examined under 10x objective. 

Estrous cycle stages were defined based on vaginal cytology as follows: diestrus predominantly 

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

non-nucleated cornified cells were predominant (Byers et al., 2012).  All test mice were used in 

only one behavioural experiment. Stimulus mice were reused for 8-16 testing days. All 
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behavioural tests were run during the dark cycle (between 09:00h and 19:00h) in the 

experimental animals’ home cages under red light. 

 

Surgeries  

 All experimental mice were ovariectomized (OVX) to ensure that any learning effects 

observed were not due to cycling hormones. Within the same surgical session, these mice were 

further implanted with bilateral intercranial guide cannulae for infusion of treatment directly into 

the dorsal hippocampus. Stimulus mice were OVX to ensure that investigative behaviours by 

experimental mice were not affected by hormone status of the stimuli.   

 All mice were subcutaneously (s.c.) injected with the analgesic and anti-inflammatory 

carprofen (50mg/kg; Rimadyl, Pfizer Canada Inc, Kirkland, QC, Canada) at least 1 hour prior to 

being anesthetized with isoflurane (Benson Medical Industries, Markham, ON) and placed in a 

stereotaxic frame using atraumatic ear bars (David Kopf Instruments, CA). They then received 

0.02mL of a local anesthetic mix of 0.17% bupivacaine (Hospira, Inc., Montreal, QC, Canada), 

0.67% lidocaine (Alveda Pharmaceuticals, Toronto, ON, Canada), and saline solution (0.9% 

NaCl) s.c. into both the dorsal lumbar surface and into the scalp where incisions were later to be 

made for OVX and cannulation respectively. Following completion of the surgery, mice were 

administered 0.5mL of warm saline solution intraperitoneally (i.p) to restore hydration. 

 Ovariectomy surgeries. Ovariectomies were performed as described previously in 

Clipperton-Allen et al, 2011. In brief, each anesthetized mouse had the fur on its lower back 

shaved and the area cleaned with antiseptic solutions. A small dorsal incision of no more than 

2cm was then made in the skin followed by two smaller bilateral lumbar incisions (<1cm) in the 

muscles overlying the ovaries and ovarian fat pads. One at a time, the ovarian arteries and 
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oviducts were clamped, the ovaries excised, and the remaining tissue inserted back into the 

incision. The skin incision was closed with 1-2 MikRon Autoclip 9mm wound clips (MikRon 

Precision Inc., Gardena, CA) and a few drops of local anesthetic were applied.  

 Cannulation surgeries. Following ovariectomy, mice were held stationary using a 

stereotaxic frame. The dorsal surface of each anesthetized experimental mouse’s skull was 

shaved and cleaned. The scalp was then excised and the membrane overlying the skull was 

sloughed off using 3% hydrogen peroxide (H2O2). Two holes were then drilled into the skull to 

accommodate the 26 gauge bilateral guide cannulae (Plastics One, HRS Scientific, Anjou, QC, 

Canada) at 1.7mm posterior to bregma, 1.5mm lateral to midline, and 1.3mm below the skull 

surface (Paxinos & Franklin, 2001). These cannulae were implanted just dorsal to the CA1 

region of the dorsal hippocampus. Injectors (Plastics One, HRS Scientific, Anjou, QC, Canada) 

for drug infusions extended 1mm beyond the end of the guide cannulae, making the final 

injection depth 2.3mm below the skull surface, bilaterally into the dorsal hippocampus. Three 

jeweller’s screws (Plastics One, HRS Scientific, Anjou, QC, Canada) were screwed into 3 

additional drilled holes in the skull around the perimeter of the cannula pedestal. The cannulae 

were held in place with dental cement (Central Dental Ltd, Scarborough, ON, Canada) which 

completely covered the skull surface exposed in the procedure. Dummy cannulae (Plastics One, 

HRS Scientific, Anjou, QC, Canada) flush with guide cannulae were inserted.  

 

Rapid Social Recognition Paradigms  

A unique set of experimentally naïve mice was used for each experiment. Mice were 

gently restrained by hand to insert the infuser and then microinfused while moving freely with 

treatment using a microinfusion pump (PHD 2000, Harvard Apparatus, QC, Canada) and then 
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returned to their home cage with environmental enrichment removed and a clear plexiglass cover 

replacing the metal feeding and drinking lid. In Experiments 1a and 2a, inhibitor or vehicle was 

microinfused 15 minutes prior to the beginning of the sample phase of the social recognition 

paradigm (Figure 3A). In Experiments 1b, 1c, 2b, and 2c, inhibitor or vehicle was microinfused 5 

minutes prior to hormone or vehicle microinfusion. The latter infusion began 15 minutes prior to 

the beginning of the sample phase of the social recognition paradigm (Figure 3B). To test the 

rapid effects of treatment on short-term memory, the social recognition paradigm was completed 

within 40 minutes of inhibitor (Experiments 1a and 2a) or hormone (Experiments 1b, 1c, 2b, and 

2c) administration. Experiments were recorded from above by Everio digital camcorders (HD 

Everio GZ-E300, JVC, Mississauga, ON, Canada).    

 Two paradigms were used to test the effects of treatment on social recognition. The first, 

“easy” rapid social recognition paradigm was designed such that vehicle treated OVX mice show 

social recognition and when tested will preferentially investigate a novel stimulus over a 

previously encountered stimulus (Phan et al., 2011). OVX mice receiving a treatment that 

impairs social recognition will show no preference between the 2 stimuli. In this paradigm, 

experimental mice were exposed to 2 novel OVX stimulus mice for three 4-minute sample 

phases in which they could investigate them freely (Figure 3A). Stimulus mice were held in clear 

Plexiglas tubes (7-cm diameter, 12-cm high) to which they had been previously habituated with 

perforations (36 holes, 4-mm diameter) around the bottom third of the cylinder to allow olfactory 

and social cues to be transmitted to the test mouse, but to keep the stimulus mice in a constant 

location and from interacting with one another. These tubes were cleaned between uses to 

eliminate any olfactory traces of other mice. These sample phases were separated by 3-minute 

rest periods in which no stimuli were present in the cage. After the final sample phase and 3-
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minute memory retention period, 2 stimuli were reintroduced into the cage for a 4-minute test 

phase: one novel stimulus and one previously encountered stimulus from the sample phases 

(Figure 3A). Mice that recognize the familiar stimulus should investigate it to a lesser degree 

than the novel stimulus.  

 To show facilitating effects of treatment, a “difficult” rapid social recognition paradigm 

was used (Phan et al., 2011). This social recognition paradigm is similar to the “easy” version 

except that there were two 5-minute sample phases and one 5-minute test each separated by 5-

minute rests (Figure 3B). The decreased number of exposures to the stimulus mice makes this 

task more difficult than the “easy” paradigm. As such, vehicle treated OVX mice in this 

paradigm do not show short-term social recognition memory, whereas those who receive 

treatments that improve memory for the social stimulus (e.g. E2) do (Phan et al., 2011, 2012, 

2015; Gabor, Lymer, et al., 2015; Lymer et al., 2017; Lymer, Sheppard, et al., 2018; Paletta, 

2018). 
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Figure 3: Schematic of the social recognition paradigms. A) The paradigm in which vehicle 

treated OVX mice show social recognition. This paradigm is used to show impairing effects of 

treatment. Testing is complete 40 minutes following treatment in order to target the rapid effects 

of the treatment. B) The paradigm in which vehicle treated OVX mice do not show social 

recognition. This paradigm is used to show facilitating effects of treatment. Testing is complete 

40 minutes following hormone treatment in order to target the rapid effects of the treatment. 

 

Treatment Administration 

 In Experiments 1a and 2a, OVX mice were bilaterally infused with a cell signalling 

pathway inhibitor or vehicle at a rate of 0.2 μL/minute to a volume of 0.5 μL/side (2.5 min) and 

then tested on the “easy” social recognition paradigm 15 minutes following the beginning of the 

infusion. In Experiments 1b, 1c, 2b, and 2c, OVX mice were bilaterally infused with a cell 

signalling pathway inhibitor or vehicle followed 5 minutes later by E2, a selective ER agonist, or 

vehicle, each infusion at a rate of 0.2μL/minute to a volume of 0.25μL/side (1.25min). Mice 

A 

Sample 

B 

Sample 
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were tested on the “difficult” social recognition paradigm 15 minutes following the beginning of 

the second infusion. In all experiments, infusers were left in place for an additional minute 

following each infusion to ensure the full dose was administered and to prevent back-flow. 

 

Experiment 1a: Effects of ERK pathway inhibition on social recognition 

 OVX mice were bilaterally microinfused with 0.1 µg/side, 0.5 µg/side, or 1.0 µg/side of 

MEK inhibitor 1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]butadiene (U0126; Promega, 

Madison, WI) or vehicle (50% dimethyl sulfoxide [DMSO] in saline solution). The highest dose 

(1.0 µg/side) was previously found to block long-term OR memory consolidation (Fernandez et 

al., 2008) and the middle dose (0.5 µg/side) was previously found to block rapid E2-facilitated 

increases in the pERK (Fortress et al., 2013).  

 

Experiment 1b: Effects of ERK pathway inhibition on estradiol-facilitated social 

recognition  

OVX mice were bilaterally microinfused first with 0.5µg/side U0126 or vehicle followed 

5 minutes later by 6.81pg/side 17-estradiol (E2; Sigma-Aldrich, Oakville, ON, Canada) or 

vehicle. This dose of E2 has previously been determined to, on average, facilitate social 

recognition in OVX female mice in a paradigm in which vehicle treated OVX mice do not show 

social recognition (i.e. the “difficult” social recognition paradigm; Phan et al., 2015). This dose 

of U0126 has been shown to not impair social recognition in OVX female mice in a paradigm in 

which vehicle treated OVX mice show social recognition (Experiment 1a).  
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Experiment 1c: Effects of ERK pathway inhibition on ER- and GPER1-facilitated social 

recognition 

OVX mice were bilaterally microinfused first with 0.5µg/side U0126 or vehicle (50% 

DMSO in saline) followed 5 minutes later by 19.322pg/side propyl pyrazole triol (PPT; ER 

agonist; Sigma-Aldrich, Oakville, ON, Canada), 41.228pg/side (±)-1-[(3aR*,4S*,9bS*)-4-(6-

Bromo-1,3-benzodioxol-5-yl)-3a,4,5,9b-tetrahydro-3H-cyclopenta[c]quinolin-8-yl]-ethanone (G-

1; GPER1 agonist; Tocris Biosciences, UK) or vehicle. These doses of PPT and G-1 have 

previously been determined to, on average, facilitate social recognition in OVX female mice in 

the “difficult” paradigm (Phan et al., 2015; Lymer et al., 2017).  

 

Experiment 2a: Effects of PI3K pathway inhibition on social recognition 

OVX mice were bilaterally microinfused with 0.5ng/side, 1.0ng/side, 5.0ng/side, 

10ng/side, 100ng/side, or 250ng/side of PI3K inhibitor 2-(4-morpholinyl)-8-phenyl-4H-1-

benzopyran-4-one (LY294002; Santa Cruz Biotechnology, Dallas, TX), or vehicle (50% 

dimethyl sulfoxide [DMSO] in saline solution). These doses were based on those used in Fan et 

al. (2010), in which they found LY294002 at 5.0 ng/side was capable of blocking long-term 

object recognition memory and at 0.5 ng was capable of blocking rapid E2-facilitated increases 

in phosphor-PI3K. 

 

Experiment 2b: Effects of PI3K pathway inhibition on estradiol-facilitated social 

recognition 

OVX mice were bilaterally microinfused first with 5.0ng/side LY294002 or vehicle 

followed 5 minutes later by 6.81pg/side E2 or vehicle. This dose of LY294002 has been shown 
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to not impair social recognition in OVX female mice in a paradigm in which vehicle treated 

animals show social recognition (Experiment 1b). 

 

Experiment 2c: Effects of PI3K pathway inhibition on ER- and GPER1-facilitated social 

recognition 

OVX mice were bilaterally microinfused first with 5.0ng/side LY294002 or vehicle (50% 

DMSO in saline) followed 5 minutes later by 19.322pg/side PPT, 41.228pg/side G-1 or vehicle.  

 

Tissue Collection 

 Immediately after testing, each experimental mouse was injected intraperitoneally (i.p) 

with 0.8mL of the anesthetic Avertin (tribromoethanol; Sigma-Aldrich, Oakville, ON, Canada) 

and transferred to a fume hood for perfusion and tissue extraction.  An incision was made across 

the abdomen of the mouse and through the diaphragm, exposing the heart. The right atrium was 

perforated and a needle was inserted into the mouse’s left ventricle. Saline solution was first 

pumped through the mouse’s circulatory system to remove the blood, followed by 25-50mL of 

4% paraformaldehyde (PFA) in phosphate buffered solution (PBS) in order to fix the brain in 

situ. The brain was subsequently extracted and post-fixed in 4% PFA in PBS overnight before 

being moved to a PBS solution containing 0.02% of the antifungal agent sodium azide (Sigma-

Aldrich, ON). Per experimental condition, 6-8 brains were then shipped whole or sectioned using 

a cryostat microtome (25 µm coronal sections), mounted on microscope slides, and then shipped 

to Deepak P. Srivastava’s laboratory at King’s College London in London, UK for cellular 

analyses and to examine cannula placement. The remaining brains were moved to 30% sucrose 

in PBS (2-3 days at 4ºC) then stored at -20ºC until sliced using a cryostat microtome. Coronal 
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sections (40 μm) were mounted on microscope slides and the location of the cannulae assessed 

by microscope (Leica DM4500 B) at 10x magnification using a mouse brain atlas (Paxinos and 

Franklin, 2001; Figures 4 and 5). When the cannulae missed the dorsal hippocampus either 

unilaterally or bilaterally, the animal was removed from analysis. In total, 8 animals were 

removed across all experiments. 

 

 
Figure 4: Dorsal hippocampal cannula placements for ERK pathway inhibition 

experiments.  Cannula placements for OVX mice implanted with bilateral guide cannulas for 

the intrahippocampal administration of A) U0126 (dose response; Experiment 1a), B) U0126 

and/or 17-estradiol (Experiment 1b), or C) U0126 and/or PPT/G-1 (Experiment 1c). 

Experiments 1b and 1c use the highest sub-effective dose from Experiment 1a (0.5 µg/side) and 

a dose of E2, PPT, or G-1 known to facilitate short-term social recognition memory (6.81 pg/side 

E2, 19.322 pg/side PPT, 41.228 pg/side G-1; from Phan et al., 2015 and Lymer et al., 2017). 

Dots indicate injector placements and are colour coded based on treatment administered. Only 

mice with the injectors in the dorsal hippocampus are shown. Cannula placements of some brains 

shipped to London, UK are not included. 

  

A B C 



   

 44 

 

 
Figure 5: Dorsal hippocampal cannula placements for PI3K pathway inhibition 

experiments.  Cannula placements for OVX mice implanted with bilateral guide cannulas for 

the intrahippocampal administration of A) LY294002 (Experiment 2a), B) LY294002 and/or 

17-estradiol (Experiment 2b), or C) LY294002 and/or PPT/G-1 (Experiment 2c). Experiments 

2b and 2c use the highest sub-effective dose from Experiment 2a (5.0 ng/side) and a dose of E2, 

PPT, or G-1 known to facilitate short-term social recognition memory (6.81 pg/side E2, 19.322 

pg/side PPT, 41.228 pg/side G-1; from Phan et al., 2015 and Lymer et al., 2017). Dots indicate 

injector placements and are colour coded based on treatment administered. Only mice with the 

injectors in the dorsal hippocampus are shown. All other mice were excluded from the 

behavioural analysis.  

 

Behaviour Data Analysis 

 Videos were collected from all sample and test phases and analyzed for both social 

(sniffing stimuli, digging/burying near stimuli, etc.) and non-social (horizontal movement, 

vertical non-investigative behaviour, grooming, etc.) behaviours using The Observer Video 

Analysis software (Noldus Information Technology, Wageningen, The Netherlands). Active 

sniffing within 1-2 mm of a stimulus was considered investigative behaviour. An investigation 

A B C 
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ratio was calculated; IR = N/(N+F), in which N is the time spent investigating the novel (in 

sample phases, N is the stimulus that will be replaced) and F is the time spent investigating the 

familiar stimulus. Sample phases typically have an investigation ratio of roughly 0.5, which is 

equivalent to chance. If experimental mice recognize a novel stimulus, the investigation ratio is 

found to be statistically greater during the test phase than during sampling (Phan et al., 2011). 

Investigation ratios of sample trials were averaged for data analyses. Data points were removed 

when the total investigation time during test was lower than 5% of total test phase duration (<15 

seconds in Experiments 1a and 2a, <12 seconds in Experiments 1b, c, 2b, and 2c), when only one 

stimulus was investigated during the test phase, or when IRTest values fell outside of 2 standard 

deviations from the mean. In total, 19 animals were removed across all experiments. 

 

Statistical Analysis 

Investigation ratios for sample phases were averaged for analysis. The arcsin transformed 

investigation ratios were analyzed with a mixed-design repeated measures ANOVA with 

treatment as the main factor and the session of the paradigm (average sample and test) as the 

repeated-measure dependent variable. To reduce type I errors, specific a priori binary mean 

comparisons were planned. Specifically, paired t-tests were used to assess differences between 

IRSam and IRTest within each treatment group. A statistically significant difference between IRSam, 

and IRTest indicates social recognition. When normality failed, a Signed Rank Test was 

performed. Additionally, a one-way ANOVA was used to assess treatment effects on IRTest. 

Whether any test investigation ratios were significantly different from vehicle was assessed with 

Holm Sidak post hoc tests. The durations of the other behaviours (Table 1) were analyzed using 

a mixed-design repeated measures ANOVA with treatment as the main factor and the session of 
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the paradigm (each of the sample phases and test) as the repeated-measures dependent variable. 

When the interaction was significant, one-way ANOVAs and LSD post hoc tests were used to 

determine whether there were significant dose-dependent differences in behaviours between 

treated and vehicle groups in each session of the paradigm. When normality failed, Kruskal-

Wallis ANOVAs were performed followed by Dunn’s post hoc tests. SPSS was used for all 

mixed-design repeated measures ANOVAs and SigmaPlot version 11 was used for all other 

statistical analyses (Systat Software, Chicago, IL). Statistical significance was set at p < 0.05. 

 

Table 1 

List and description of mouse behaviours recorded during the social recognition paradigm. Based 

on Phan et al., 2011. 

Behaviour Description 

Stretch Approach Stretching towards stimulus with hind paws planted 

Sniff Stimulus Sniff/Investigation of stimulus, i.e. social investigation 

Bite Stimulus Biting cylinder or objects 

Dig Moving of bedding backwards with forepaws 

Bury Moving of bedding forwards with forepaws 

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

categories 

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

cage), single jump 

Inactivity Sit, laydown, sleep, freeze 

Self Groom Self groom and scratch 

Stereotypies 
Strange behaviours: spinturns, repeated jumps, repeated lid chews (>3), 

head shakes, etc. 

Non-social 

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

Experiment 1a: ERK pathway inhibition impairs social recognition 

The main model for investigation ratio revealed a significant main effect of paradigm 

phase (F(1,42)=37.197, p≤0.001). A priori binary mean comparisons showed a statistically 

significant difference between IRSam and IRTest in mice administered vehicle (t=-2.548, df=9, 

p≤0.05), 0.1µg/side U0126 (t=-4.737, df=13, p≤0.001), and 0.5µg/side U0126 (t=-3.45, df=11, 

p≤0.01 Figure 6A). There was no significant difference between IRSam and IRTest in the 

1.0µg/side U0126 group. Additionally, there were no statistically significant differences in IRTest 

or total social investigation duration between treatment groups (Figure 6B). Therefore, U0126 in 

the dorsal hippocampus blocked short-term social recognition memory at 1.0µg/side in OVX 

female mice on a rapid time scale and this result was not secondary to generalized effects on 

social investigation. 

 

Experiment 1b: ERK pathway inhibition blocks estradiol-facilitated social recognition 

The main model for investigation ratio revealed a significant main effect of paradigm 

phase (F(1,45)=6.433, p≤0.05). A priori binary mean comparisons showed a statistically significant 

difference between IRSam and IRTest in mice administered E2 only (t=-4.177, df=14, p≤0.001; 

Figure 6C). There were no significant differences between IRSam and IRTest in the vehicle treated 

group, the U0126 treated group, or the U0126 and E2 treated group. Additionally, there were no 

statistically significant differences in IRTest. There was a trend towards significance in total social 

investigation duration between treatment groups (Figure 6D). LSD post hoc analysis revealed a 

significant difference in total social investigation between the vehicle and E2 treated groups 

(p≤0.05) only. Therefore, U0126 in the dorsal hippocampus (at a dose that did not affect short-
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term social recognition memory in Experiment 1a) blocked E2 facilitated short-term social 

recognition memory in OVX female mice on a rapid time scale and this result was not secondary 

to generalized effects on social investigation. 

 

Experiment 1c: ERK pathway inhibition blocks PPT-, but not G-1-, facilitated social 

recognition 

The main model for investigation ratio revealed a significant main effect of paradigm 

phase (F(1,70)=15.104, p≤0.001). A priori binary mean comparisons showed a statistically 

significant difference between IRSam and IRTest in mice administered PPT only (t=-5.186, df=12, 

p≤0.001), G-1 only (t=-2.643, df=11, p≤0.05) and both U0126 and G-1 (t=-3.461, df=12, p≤0.01; 

Figure 6E). There were no significant differences between IRSam and IRTest in the vehicle treated 

group, the U0126 treated group, or the U0126 and PPT treated group. A two-way repeated 

measures ANOVA showed an interaction between phase and treatment in total social 

investigation (F(5,70)=2.828, p≤0.05; Figure 6F). LSD post hoc analysis revealed no significant 

differences between treatment groups. A one-way ANOVA with Holm-Sidak post hoc analysis 

comparing total social investigation duration during the test phase revealed significant 

differences between G-1 only and U0126 only groups (p≤0.001) as well as between G-1 only and 

the combined U0126 and PPT groups (p≤0.01). However, since these effects are seen only upon 

test and between groups not in direct comparison, the social recognition results are unlikely due 

to generalized effects on social investigation. Therefore, U0126 in the dorsal hippocampus (at a 

dose that did not affect short-term social recognition memory in Experiment 1a) blocked PPT-, 

but not G-1-, facilitated social recognition in OVX female mice on a rapid time scale. 
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Figure 6: Effects of MEK/ERK inhibition on social recognition, E2-facilitated social 

recognition, PPT-facilitated social recognition, and G-1 facilitated social recognition. Bar 

graphs illustrate the investigation ratio (white bars represent the average sample investigation 

ratio, coloured bars represent test investigation ratio). Line graphs represent total social 
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investigation duration of the stimuli (S indicates sample). Group size indicated within the white 

bars. A) OVX mice given vehicle, 0.1µg/side U0126, or 0.5µg/side U0126 demonstrated social 

recognition. B) Total social investigation duration was not affected by treatment. C) OVX mice 

given E2 only demonstrated social recognition. Pre-treatment with U0126 blocked the 

facilitating effects of E2 on social recognition. D) Total social investigation duration was not 

affected by treatment. E) OVX mice given PPT only, G-1 only, or U0126 and G-1 demonstrated 

social recognition. Pre-treatment with U0126 blocked the facilitating effects of PPT on social 

recognition. F) While significant differences in total social investigation during the test phase 

exist between G-1 only and U0126 only groups and G-1 only and combined U0126 and PPT 

groups, the effects of treatment appear to be specific to social recognition and not a result of 

generalized effects on social investigation. * p≤0.05, ** p≤0.01, *** p≤0.001. 

 

Experiment 2a: PI3K pathway inhibition impairs social recognition 

The main model for investigation ratio revealed a significant main effect of paradigm 

phase (F(1,65)=81.958, p≤0.001) and an interaction between paradigm phase and treatment 

(F(6,65)=5.429, p≤0.001). LSD post hoc analysis revealed significant differences between 1ng 

LY294002 and both 10ng LY294002 (p≤0.05) and 250ng (p≤0.05) LY294002 groups across 

phases A priori binary mean comparisons showed a statistically significant difference between 

IRSam and IRTest in mice administered vehicle (t =-4.418, df = 9, p≤0.01), 0.5ng/side (t=-4.54, 

df=9, p≤0.001), 1.0ng/side (t=-6.232, df = 10, p≤0.001), and 5.0ng/side LY294002 (t=-5.485, 

df=10, p≤0.001; Figure 7A). There was a trend towards significance between IRSam and IRTest in 

mice administered 100ng/side (t=-1.948, df=9, p=0.083). There was no significant difference 

between IRSam and IRTest in the 10ng/side or 250ng/side LY294002 groups. A one-way ANOVA 

revealed a significant effect of treatment on IRTest values (F(6,71)=4.233, p≤0.001) and Holm-

Sidak post hoc analysis showed that IRTest for the 1.0ng/side LY294002 group was significantly 

higher than the 10ng/side LY294002 (t=3.851, p≤0.001) and 250ng/side LY294002 groups 



   

 51 

(t=4.276, p≤0.001). There were no statistically significant differences total social investigation 

duration between treatment groups (Figure 7B). Therefore, LY294002 in the dorsal hippocampus 

rapidly blocked social recognition at 10ng/side and above in OVX female mice and this result 

was not secondary to generalized effects on social investigation. 

 

Experiment 2b: PI3K pathway inhibition blocks estradiol-facilitated social recognition 

The main model for investigation ratio revealed a significant main effect of paradigm 

phase (F(1,43) = 5.693, p≤0.05). A priori binary mean comparisons showed a statistically 

significant difference between IRSam and IRTest in mice administered E2 only (t =-3.308, df =10, 

p≤0.01; Figure 7C). There were no significant differences between IRSam and IRTest in the vehicle 

treated group, the LY294002 treated group, or the LY294002 and E2 treated group. Additionally, 

there were no statistically significant differences in IRTest. There were no statistically significant 

differences total social investigation duration between treatment groups (Figure 7D). Therefore, 

LY294002 in the dorsal hippocampus blocked E2 facilitated social recognition in OVX female 

mice on a rapid time scale and this result was not secondary to generalized effects on social 

investigation. 

 

Experiment 2c: PI3K pathway inhibition blocks PPT- and G-1-facilitated social recognition 

The main model for investigation ratio revealed a significant main effect of paradigm 

phase (F(1,73) = 17.559, p≤0.001). A priori binary mean comparisons showed a statistically 

significant difference between IRSam and IRTest in mice administered PPT only (t =-4.333, df =11, 

p≤0.001) and G-1 only (normality failed [p=0.034], Signed Rank Test performed, Z=2.919, 

p≤0.01; Figure 7E). There were no significant differences between IRSam and IRTest in the vehicle 
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treated group, the LY294002 treated group, the LY294002 and PPT treated group, or the 

LY294002 and G-1 treatment group. Additionally, there were no statistically significant 

differences in IRTest or total social investigation duration between treatment groups (Figure 7D). 

Therefore, LY294002 in the dorsal hippocampus blocked both PPT- and G-1-facilitated social 

recognition in OVX female mice on a rapid time scale and these results were not secondary to 

generalized effects on social investigation. 
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 Figure 7: Effects of PI3K inhibition on social recognition, E2-facilitated social recognition, 

PPT-facilitated social recognition, and G-1 facilitated social recognition. Bar graphs 

illustrate the investigation ratio (white bars represent the average sample investigation ratio, 

grey/coloured bars represent test investigation ratio). Line graphs represent total social 
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investigation duration of the stimuli (S indicates sample). Group size indicated within the white 

bars. A) OVX mice given vehicle, 0.5ng/side LY294002, 1.0ng/side LY294002, or 5.0ng/side 

LY294002 demonstrated social recognition. B) Total social investigation duration was not 

affected by treatment. C) OVX mice given E2 only demonstrated social recognition. Pre-

treatment with LY294002 blocked the facilitating effects of E2 on social recognition. D) Total 

social investigation duration was not affected by treatment. E) OVX mice given PPT only or G-1 

only demonstrated social recognition. Pre-treatment with U0126 blocked the facilitating effects 

of PPT and G-1 on social recognition. F) Total social investigation duration was not affected by 

treatment. † p≤0.1, * p≤0.05, ** p≤0.01, *** p≤0.001. 
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Discussion 

Effects ERK and PI3K pathway inhibition on estrogen-facilitated social recognition 

Inhibition of either the ERK or the PI3K pathway was sufficient to block social 

recognition in a task where young adult, OVX female mice normally show good social 

recognition, suggesting that these two pathways in the dorsal hippocampus are necessary to 

short-term social recognition memory. Doses of ERK or PI3K inhibitors that do not block short-

term social recognition memory when it normally occurs were subsequently found to block the 

E2-facilitated short-term social recognition memory in a task where control animals normally do 

not show good social recognition. Finally, signalling through the ERK pathway is necessary for 

rapid ER-, but not GPER1-, facilitated short-term social recognition memory whereas PI3K 

pathway signalling is necessary for both rapid ER- and GPER1-facilitated short-term social 

recognition memory. Taken together, these results suggest that estrogens require activation of 

both the ERK and PI3K pathways in the dorsal hippocampus to facilitate short-term social 

recognition memory and that estrogen receptors in this region differ in their dependence on these 

pathways to facilitate short-term social recognition memory. 

 Treatment did not consistently affect other behaviours (Table 1). Thus, the effects of 

treatment are not secondary to generalized behavioural alterations (e.g. activity/inactivity, 

motivation, etc.). Since this social recognition task relies on the responses of test animals to 

novel stimuli, effects on performance could also arise from treatments affecting preference for 

novelty. This appears unlikely as no effects of treatment were seen in total social investigation 

duration during sample 1 of any task (i.e. when both stimuli are novel). However, it remains 

possible that treatments could affect preference for novelty during the timeframe encompassing 

testing only. 
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 We have previously shown that systemic or intrahippocampal administration of E2 (Phan 

et al., 2012 and 2015, respectively), PPT (Phan et al., 2011 and 2015, respectively), and G-1 

(Gabor, Lymer, et al., 2015 and Lymer et al., 2017, respectively) rapidly facilitate social 

recognition and that these same treatments increase dendritic spine density in CA1 pyramidal 

neurons (Phan et al., 2011, 2012, 2015; Gabor, Lymer, et al., 2015). Here, we have elucidated 

some of the intracellular mechanisms underlying the effects of E2, PPT, and G-1 on short-term 

social recognition memory. ERK and PI3K have previously been implicated in OR and OP 

memory consolidation (reviewed in Sheppard et al., 2018). ERK and PI3K were found to be 

rapidly activated by estrogens (Fernandez et al., 2008; Fan et al., 2010) and necessary for long-

term memory enhancements elicited by estrogens (Fernandez et al., 2008; Fan et al., 2010; Zhao 

et al., 2010, 2012; Fortress et al., 2013; Tuscher et al., 2016). Of note, Kim and colleagues 

(2016) found that GPER1 activation did not rapidly activate the ERK pathway and that this 

receptor instead signals through the c-Jun N-terminal kinase (JNK) pathway to enhance memory 

consolidation. Our results support and expand the former of these findings as ERK pathway 

inhibition did not block rapid G-1 facilitated social recognition whereas PI3K inhibition did. This 

suggests that the ERK and PI3K pathways act parallel to one another to rapidly facilitate social 

recognition. Our results further suggest that these pathways are not only necessary for 

consolidation of long-term memory but are necessary for short-term memory assessed during 

early consolidation. There is a paucity of research examining the involvement of the ERK and 

PI3K pathways in short-term memory. The limited previous studies have found conflicting 

results for the involvement of the ERK pathway in short-term inhibitory avoidance memory 

(reviewed in Giovannini et al., 2015), no involvement of ERK in short-term object recognition 

memory (Bozon et al., 2003; Kelly et al., 2003), and a lack of evidence showing the PI3K 
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pathway being involved in short-term fear conditioning memory (Sui et al., 2008). To the best of 

our knowledge, we are the first to examine the role of these pathways in short-term social 

recognition memory and to discover PI3K involvement in short-term memory. Furthermore, this 

is the first demonstration of the involvement of the ERK and PI3K pathways in E2- and ER 

agonist-facilitated short-term social recognition memory. 

In vitro experiments have previously shown that activation of ERK and PI3K cell 

signalling cascades occurs rapidly following estrogen administration and leads to downstream 

effects on cell morphology including dendritic spine and synapse modulation (Hasegawa et al., 

2015; Sellers et al., 2015a). Further investigations into the downstream mechanisms by which 

estrogens, via ERK and PI3K pathways, facilitate short-term social recognition memory are still 

needed.  

 

Conclusions 

To our knowledge, this is the first report regarding the effects of cell signalling pathway 

inhibition on the rapid facilitation of short-term social recognition memory by estrogens in 

ovariectomized female mice. Our results replicate those of Phan and colleagues (2015) and 

Lymer and colleagues (2017) with regards to intrahippocampal administration of E2, PPT, and 

G-1 rapidly facilitating short-term social recognition memory within 40 minutes. They further 

show that estrogens given prior to acquisition require ERK and PI3K pathway activation to 

facilitate short-term memory for social stimuli. Finally, both ER and GPER1 require PI3K 

signalling to facilitate social recognition, whereas only ER requires ERK. This suggests that 

PI3K and ERK rapidly facilitate social recognition through parallel mechanisms as opposed to a 

PI3K having downstream effects on ERK. 
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The downstream effectors of estrogen-activated ERK and PI3K signalling in social 

recognition have yet to be determined. We have previously found increases in dendritic spine 

density 40 minutes following E2, PPT, or G-1 treatment (Phan et al., 2011, 2012, 2015; Gabor, 

Lymer, et al., 2015). Furthermore, mammalian target of rapamycin (mTOR) activation by 

estrogens is necessary for long-term memory consolidation (Fortress et al., 2013; Tuscher et al., 

2016) and protein synthesis (Briz & Baudry, 2014). ERK activation has also been found to 

trigger protein synthesis through translation of mRNA residing within hippocampal dendritic 

spines (Sarkar et al., 2010). Furthermore, actin polymerization is rapidly enhanced by estrogens 

(Briz & Baudry, 2014; Kramár et al., 2014) and inhibition of actin polymerization blocks 

GPER1-mediated long-term object and spatial memory consolidation (Kim et al., 2017). 

Whether estrogens signal through the ERK and/or PI3K pathways to affect protein synthesis 

and/or actin polymerization in order to rapidly facilitate short-term social recognition memory 

remains to be explored. 
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Protein Synthesis and Actin Polymerization are Required for  

Rapid Estrogen-Facilitated Social Recognition  

in Ovariectomized Female Mice 
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Abstract 

Estrogens have been shown to rapidly facilitate learning and memory processes, including social 

recognition – the ability of an animal to recognize another. In ovariectomized female mice, social 

recognition is facilitated within 40 minutes of systemic or dorsal hippocampal administration of 

17-estradiol (E2). Within the same timeframe, E2 increases dendritic spine density in CA1 

dorsal hippocampal neurons in animals that have not undergone a behavioural task or in 

hippocampal slice cultures. Mechanisms underlying these effects remain unclear. Estrogens both 

rapidly modulate actin cytoskeletal dynamics through actin polymerization and rapidly lead to 

the translation of key synaptic proteins in ERK- and PI3K-dependent manners. Although we 

previously found dorsal hippocampal activation of both the ERK and PI3K pathways are 

necessary for the rapid facilitation of social recognition by E2 in ovariectomized female mice, 

the necessity of protein synthesis or actin polymerization has not yet been examined. The highest 

doses of either actin polymerization inhibitor latrunculin A (LAT) or protein synthesis inhibitor 

anisomycin (ANI) that would not block social recognition when infused into the dorsal 

hippocampus of ovariectomized female mice 15 min prior to testing were first determined. These 

treatments could prevent the facilitating effects of E2 in a task where control mice do not 

typically perform social recognition. The paradigms are completed within 40 minutes of E2 

administration, thus enabling investigation of rapid effects of estrogens. Thus, both actin 

polymerization and protein synthesis are necessary for E2 to rapidly facilitate social recognition. 

Dendritic spine density in the CA1 was increased in OVX mice given ANI followed by E2 and 

decreased in those given DNA transcription inhibitor actinomycin D (ACT-D). Dendritic spine 

length was increased in OVX mice given ANI or ACT-D. These studies provide a mechanism 

through which estrogens rapidly facilitate social recognition. 
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Introduction 

 Estrogens modulate short- and long-term memory through both “classical” (long-term, 

genomic) and “non-classical” (rapid, likely non-genomic) actions within the brain (reviewed in 

Sheppard et al., 2018 and Paletta et al., 2018a). Estrogens binding to their receptors and directly 

acting on gene expression in the nucleus via estrogen response elements affect learning and 

memory on a timeframe of hours to days (reviewed in Nilsson et al., 2001 and Ervin et al., 

2015). Rapid effects of estrogens, occurring within minutes, involve actions on intracellular 

signalling cascades, neurotransmitter systems, cell and synapse morphology, epigenetic factors, 

and likely other mechanisms (reviewed in Sheppard et al., 2018 and Paletta et al., 2018a); 

however, these rapid effects are less well understood than the classical, genomic effects of 

estrogens. 

 Estrogens given prior to learning rapidly facilitate short-term memory. Social recognition 

– the ability of animal to recognize a conspecific or distinguish between conspecifics – is an 

essential cognitive skill in social species and estrogens rapidly facilitate it by acting in various 

regions of the “social brain” (Newman, 1999; reviewed in Sheppard et al., 2016). Pre-acquisition 

systemic (Phan et al., 2012), intrahippocampal (Phan et al., 2015), intra-medial amygdalar 

(Lymer, Sheppard, et al., 2018), and intra-paraventricular (Paletta, 2018) administration of 17-

estradiol (E2) rapidly facilitates short-term social recognition memory in ovariectomized (OVX) 

female mice within 40 minutes. Furthermore, E2 rapidly facilitates increases in dendritic spine 

density within the same timeframe in OVX mice not performing a memory task (Phan et al., 

2012) and in ex vivo hippocampal sections (Phan et al., 2015).  

 In OVX mice, the facilitating effect of pre-acquisition E2 on short-term social 

recognition memory depends on activation of the extracellular signal-regulated kinase (ERK) 
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and phosphoinositide 3-kinase (PI3K) pathways in the dorsal hippocampus (Sheppard et al., 

2016, 2017; CHAPTER II). The downstream effectors of these pathways in the rapid facilitation 

of social recognition by E2 are as of yet unknown. However, roles have been proposed for both 

actin polymerization and protein synthesis (translation). Polymerization of globular actin (G-

actin) into filamentous actin (F-actin) is a mechanism by which the actin cytoskeleton of neurons 

and their constituent parts are remodelled and modified (Lynch & Baudry, 1984; Hotulainen & 

Hoogenraad, 2010; Lei et al., 2016). E2 rapidly increases dendritic spine density in the CA1 

region of the dorsal hippocampus (MacLusky et al., 2005; Murakami et al., 2006; Mukai et al. 

2007; Phan et al., 2012, 2015; Tuscher et al., 2016). This process requires actin polymerization 

(Lynch & Baudry, 1984; Hotulainen & Hoogenraad, 2010; Lei et al., 2016), a process that can be 

rapidly (within 30 minutes) facilitated by E2 (Briz & Baudry, 2014). These novel, E2-facilitated 

spines have been suggested to be “silent” in that they lack cellular machinery to form and 

maintain stable synapses (Srivastava et al., 2008). The formation of mature synapses from these 

silent synapses is activity dependent (Srivastava et al., 2008). Whether these novel spines are 

necessary for the rapid facilitation of short-term memory by estrogens has yet to be established.   

 Estrogens have also been found to rapidly facilitate protein synthesis. PI3K pathway-

dependent translation of dendritic spine scaffolding protein post-synaptic density protein 95 

(PSD-95) occurs within 1 hour of estrogen treatment in an established in vitro model system of 

differentiated NG108-15 neurons without a concurrent increase in PSD-95 mRNA (Akama & 

McEwen, 2003). Furthermore, in primary cultured hippocampal neurons, ERK pathway-

dependent translation of dendrite-localized mRNA occurs within 30 minutes of E2 treatment 

(Sarkar et al., 2010). In rat hippocampal slices, E2 rapidly regulates protein synthesis and actin 

polymerization through partially-overlapping intracellular mechanisms, including ERK and 
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mTOR signalling (Briz & Baudry, 2014). As protein synthesis is necessary for certain forms of 

synaptic plasticity that are essential for long-term memory formation (Abel & Lattal, 2001; 

Sutton & Schuman, 2006; Abraham & Williams, 2008; Kandel et al., 2014; Bailey et al., 2015), 

the contribution of E2-facilitated rapid protein synthesis to short-term memory formation is 

important to explore. 

The present study seeks to understand whether actin polymerization or protein synthesis 

in the dorsal hippocampal is necessary for the rapid facilitation of SR (within 40 minutes) in 

OVX female mice by intrahippocampal E2. In Experiments 1a and 2a, we first determine 

whether dorsal hippocampal actin polymerization or protein synthesis inhibition, respectively, 

can rapidly block SR when it normally occurs. In Experiments 1b and 2b, we then determine 

whether the highest intrahippocampal dose of the actin polymerization or protein synthesis 

inhibitor that did not block normal SR can block the rapid facilitation of SR by a dose of 

intrahippocampal E2 previously determined to rapidly facilitate SR in a task where control OVX 

mice do not show SR (from Phan et al., 2015). In Experiment 3, we determine whether DNA 

transcription is necessary for short-term SR memory. Finally, we examine the effects of each of 

the aforementioned treatments on dendritic spine density and length in the CA1 region of the 

dorsal hippocampus in the same OVX mice that performed the SR tasks. 

 

Methods 

Subjects 

Two-month old (young adult), experimentally naïve female CD1 mice (Mus musculus; 

Charles Rivers, St. Constant, QC, Canada) were purchased and, upon arrival, triple-housed in 

clear polyethylene cages (26 x 16 x 12 cm3) containing corncob bedding, environmental 
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enrichment (paper nesting material, paper cups, and/or clear plastic houses), and ad libitum 

access to tap water and rodent chow (Teklad Global 14% Protein Rodent Maintenance Diet, 

Harlan Teklad, WI). Mice were housed in the Central Animal Facility, University of Guelph, on 

a reversed light/dark cycle (12:12h, lights off at 08:00) with ambient temperature set at 21 ± 1ºC 

and 40-50% humidity. Following a minimum of 7 days of acclimation, mice underwent 

ovariectomy and (for test mice) cannulation to the dorsal hippocampus and were then single-

housed for recovery. All behavioural tests were conducted 10–15 days after surgery in the home 

cage during the dark phase of the light cycle (between 09:00h and 19:00h) under red light 

illumination. To establish a home cage territory, cages were not cleaned for at least 3 days prior 

to testing. Mice were moved into the testing room the night before the experiment and vaginal 

smears were taken and collected on microscope slides to ensure the ovariectomy was complete. 

The estrous phase of each mouse was then determined using descriptions and images by Byers et 

al. (2012). No mice were found to still be cycling. All test mice were used only in one 

experiment. Stimulus mice were reused for 8-16 testing days. Research was conducted in 

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

Animal Care and Use Committee. 

 

Ovariectomy and Cannulation Surgeries 

All experimental mice were ovariectomized (OVX; as described previously in 

Clipperton-Allen et al., 2011) and had bilateral guide cannulae (HRS Scientific, Montreal, QC) 

implanted 1 mm above the CA1 region of the dorsal hippocampus. Following (at least 1 h but no 

more than 24 h) subcutaneous carprofen analgesic injection (50 mg/kg; Rimadyl, Pfizer Canada 

Inc., Kirkland, QC, Canada) and local lidocaine/bupivacaine (0.02 mL 0.17% bupivacaine 
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[Hospira, Inc., Montreal, QC, Canada] and 0.67% lidocaine [Alveda Pharmaceuticals, Toronto, 

ON, Canada]) anaesthetic treatments, OVX and cannulation surgeries were performed 

simultaneously (as described previously in Lymer et al., 2017; Phan et al., 2015) while mice 

were anesthetized with isoflurane (CDMV, St. Hyacinthe, QC). For the OVX surgery, the lower 

back of the mouse was shaved and cleaned and a 1 cm incision was made in the skin. On each 

side, 0.5 cm incisions were made in the muscles overlying the ovaries and each ovary was drawn 

out of the incision. The uterus was clamped just below the ovary and the ovary was then excised 

by cutting just above the clamp. The uterus was placed back into the abdominal cavity and the 

incision was stapled with 1 or 2 MikRon autoclip 9 mm wound clips (MikRon Precision Inc, 

Gardena, CA). For the cannulation surgery, the scalp was excised and the membrane overlying 

the skull was sloughed off using 3% hydrogen peroxide (H2O2). Two holes were drilled into the 

skull for the guide cannulae, each 1.5 mm lateral to the sagittal suture and 1.7 mm posterior to 

bregma. The injector (HRS Scientific, Montreal, QC) extended 1 mm below the guide cannula, 

reaching 2.3 mm ventrally and into the CA1 of the dorsal hippocampus. The guide cannulae were 

held in place with Lang Jet Repair Acrylic (Central Dental, Scarborough, ON) which completely 

covered the skull surface exposed in the procedure. Three additional holes, one in each parietal 

bone and one in the frontal bone, were drilled to insert jeweller’s screws (HRS Scientific, 

Montreal, QC) to anchor the dental cement. Dummy cannulae (Plastics One, HRS Scientific, 

Anjou, QC, Canada) flush with guide cannulae were inserted to avoid guide cannulae blockage 

and possible infection. 
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Rapid Social Recognition Paradigms  

A unique set of experimentally naïve mice was used for each experiment. Mice were 

gently restrained by hand to insert the infuser and then microinfused (mice were free moving 

during infusions) with treatment using a microinfusion pump (PHD 2000, Harvard Apparatus, 

QC, Canada) prior to testing and then returned to their home cage with environmental 

enrichment removed and a clear plexiglass cover replacing the wire lid. In Experiments 1a, 2a, 

and 3, inhibitor or vehicle was microinfused 15 minutes prior to the beginning of the sample 

phase of the social recognition paradigm (Figure 3A in CHAPTER II). In Experiments 1b and 

2b, inhibitor or vehicle was microinfused 5 minutes prior to E2 or vehicle microinfusion. The 

latter infusion occurred 15 minutes prior to the beginning of the sample phase of the social 

recognition paradigm (Figure 3B in CHAPTER II). To test the rapid effects of treatment on 

short-term memory, the social recognition paradigm was completed within 40 minutes of 

inhibitor (Experiments 1a, 2a, and 3) or E2 (Experiments 1b and 2b) administration. Experiments 

were recorded from above by Everio digital camcorders (HD Everio GZ-E300, JVC, 

Mississauga, ON, Canada) under red light illumination.    

 Two paradigms were used to test the effects of treatment on social recognition. The first, 

“easy” rapid social recognition paradigm was designed such that vehicle treated OVX mice show 

social recognition and when tested will preferentially investigate a novel stimulus over a 

previously encountered stimulus (Phan et al., 2011). OVX mice receiving a treatment that 

impairs social recognition will show no preference between the 2 stimuli. In this paradigm, 

experimental mice were exposed to 2 novel OVX stimulus mice for three 4-minute sample 

phases in which they could investigate them freely (Figure 3A in CHAPTER II). Stimulus mice 

were held in clear Plexiglas tubes (7-cm diameter, 12-cm high) to which they had been 
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previously habituated with perforations (36 holes, 4-mm diameter) around the bottom third of the 

cylinder to allow olfactory and social cues to be transmitted to the test mouse, but to keep the 

mice from direct interaction and to keep the stimulus mice in a constant location. These tubes 

were cleaned between uses to eliminate any olfactory traces of other mice. These sample phases 

were separated by 3-minute rest periods in which no stimuli were present in the cage. After the 

final sample phase and 3-minute memory retention period, 2 stimuli were reintroduced into the 

cage for a 4-minute test phase: one novel stimulus and one previously encountered stimulus from 

the sample trials (Figure 3A in CHAPTER II). Mice that recognize the familiar stimulus should 

investigate the novel stimulus to a greater degree than the previously encountered stimulus.  

 To show facilitating effects of treatment, a “difficult” rapid social recognition paradigm 

was used (Phan et al., 2011). This social recognition paradigm is similar to the “easy” version 

except that there were two 5-minute sample phases and one 5-minute test each separated by 5-

minute rests (Figure 3B in CHAPTER II). While the total sample time in this “difficult” 

paradigm is only 2 minutes less than that in the “easy” version, the decreased number of 

exposures to the stimulus mice during sampling makes this task more difficult. As such, vehicle 

treated OVX mice in this paradigm do not show short-term social recognition memory, whereas 

those who receive treatments that improve memory for the social stimulus (e.g. E2) do (Phan et 

al., 2011, 2012, 2015; Gabor, Lymer, et al., 2015; Lymer et al., 2017; Lymer, Sheppard, et al., 

2018; Paletta, 2018). 

 

Experiment 1a: Effects of actin polymerization inhibition on social recognition  

OVX mice were bilaterally microinfused with 10 ng/side, 25 ng/side, or 50 ng/side of 

actin polymerization inhibitor latrunculin A (LAT; AbCam, Toronto, ON, Canada) or vehicle 
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(50% dimethyl sulfoxide [DMSO] in saline solution) at a rate of 0.2 μL/minute to a volume of 

0.5 μL/side (2.5 min). The highest dose (50 ng/side) was previously found to block long-term 

OR memory consolidation (Kim et al., 2017). In all experiments, infusers were left in place for 

an additional minute to ensure the full dose was administered and to prevent back-flow. OVX 

mice were then tested on the “easy” social recognition paradigm.  

 

Experiment 1b: Effects of actin polymerization inhibition on estradiol-facilitated social 

recognition 

 OVX mice were bilaterally microinfused first with 25 ng/side LAT or vehicle (50% 

DMSO in saline) followed 5 minutes later by 6.81 pg/side 17-estradiol (E2; Sigma-Aldrich, 

Oakville, ON, Canada) or vehicle, each infusion at a rate of 0.2 μL/minute to a volume of 0.25 

μL/side (1.25 min). This dose of E2 has previously been determined to facilitate social 

recognition in OVX female mice in the “difficult” paradigm in which vehicle treated animals do 

not show social recognition (Phan et al., 2015). This dose of LAT has been shown to not impair 

social recognition in OVX female mice in the “easy” paradigm in which vehicle treated animals 

show social recognition (Experiment 1a). OVX mice were then tested on the “difficult” social 

recognition paradigm. 

 

Experiment 2a: Effects of protein synthesis inhibition on social recognition 

 OVX mice were bilaterally microinfused with 2 µg/side, 4 µg/side, or 8 µg/side of 

protein synthesis inhibitor anisomycin (ANI; Sigma-Aldrich, Oakville, ON, Canada) or vehicle 

(50% dimethyl sulfoxide [DMSO] in saline solution) at a rate of 0.2 μL/minute to a volume of 

0.5 μL/side (2.5 min). OVX mice were then tested on the “easy” social recognition paradigm. 
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Experiment 2b: Effects of protein synthesis inhibition on estradiol-facilitated social 

recognition 

 OVX mice were bilaterally microinfused first with 4 µg/side ANI or vehicle followed 5 

min later by 6.81 pg/side E2 or vehicle, each infusion at a rate of 0.2 μL/minute to a volume of 

0.25 μL/side (1.25 min). This dose of ANI has been shown to not impair social recognition in 

OVX mice in the “easy” paradigm in which vehicle treated animals show social recognition 

(Experiment 2a). OVX mice were then tested on the “difficult” social recognition paradigm. 

 

Experiment 3: Effects of transcription inhibition on social recognition 

 OVX mice were bilaterally microinfused with 0.01 µg/side, 0.1 µg/side, or 1.0 µg/side of 

DNA transcription inhibitor actinomycin D (ACT-D; Tocris, Oakville, ON, Canada) or vehicle 

(50% dimethyl sulfoxide [DMSO] in saline solution) at a rate of 0.2 μL/minute to a volume of 

0.5 μL/side (2.5 min). These doses have previously been shown to impair discrimination learning 

(Nakajima, 1969), reconsolidation (Radwanska et al., 2011), acquisition of fear memory (Lin et 

al., 2003), and mRNA synthesis (Bailey et al., 1999) in rats. OVX mice were then tested on the 

“easy” social recognition paradigm. 

 

Behaviour Data Analysis 

 Videos were collected from all sample- and test-phases and analyzed for both social 

(sniffing stimuli, digging/burying near stimuli, etc.) and non-social (horizontal movement, 

vertical non-investigative behaviour, grooming, etc.) behaviours using The Observer Video 

Analysis software (Noldus Information Technology, Wageningen, The Netherlands). Active 

sniffing of a stimulus (within 1-2mm of the stimulus) was considered investigative behaviour. 
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An investigation ratio was calculated; IR = N/(N+F), in which N is the time spent investigating 

the novel (in sample phases, N represents the stimulus that will be replaced) and F is the time 

spent investigating the familiar stimulus. Sample phases typically have an investigation ratio of 

roughly 0.5, which is equivalent to chance. If experimental mice recognize a novel stimulus, the 

investigation ratio is found to be statistically greater during the test phase than during sampling 

(Phan et al., 2011, 2012, 2015; Gabor, Lymer, et al., 2015; Lymer et al., 2017; Lymer, Sheppard, 

et al., 2018; Paletta, 2018). Data points were removed when the total investigation time was <15 

seconds during the test phase in Experiments 1a, 2a, and 3 or <12 seconds in Experiments 1b and 

2b, when only one stimulus was investigated during the test phase, or when IRTest values fell 

outside of 2 standard deviations from the mean. A total of 24 animals were removed from 

analysis across all 5 experiments. 

 

Dendritic Spine Analysis 

Roughly half of the brains from animals utilized in Experiments 1-3 (19 from Experiment 

1a, 15 from Experiment 1b, 21 from Experiment 2a, 20 from Experiment 2b, and 25 from 

Experiment 3) were randomly chosen to be used for dendritic spine analysis. Immediately 

following completion of the rapid social recognition paradigm, each animal was euthanized 

using CO2 and had its brain quickly extracted. Golgi-Cox staining followed the method 

described by Kolb et al. (2003), Phan et al. (2011, 2012), and Gabor et al. (2015), with 

modifications. Brains were extracted and placed into Golgi-Cox solution (1% potassium 

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

dark. Brains were then soaked in 30% sucrose in phosphate buffer (PB) for 48 hours at 4°C. A 

vibrating microtome (Leica VT1000x, Leica Microsystems, Richmond Hill, ON, Canada) was 
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used to section the brains at 300 µm, after which they were placed in 6% sucrose in PB and 

stored for overnight at 4ºC. Free-floating sections were processed in 2% paraformaldehyde for 

15min, 1% NH4OH for 15min, and fixed in 1% Kodak rapid fixative for 25 min. The slices were 

rinsed using milliQ water between each step for ~1min. The sections were mounted on gelatin-

coated slides, air dried for 0.5-1hr, followed by dehydration in a serial ethanol solution of 50%, 

70%, 95% for 2 min each, followed by two 100% ethanol and two xylene solutions for 5 min 

each. Lastly, DPX mountant for histology (Sigma-Aldrich, Oakville, ON, Canada) was used to 

cover-slip the slides. 

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

objective (Figure 8; Axio Imager D1 microscope, captured with an AxioCam MRc5 digital 

camera and AxioVision 4.6 software; Carl Zeiss, ON). Image J software (version 1.51, National 

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

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

stratum radiatum and lacunosum-moleculare and basal dendrites in the stratum oriens (Figure 8). 

Five CA1 neurons per animal were analyzed and an average value was calculated per mouse. 

Spine density was calculated as number of spines/µm of dendrite length for each dendritic 

subregion for each neuron. Spine lengths were calculated as average length of spines (µm) per 

dendritic subregion for each neuron. Spine length was measured from the distal tip of the spine 

head to the edge of the dendrite.  
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Figure 8: Images of Golgi-Cox stained hippocampal CA1 neurons.   

SO, stratum oriens; SR, stratum radiatum; LM, lacunosum-molecure.  

A) Red scale bars 50µm. Image captured using 10x objective. B-D) Images of secondary 

dendrites from CA1 pyramidal neurons. Scale bars 20µm. Image captured using 63x oil 

objective. 

 

 The remaining half of animals underwent transcardiac perfusion in order to fix their 

brains in situ for later cellular analyses by Jasmin Lalonde’s laboratory at the University of 

Guelph. Immediately following testing, each experimental mouse was injected intraperitoneally 

(i.p) with 0.8mL of tribromoethanol (Sigma-Aldrich, Oakville, ON, Canada), an injectable 

anesthetic, and transferred to a fume hood for perfusion and tissue extraction. An incision was 

made across the abdomen of the mouse and through the diaphragm, exposing the heart. The right 

A 

B C D 
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atrium was perforated, and a needle was inserted into the mouse’s left ventricle. Saline solution 

was first pumped through the mouse’s circulatory system to remove the blood followed after by 

25-50mL of 4% paraformaldehyde (PFA) in phosphate buffered solution (PBS). The brain was 

subsequently extracted and post-fixed in 4% PFA in PBS overnight before being moved to a PBS 

solution containing 0.02% of the antifungal agent sodium azide (Sigma-Aldrich, ON). Brains 

were moved to 30% sucrose in PBS (2-3 days at 4ºC) then stored at -20ºC until sliced using a 

cryostat microtome. Coronal sections (20 μm) were mounted on microscope slides and the 

location of the cannulae assessed by microscope (Leica DM4500 B) at 10x magnification using a 

mouse brain atlas (Paxinos and Franklin, 2001; Figures 9-11). When the cannulae missed the 

dorsal hippocampus either unilaterally or bilaterally, the animal was removed from analysis (13 

total across all 5 experiments). Mounted slices were then given to the Lalonde laboratory for 

future analyses. 
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Figure 9: Dorsal hippocampal cannula placements for actin polymerization inhibition 

experiments.   Cannula placements for OVX mice implanted with bilateral guide cannulas for 

the intrahippocampal administration of A) latrunculin A (Experiment 1a) or B) latrunculin A 

and/or 17-estradiol (Experiment 1b). Dots indicate injector placements and are colour coded 

based on treatment administered. Only mice with the injectors in the dorsal hippocampus are 

shown. All other OVX mice were excluded from the behavioural analysis.  

A B 
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Figure 10: Dorsal hippocampal cannula placements for protein synthesis inhibition 

experiments.   Cannula placements for OVX mice implanted with bilateral guide cannulas for 

the intrahippocampal administration of A) anisomycin (Experiment 2a) or B) anisomycin and/or 

17-estradiol (Experiment 2b). Dots indicate injector placements and are colour coded based on 

treatment administered. Only mice with the injectors in the dorsal hippocampus are shown. All 

other OVX mice were excluded from the behavioural analysis.  

A B 
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Figure 11: Dorsal hippocampal cannula placements for transcription inhibition 

experiment. Cannula placements for OVX mice implanted with bilateral guide cannulas for 

intrahippocampal administration of actinomycin D (Experiment 3). Dots indicate injector 

placements and are colour coded based on treatment administered. Only mice with the injectors 

in the dorsal hippocampus are shown. All other mice were excluded from behavioural analysis. 

 

Statistical Analysis 

Investigation ratios for sample phases were averaged for analysis. The arcsin transformed 

investigation ratios were analyzed with a mixed-design repeated measures ANOVA with 

treatment as the main factor and the session of the paradigm (average sample and test) as the 

repeated-measure dependent variable. To reduce type I errors, specific a priori binary mean 

comparisons were planned. Specifically, paired t-tests were used to assess differences between 
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IRSam and IRTest within each treatment group. A statistically significant difference between IRSam 

and IRTest indicates social recognition. Additionally, a one-way ANOVA was used to assess 

treatment effects on IRTest. Significant treatment effects were investigated with Holm-Sidak post 

hoc tests. The durations of the other behaviours (Table 2 in CHAPTER II) were analyzed using a 

mixed-design repeated measures ANOVA with treatment as the main factor and the session of 

the paradigm (each of sample phases and test) as the repeated-measures dependent variable. 

When the interaction was significant, one-way ANOVAs and LSD post hoc tests were used to 

determine whether there were significant dose-dependent differences in behaviours between 

treated and vehicle groups in each session of the paradigm. One-way ANOVAs were used to 

analyze effects of treatment on dendritic spine density and average spine length, and Holm-Sidak 

post hoc analyses were used with significant results. Kendell’s Tau non-parametric correlation 

analyses were used to assess the relationship between dendritic spine density, length, learning (as 

quantified by an investigation ratio quotient [IRTest / IRSam] and difference [IRTest – IRSam]), and 

total social investigation. SPSS was used for all mixed-design repeated measures ANOVAs and 

non-parametric correlations and SigmaPlot version 11 was used for all other statistical analyses 

(Systat Software, Chicago, IL). Statistical significance was set at p < 0.05. 

 

Results 

Experiment 1a: Actin polymerization inhibition impairs social recognition 

The main model for investigation ratio revealed a significant main effect of paradigm 

phase (F(1,41)=22.371, p≤0.001). A priori binary mean comparisons showed a statistically 

significant difference between IRSam and IRTest in mice administered vehicle (t=-3.829, df=10, 

p≤0.01), 10 ng/side LAT (t=-3.537, df=11, p≤0.01), and 25 ng/side LAT (t=-2.445, df=10, 
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p≤0.05 Figure 12A). There was no significant difference between IRSam and IRTest in the 50 

ng/side LAT group. Additionally, there were no statistically significant effects of treatment on 

IRTest or total social investigation duration (Figure 12B). Therefore, LAT in the dorsal 

hippocampus blocked social recognition at 50 ng/side in OVX female mice on a rapid time scale 

and this result was not secondary to generalized effects on social investigation. 

 

Experiment 1b: Actin polymerization inhibition blocks estradiol-facilitated social 

recognition 

The main model for investigation ratio revealed a significant main effect of paradigm 

phase (F(1,37)=18.977, p≤0.001), a significant main effect of treatment (F(3,36)=4.288, p≤0.05), and 

a significant interaction between phase and treatment (F(3,37)=8.639, p≤0.001). LSD post hoc 

analysis revealed significant differences between vehicle (p≤0.01), LAT only (p≤0.01), and 

LAT+E2 (p≤0.01) groups and the E2 treated group across phases. A priori binary mean 

comparisons showed a statistically significant difference between IRSam and IRTest in mice 

administered E2 only (t=-5.714, df=9, p≤0.001; Figure 12C). There were no significant 

differences between IRSam and IRTest in the vehicle, LAT, or LAT+E2 treated groups. A one-way 

ANOVA revealed a significant effect of treatment on IRTest values (F(3,39)=10.11, p≤0.001) and 

Holm-Sidak post hoc analysis showed that IRTest for the E2 only group was significantly higher 

than the vehicle (t=4.491, p≤0.001), LAT only (t=4.425, p≤0.001), and LAT+E2 treated groups 

(t=4.569, p≤0.001). Additionally, there were no statistically significant effects of treatment on 

total social investigation duration (Figure 12D). Therefore, LAT in the dorsal hippocampus 

blocked E2 facilitated social recognition in OVX female mice on a rapid time scale and this 

result was not secondary to generalized effects on social investigation. 
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Figure 12: Effects of actin polymerization inhibition on social recognition and E2-

facilitated social recognition. Bar graphs illustrate the investigation ratio (white bars 

represent the average sample phase investigation ratio, coloured bars represent test investigation 

ratio). Line graphs represent total social investigation duration of the stimuli (S indicates 

sample). Group size indicated within the white bars. A) OVX mice given vehicle, 10 ng/side 

LAT, or 25 ng/side LAT demonstrated social recognition. B) Total social investigation duration 

was not affected by treatment. C) OVX mice given E2 only demonstrated social recognition. Pre-

treatment with LAT blocked the facilitating effects of E2 on social recognition. D) Total social 

investigation duration was not affected by treatment. Significant differences between IRSam and 

IRTest within groups: * p≤0.05, ** p≤0.01, *** p≤0.01. IRTest significantly different from the 

IRTest of the E2 only group in Experiment 1b: # p≤0.05. 
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Experiment 2a: Protein synthesis inhibition impairs social recognition 

The main model for investigation ratio revealed a significant main effect of paradigm 

phase (F(1,42)=41.111, p≤0.001). A priori binary mean comparisons showed a statistically 

significant difference between IRSam and IRTest in mice administered vehicle (t=-4.077, df=11, 

p≤0.01), 2.0 µg/side ANI (t=-3.294, df=10, p≤0.01), and 4.0 µg/side ANI (t=-5.989, df=10, 

p≤0.001; Figure 13A). There was no significant difference between IRSam and IRTest in the 8.0 

µg/side ANI group. There were no statistically significant effects of treatment on IRTest. 

Additionally, there were no statistically significant effects of treatment on total social 

investigation duration (Figure 13B). Therefore, ANI in the dorsal hippocampus blocked social 

recognition at 8.0 µg/side in OVX female mice on a rapid time scale and this result was not 

secondary to generalized effects on social investigation. 

 

Experiment 2b: Protein synthesis inhibition blocks estradiol-facilitated social recognition 

The main model for investigation ratio revealed no significant main effects of paradigm 

phase or treatment. A priori binary mean comparisons showed a statistically significant 

difference between IRSam and IRTest in mice administered E2 only (t=-2.689, df=10, p≤0.05; 

Figure 13C). There were no significant differences between IRSam and IRTest in the vehicle, ANI, 

or ANI+E2 treated groups. Additionally, there were no statistically significant effect of treatment 

on IRTest or total social investigation duration (Figure 13D).  Therefore, ANI in the dorsal 

hippocampus blocks E2 facilitated social recognition in OVX female mice on a rapid time scale 

and this result is not secondary to generalized effects on social investigation. 

 



   

 81 

 

 
Figure 13: Effects of protein synthesis inhibition on social recognition and E2-facilitated 

social recognition.  Bar graphs illustrate the investigation ratio (white bars represent the 

average sample phase investigation ratio, coloured bars represent test investigation ratio). Line 

graphs represent total social investigation duration of the stimuli (S indicates sample). Group size 

indicated within the white bars. A) OVX mice given vehicle, 2.0 µg/side ANI, or 4.0 µg/side 

ANI demonstrated social recognition. B) Total social investigation duration was not affected by 

treatment. C) OVX mice given E2 only demonstrated social recognition. Pre-treatment with ANI 

blocked the facilitating effects of E2 on social recognition. D) Total social investigation duration 

was not affected by treatment. Significant differences between IRSam and IRTest within groups: * 

p≤0.05, ** p≤0.01, *** p≤0.001 
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Experiment 3: Transcription inhibition does not impair social recognition 

The main model for investigation ratio revealed a significant main effect of paradigm 

phase (F(1,37)=59.518, p≤0.001). A priori binary mean comparisons showed a statistically 

significant difference between IRSam and IRTest in mice administered vehicle (t=-2.934, df=9, 

p≤0.05), 0.01 µg/side ACT-D (t=-2.958, df=9, p≤0.05), 0.1 µg/side ACT-D (t=-6.190, df=10, 

p≤0.001), and 1.0 µg/side ACT-D (t=-4.221, df=9, p≤0.01; Figure 14A). Additionally, there were 

no statistically significant effects of treatment on IRTest or total social investigation duration 

(Figure 14B). Therefore, ACT-D in the dorsal hippocampus did not block social recognition in 

OVX female mice on a rapid time scale and this result was not secondary to generalized effects 

on social investigation. 

 

 

Figure 14: Effects of transription inhibition on social recognition. Bar graphs illustrate the 

investigation ratio (white bars represent the average sample phase investigation ratio, coloured 

bars represent test investigation ratio). Line graphs represent total social investigation duration of 

the stimuli (S indicates sample). Group size indicated within the white bars. A) OVX mice given 

vehicle, 0.01 µg/side ACT-D, 0.1 µg/side ACT-D, or 1.0 µg/side ACT-D demonstrated social 

recognition. B) Total social investigation duration was not affected by treatment. Significant 

differences between IRSam and IRTest within groups: * p≤0.05, ** p≤0.01, *** p≤0.001 
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Dendritic Spine Analysis 

Experiment 1: No effects of treatment on dendritic spine density or length 

 One way ANOVAs revealed no significant effect of treatment on CA1 (any subregion) 

dendritic spine density or length in both Experiment 1a and 1b (Figures 15 and 16). This 

suggests that intrahippocampal latrunculin A, in the doses tested, does not rapidly alter spine 

density or length in a OVX mice run on the “easy” rapid social recognition paradigm. 

Furthermore, intrahippocampal latrunculin A, E2, or LAT+E2 do not rapidly alter spine density 

or length in OVX mice run on the “difficult” rapid social recogntion paradigm. 

 

Experiment 2a: Low dose anisomycin lengthens lacunosum-moleculare CA1 dendritic spines 

 One way ANOVAs revealed no significant effect of treatment on CA1 dendritic spine 

density in any subregion (Figure 17A). A separate one way ANOVA revealed a significant effect 

of treatment on average dendritic spine length in the lacunosum-moleculare region of the CA1 

(F(3,20)=3.479, p<0.05; Figure 17B). Holm-Sidak post hoc analyses revealed OVX mice treated 

with intrahippocampal anisomycin at a dose of 2 µg/side had longer dendritic spines on average 

than control OVX mice (t=3.055, p<0.01). No other differences in average spine length were 

observed in the stratum radiatum or stratum oriens. Therefore, 2 µg/side anisomycin in the dorsal 

hippocampus increases average dendritic spine length in the lacunosum-moleculare subregion of 

the CA1. 
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Experiment 2b: Anisomycin and E2 co-treatment increases dendritic spine density in the 

lacunosum-moleculare subregion of the CA1 

One way ANOVAs revealed a significant effect of treatment on dendritic spine density in 

the lacunosum-moleculare subregion of the CA1 (F(3,19)=7.067, p<0.01), a trend towards 

significance in the stratum radiatum subregion of the CA1 (F(3,19)=2.959, p=0.064), and no 

significant effects in the stratum oriens subregion of the CA1 (Figure 18A). Holm-Sidak post hoc 

analyses revealed significant differences in dendritic spine density between vehicle treated OVX 

mice and ANI+E2 treated mice (t=4.413, p<0.001) and E2 treated mice and ANI+E2 treated 

mice (t=3.0, p<0.01). No effects of treatment were observed on average dendritic spine length in 

any subregion of the CA1 (Figure 18B). Therefore, ANI+E2 increases dendritic spine density 

above control and E2 only levels. 

 

Experiment 3: Actinomycin D treatment decreases dendritic spine density and increases average 

dendritic spine length in the stratum radiatum subregion of the CA1 

One way ANOVAs revealed a significant effect of treatment on dendritic spine density in 

the stratum radiatum subregion of the CA1 (F(3,24)=3.814, p<0.05), a trend towards significance 

in the stratum oriens subregion of the CA1 (F(3,24)=2.88, p=0.06), and no significant effects in the 

lacunosum-moleculare subregion of the CA1 (Figure 19A). Holm-Sidak post hoc analyses 

revealed significant differences in dendritic spine density between vehicle treated OVX mice and 

1.0 µg/side actinomycin D treated mice (t=3.171, p<0.01). One way ANOVAs revealed a 

significant effect of treatment on average dendritic spine length in the stratum radiatum 

subregion of the CA1 (F(3,24)=7.169, p<0.01) but not the lacunosum-moleculare or stratum oriens 

subregions of the CA1 (Figure 19B). Holm-Sidak post hoc analyses revealed significant 
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differences in average dendritic spine length between vehicle treated OVX mice and 1.0 µg/side 

actinomycin D treated mice (t=2.797, p<0.05), 0.1 µg/side actinomycin D and 1.0 µg/side 

actinomycin D treated mice (t=3.888, p<0.001), and 0.1 µg/side actinomycin D and 0.01 µg/side 

actinomycin D treated mice (t=3.448, p<0.01) with the latter showing increased average spine 

length than the former in each pair. Therefore, 1.0 µg/side actinomycin D decreases dendritic 

spine density and increases average spine length in the stratum radiatum subregion of the CA1 

and 0.01 µg/side actinomycin D increases average spine length over levels observed in 0.1 

µg/side actinomycin D treated OVX mice.  

 

Dendritic spine length correlates with total social investigation in mice treated with anisomycin  

Kendell’s Tau correlation analyses revealed significant moderate correlations between 

total social investigation in the mice from Experiment 2a and dendritic spine length in the 

lacunosum-moleculare (r=0.358, p≤0.05), stratum radiatum (r=0.368, p≤0.05), and stratum 

oriens (r=0.411, p≤0.05; Figure 20). No other relationships between learning or total social 

investigation and dendritic spine density or length were observed (Figures 20-22). 
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Figure 15: Rapid effects of latrunculin A on dendritic spine density and length in the CA1 

region of the hippocampus   

A) Dendritic spine density was not affected by latrunculin A. B) Dendritic spine length was not 

affected by latrunculin A. Group sizes indicated within the bars within the lacunosum-

moleculare density graph are consistent between graphs.  
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Figure 16: Rapid effects of latrunculin A and E2 on dendritic spine density and length in 

the CA1 region of the hippocampus   

A) Dendritic spine density was not affected by treatment. B) Dendritic spine length was not 

affected by treatment. Group sizes indicated within the bars within the lacunosum-moleculare 

density graph are consistent between graphs.  

  



   

 88 

 

Figure 17: Rapid effects of anisomycin on dendritic spine density and length in the CA1 

region of the hippocampus   

A) Dendritic spine density was not affected by anisomycin. B) Dendritic spine length was 

rapidly increased in the lacunosum-moleculare of OVX mice given 2.0µg/side anisomycin. 

Asterisks over bars indicate a significant difference between treatment groups. Means ± SE 

*p<0.05. Group sizes indicated within the bars within the lacunosum-moleculare density graph 

are consistent between graphs.  

6 6 4 5 
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Figure 18: Rapid effects of anisomycin and E2 on dendritic spine density and length in the 

CA1 region of the hippocampus   

A) Dendritic spine density was rapidly increased in the lacunosum-moleculare of OVX mice 

given anisomycin and 17-estradiol. B) Dendritic spine length was not affected by treatment. 

Asterisks over bars indicate a significant difference between treatment groups. Means ± SE 

**p<0.01, ***p<0.001. Group sizes indicated within the bars within the lacunosum-moleculare 

density graph are consistent between graphs. 

5 5 4 6 
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Figure 19: Rapid effects of actinomycin D on dendritic spine density and length in the CA1 

region of the hippocampus 

A) Dendritic spine density was rapidly decreased in the stratum radiatum of OVX mice given 

1.0µg/side actinomycin D. B) Dendritic spine length was rapidly increased in the stratum 

radiatum of OVX mice given 1.0µg/side actinomycin D (over mice given vehicle or 0.1µg/side) 

or 0.01µg/side actinomycin D (over 0.1µg/side). Asterisks over bars indicate a significant 

difference between treatment groups. Means ± SE **p<0.01, ***p<0.001. Group sizes indicated 

within the bars within the lacunosum-moleculare density graph are consistent between graphs. 

  

6 5 6 8 
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Figure 20: Correlations between total investigation time and dendritic spine density and 

length in the CA1 region of the hippocampus 

Statistically significant correlations between dendritic spine length and total investigation were 

observed in the lacunosum-moleculare, stratum radiatum, and stratum oriens of the CA1 in 

animals in Experiment 2a. No other correlations were found between total investigation time and 



   

 92 

dendritic spine density or length. Lacunosum-moleculare data in blue, stratum radiatum data in 

red, and stratum oriens data in green. * p≤0.05  
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Figure 21: Correlations between learning (IRTest-IRSam) and dendritic spine density and 

length in the CA1 region of the hippocampus 

No significant correlations were found between learning (as quantified by IRTest-IRSam) and 

dendritic spine density or length. Lacunosum-moleculare data in blue, stratum radiatum data in 

red, and stratum oriens data in green. 



   

 94 

 

Figure 22: Correlations between learning (IRTest/IRSam) and dendritic spine density and 

length in the CA1 region of the hippocampus 

No significant correlations were found between learning (as quantified by IRTest/IRSam) and 

dendritic spine density or length. Lacunosum-moleculare data in blue, stratum radiatum data in 

red, and stratum oriens data in green. 



   

 95 

Discussion 

Effects of actin polymerization or protein synthesis inhibition on estrogen-facilitated social 

recognition 

 Our results demonstrate that the rapid facilitation of short-term social recognition 

memory by 17-estradiol in the dorsal hippocampus of ovariectomized female mice requires 

protein synthesis and actin polymerization. Inhibition of actin polymerization or protein 

synthesis, but not transcription, in the dorsal hippocampus was sufficient to block rapid short-

term social recognition memory in a task where OVX mice typically show good social 

recognition, suggesting these two mechanisms are necessary for short-term social recognition 

memory. Inhibiting actin polymerization or protein synthesis using doses of anisomycin or 

latrunculin A, respectively, that do not block social recognition when it typically occurs blocked 

the rapid facilitating effects of pre-acquisition E2 on short-term social recognition memory in a 

task where control OVX mice do not show good social recognition.  

These treatments did not affect total social investigation duration or any other observed 

behaviour (e.g. locomotion, digging, inactivity, etc.) suggesting that the effects observed were 

due to effects on short-term social recognition memory and unlikely due to generalized effects on 

social investigation. These tasks rely on the responses of the experimental mice to novelty. As 

such, effects of treatment on performance could be driven by changes in preferences for novelty. 

However, this appears unlikely as there were no differences in stimulus investigation between 

treatments in any experiment during sample 1 (i.e. when both stimulus mice were novel to the 

experimental mouse). It remains possible, however, that treatments could affect preference for 

novelty during the timeframe encompassing the test phase only. 
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 We have previously demonstrated that systemic or intrahippocampal administration of E2 

(Phan et al., 2012 and 2015, respectively) rapidly facilitates short-term social recognition 

memory and that these same treatments increase dendritic spine density in CA1 pyramidal 

neurons in non-learning animals or in hippocampal slice cultures (Phan et al., 2012, 2015). 

Furthermore, we have shown that activation of both the ERK and PI3K cell signalling cascades 

is necessary for the rapid facilitation of short-term social recognition memory by E2 (Sheppard et 

al., 2016, 2017 and CHAPTER II). Here we have begun to elucidate the downstream effectors of 

E2 action that lead to the rapid facilitation of short-term social recognition memory. E2 rapidly 

stimulates changes in actin cytoskeletal dynamics through rapid enhancement of actin 

polymerization (Briz & Baudry, 2014), increases PSD-95 expression in a PI3K pathway 

dependent manner without a concurrent increase in PSD-95 mRNA (Akama & McEwen, 2003), 

and increases translation of dendrite-localized mRNA in an ERK-dependent manner (Sarkar et 

al., 2010), suggesting a role for actin polymerization and/or protein synthesis as downstream 

targets of E2-activated ERK or PI3K signalling. We have now shown that both actin 

polymerization and protein synthesis are necessary for the rapid facilitation of short-term social 

recognition memory. The former finding suggests that estrogens in the dorsal hippocampus 

rapidly modulate the actin cytoskeleton of neurons, potentially altering the synapses of said 

neurons through physical changes within the neuron. The latter finding suggests that estrogens 

rapidly affect protein synthesis and that this process is required for short-term social recognition 

memory. While we have now shown that the rapid facilitation of short-term social recognition 

memory requires actin polymerization and protein synthesis, but not DNA transcription, we do 

not know explicitly whether ERK or PI3K are driving these mechanisms. Furthermore, while it is 

likely that dendrite-localized mRNAs – those that are stored in or near the dendrite or dendritic 
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shaft and can be readily translated into proteins – being translated into proteins are required for 

the rapid facilitation of short-term social recognition memory, this cannot be elucidated from the 

present experiments. These mRNAs allow for dendrite- or synapse-specific alterations of protein 

expression and for the novel proteins to be active in the required locale much more rapidly than 

if they were translated in or being transported from the nucleus as needed (reviewed in Bramham 

& Wells, 2007). The mRNAs stored in and around dendrites include but are not limited to -

Actin, activity-regulated cytoskeleton-associated protein (Arc), CaMKII, GluR1, GluR2, 

LIMK1, and eEF1A, many of which are involved in synaptic plasticity through effects on 

dendritic morphology, neurotransmission, and LTP/LTD (reviewed in Bramham & Wells, 2007). 

Further investigation into the pathways driving these mechanisms and the locality of protein 

synthesis is required. 

 

Effects of translation or transcription inhibition on CA1 dendritic spines 

 Our results suggest that rapid translation and transcription mechanisms are involved in 

changes in dendritic spine density and/or length in rapid E2-facilitated social recognition and 

spontaneous rapid social recognition. Previous studies have found E2 to rapidly facilitate 

increases in dendritic spine density in subregions of the CA1. Systemic treatment with E2 

facilitated increases in spine density within the stratum radiatum of the CA1 in OVX mice within 

40 minutes of treatment (Phan et al., 2012). Subsequently, cultured hippocampal slices from 

OVX mice bathed in doses of E2 that rapidly facilitated social recognition when administered in 

vivo to the dorsal hippocampus showed increases in spine density within the stratum radiatum 

and stratum oriens of the CA1 (Phan et al., 2015). Consistently, long-term (Gould et al., 1990; 

Woolley et al., 1990; Pozzo-Miller et al., 1999; Brocca et al., 2003; Li et al., 2004; Luine & 
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Frankfurt, 2013) and acute (MacLusky et al., 2005; Murakami et al., 2006; Mukai et al. 2007; 

Phan et al., 2012, 2015) treatment with E2 elicits increases in dendritic spine density increases in 

CA1 hippocampal neurons (reviewed in Luine & Frankfurt, 2013 and Frankfurt & Luine, 2015). 

However, these measurements were all taken either in rodents who did not perform a learning 

and memory task, in in vitro cultures, or in ex vivo brain slices. OVX mice given 

intrahippocampal E2 immediately following the sampling phase of an object recognition or 

object placement task also showed increases in apical and basal CA1 spines (Tuscher et al., 

2016). Our results, however, show no increases in CA1 dendritic spine density when mice are 

given intrahippocampal E2 treatment 15 minutes prior to the sampling phase of our social 

recognition task. However, an increase in CA1 dendritic spine density in the lacunosum-

moleculare subregion was observed in animals treated first with anisomycin followed by E2 

prior to the social recognition task.  

The lack of effect in the E2 only group could be due to a number of factors. Firstly, since 

all mice were run on the social recognition task and were thus engaged in social interaction with 

the stimulus conspecifics, increases in spine density above baseline were likely to occur in all 

groups, including vehicle control mice, as training on a learning task has been shown to increase 

CA1 dendritic spine density (e.g. Beltrán-Campos et al., 2011; Moser et al., 1994; reviewed in 

Leuner & Shors, 2004). Increases resulting from performing the task could mask any increases in 

density elicited by E2 treatment. However, only mice in Experiment 2a showed a relationship 

between total social investigation and dendritic spine length, suggesting that social interaction 

may not generally influence dendritic spine morphology in these short-term social recognition 

memory tasks. Conversely, E2 in conjunction with the social experience of the learning and 

memory task could not alter spine density but may instead increase the strength and task 
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relevance of the spines and synapses in the region. E2 induces the formation of “silent synapses” 

(Srivastava, 2008) – synapses that do not contain all the necessary machinery to form and 

maintain synapses but can “sample” the neuropil environment (Kerchner & Nicoll, 2010). 

Activity potentiates these otherwise silent synapses, in that they become stabilized and “hold” in 

an activity-dependent manner. This has been called the “sample and hold” or “two-step” model 

of wiring plasticity (Srivastava, 2012). AMPA receptors have been implicated as a key player in 

this mechanism. Recent data show that E2 rapidly reduced AMPA receptor-, but not NMDA 

receptor-mediated membrane depolarizations in CA1 pyramidal neurons after 15 minutes of E2 

application (Phan et al., 2015). E2 rapidly increases long, immature filopodia type spines in rat 

hippocampal tissue in comparison to mature mushroom and stubby type spines (Mukai et al., 

2007; Murakami et al., 2006). In the current experiment, E2 may initially be facilitating synaptic 

plasticity through a transient increase in spine density which is ultimately brought down to 

control levels by the maturation of spines and loss of spines that are not used for the new 

memory. Furthermore, as treatment with anisomycin prior to E2 elicited an increase in spine 

density, the maturation of these transient, otherwise “silent” synapses may be protein synthesis 

dependent. Further investigation into the effects of pre-acquisition E2 on dendritic spine density 

and type is necessary.  

 A decrease in dendritic spine density and an increase in spine length in the stratum 

radiatum subregion of the CA1 was observed in the brains of animals given the actinomycin D 

and run on the “easy” social recognition paradigm, while none of these treatments blocked social 

recognition. The mechanism through which these effects occur is not known. However, a number 

of possibilities exist. Firstly, the transcription inhibitor actinomycin D induces apoptosis in 

mitotic cells and is thus used as a chemotherapy agent (e.g. Kleeff et al., 2000; Lu et al., 2015). 
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While the CA1 neurons are post-mitotic, actinomycin D inhibition of transcription leads to 

increased neuronal stress as a result of activation of pro-apoptotic protein p53 (Kalita et al., 

2008) and accumulation phosphorylated ERK (Gozdz et al., 2008). These proteins both have 

downstream targets on dendritic spine morphology (Fernandez et al., 2012; Goldin & Segal, 

2003; Alonso et al., 2004) so increases in activity of these proteins could affect spine number and 

morphology.  

 Inhibition of transcription could also affect CA1 dendritic spines through inhibiting piwi-

interacting RNA (piRNA) transcription. piRNAs are small non-coding RNAs that are abundant 

in the dendritic spines of mouse hippocampal neurons and may be involved in regulation of 

target mRNAs (Lee et al., 2011; reviewed in Zuo et al., 2016). Experimental knockdown of 

piRNAs resulted in decreased spine density in murine hippocampal neurons (Lee et al., 2011). 

The decrease in CA1 dendritic spine density observed in our actinomycin D treated mice could 

potentially be due to decreases in piRNA expression resulting from transcription inhibition.   

  

Conclusions 

 Our results are the first to show that actin polymerization and protein synthesis, but not 

transcription, in the dorsal hippocampus are necessary for rapid E2-facilitated short-term social 

recognition memory in ovariectomized female mice. Our results replicate the findings of Phan 

and colleagues (2015) and CHAPTER II in that intrahippocampal E2 rapidly facilitated social 

recognition within 40 minutes while suggesting mechanisms driving these effects include actin 

polymerization and protein synthesis.  

 The upstream signals activating these mechanisms with regards to social recognition and 

short-term memory remain unknown. While we have previously shown that ERK and PI3K 
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pathway inhibition are required for rapid E2-facilitated short-term social recognition memory in 

ovariectomized female mice (CHAPTER II), whether these pathways activate either actin 

polymerization or protein synthesis, or both, to facilitate rapid short-term social recognition 

memory remains to be explored. ERK and PI3K signalling are known to rapidly facilitate 

translation of synaptic proteins (Akama & McEwen, 2003; Sarkar et al., 2010) and actin 

polymerization (Briz & Baudry, 2014); however, the involvement of these proteins in rapid E2-

facilitated short-term social recognition memory has yet to be determined. 

 The rapidly synthesized proteins necessary for rapid E2-facilitated short-term social 

recognition memory have yet to be elucidated. Furthermore, the localization of the mRNAs 

being translated has yet to be determined. While the timeframe of the present study suggests 

dendrite-localized mRNAs are those requiring translation in order to rapidly affect social 

recognition, this cannot be determined by the current study. 

 In conclusion, this study has shown that actin polymerization and protein synthesis are 

necessary cellular processes through which estrogens rapidly facilitate short-term social 

recognition memory in ovariectomized female mice. While much has yet to be explored, the 

current study provides cellular mechanisms through which estrogens rapidly affect learning and 

memory and adds to a literature that expands upon the classical mechanisms of sex steroid 

hormones.   
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Abstract 

Estrogens have been shown to rapidly (within 1 h) affect learning and memory processes, 

including social recognition. Both systemic and hippocampal administration of 17β-estradiol 

facilitate social recognition in female mice within 40 min of administration. These effects were 

likely mediated by estrogen receptor (ER) α and the G-protein coupled estrogen receptor 

(GPER), as administration of the respective receptor agonists (PPT and G-1) also facilitated 

social recognition on a rapid time scale. The medial amygdala has been shown to be necessary 

for social recognition and long-term manipulations in rats have implicated medial amygdalar 

ERα. As such, our objective was to investigate whether estrogens and different ERs within the 

medial amygdala play a role in the rapid facilitation of social recognition in female mice. 17β-

estradiol, G-1, PPT, or ERβ agonist DPN was infused directly into the medial amygdala of 

ovariectomized female mice. Mice were then tested in a social recognition paradigm, which was 

completed within 40 min, thus allowing the assessment of rapid effects of treatments. 17β-

estradiol (10, 25, 50, 100 nM), PPT (300 nM), DPN (150 nM), and G-1 (50 nM) each rapidly 

facilitated social recognition. Therefore, estrogens in the medial amygdala rapidly facilitate 

social recognition in female mice, and the three main estrogen receptors: ERα, ERβ, and the 

GPER all are involved in these effects. This research adds to a network of brain regions, 

including the medial amygdala and the dorsal hippocampus, that are involved in mediating the 

rapid estrogenic facilitation of social recognition in female mice. 
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Introduction 

Social recognition is the ability of an animal to distinguish conspecifics, a fundamental 

skill for social species and one that is known to be facilitated by estrogens (reviewed in Gabor et 

al., 2012). Estrogens exert their effects through at least three receptors, estrogen receptor (ER) α, 

ERβ, and the G-protein coupled estrogen receptor 1 (GPER). These effects can occur on both 

long-term and short-term timescales. The long-term, genomic effects take place over hours to 

days and involve direct ER regulation of gene transcription (reviewed in Nilsson et al., 2001), 

whereas the short-term, non-genomic effects occur within minutes to hours and involve rapid 

changes to cell signalling cascades (reviewed in Sheppard et al., 2017; Srivastava et al., 2011). 

Estrogens have been shown to facilitate social recognition in female mice (Sánchez-

Andrade and Kendrick, 2011; Tang et al., 2005) and rats (Hlinák, 1993; Spiteri and Ågmo, 

2009). Studies with global knockout (KO) mice have consistently shown that ERαKO female 

mice have impaired social recognition, regardless of the paradigm used for testing (Choleris et 

al., 2003, Choleris et al., 2006; Sánchez-Andrade and Kendrick, 2011), suggesting ERα is 

necessary for social recognition. In contrast, ERβKO mice showed impaired (Choleris et al., 

2003), or not impaired (Choleris et al., 2006; Sánchez-Andrade and Kendrick, 2011) social 

recognition depending on the social recognition task employed, suggesting that ERβ may play a 

lesser role in social recognition than ERα (reviewed in Ervin et al., 2015). To our knowledge, no 

research has been done implicating the GPER in social recognition on a longer-term time scale. 

On a rapid timescale, systemic administration of 17β-estradiol improved social 

recognition in ovariectomized (OVX) female mice within 40 min of administration (Phan et al., 

2012). This effect appears to be mediated by ERα and the GPER as systemic administration of an 

ERα agonist, PPT (Phan et al., 2011), or the GPER agonist, G-1 (Gabor et al., 2015) improved 
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social recognition in OVX female mice within 40 min, whereas administration of an ERβ agonist 

impaired it (Phan et al., 2011). Therefore, social recognition appears to be rapidly facilitated by 

ERα and the GPER. Which brain regions might be involved in mediating these effects is only 

beginning to be investigated. 

Dorsal hippocampal administration of 17β-estradiol improved social recognition within 

40 min of administration in OVX female mice (Phan et al., 2015). Similarly, dorsal hippocampal 

infusion of selective ERα (Phan et al., 2015) and GPER agonists (Lymer et al., 2017) also 

facilitated social recognition. However, a smaller dose range was effective in the dorsal 

hippocampus than with systemic treatment (Phan et al., 2011, Phan et al., 2015). In addition, 

when tested in an environment with minimal spatial and contextual cues, dorsal hippocampal 

administration of 17β-estradiol did not improve social recognition, whereas systemic 

administration of 17β-estradiol did (Phan et al., 2013). These results suggest that the estrogenic 

facilitation of social recognition in the absence of spatial cues is mediated by a brain region 

outside the hippocampus. In contrast, dorsal hippocampal administration of the GPER agonist, 

G-1 did improve social recognition in the absence of most spatial and contextual cues (Lymer et 

al., 2017). However, this effect appears to be less robust than that of the hippocampal GPER-

mediated improvements in performance in social recognition in the home cage, where spatial and 

contextual cues are present, as a higher dose of G-1 was needed to see improvements in social 

recognition with minimal spatial cues (Lymer et al., 2017). Therefore, the GPER-mediated 

improvements in social recognition with systemic G-1 activation (Gabor et al., 2015) might be 

mediated by the dorsal hippocampus in combination with other brain regions. 

A brain region that has been implicated in social recognition is the medial amygdala. 

Lesions to the medial amygdala impair social recognition in mice (Wang et al., 2014) and c-fos 
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is upregulated in the medial amygdala following exposure to a social stimulus (Ferguson et al., 

2001). Additionally, ERα, ERβ, and the GPER are expressed in the medial amygdala (Mitra et 

al., 2003; Hazell et al., 2009) and medial amygdala ERα has been shown to be necessary for the 

estrogenic facilitation of social recognition in OVX female rats in a study with prolonged 

inhibition of ERα gene expression (Spiteri et al., 2010). Whether the medial amygdala is also 

involved in the estrogenic facilitation of social recognition via rapid mechanisms is unknown. 

The objective of this study is to investigate the role of estrogens and their receptors in the 

medial amygdala, in the rapid facilitation of social recognition in OVX female mice. To do this, 

we infused 17β-estradiol, the GPER agonist G-1, the ERα agonist PPT, or the ERβ agonist DPN 

directly into the medial amygdala and tested the mice in the social recognition paradigm as 

previously described (Gabor et al., 2015; Lymer et al., 2017; Phan et al., 2011, Phan et al., 2012, 

Phan et al., 2015). The social recognition paradigm was completed 40 min after treatment 

administration to investigate the rapid, improving effects of estrogens. 

 

Methods 

Subjects 

Subjects were female CD1 mice (Mus musculus), purchased at 2 months of age (Charles 

River, QC). Mice were triple housed upon arrival and single-housed following ovariectomy and 

medial amygdala bilateral cannula implantation surgeries. Subjects were housed with corncob 

bedding and environmental enrichment in clear polyethylene cages (16 × 12 × 26 cm), on a 

12:12-h reversed light/dark cycle (lights off at 0800 h) and received rodent chow (Teklad Global 

14% Protein Rodent Maintenance Diet, Harlan Teklad, WI) and water ad libitum. Ambient 

temperature was 21 ± 1C. All behavioural tests were conducted 10–15 days after surgery in the 
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home cage during the dark phase of the light cycle under red light illumination. To establish a 

home cage territory, cages were not cleaned for at least 3 days prior to testing. Mice were moved 

into the testing room the night before the experiment and vaginal smears were taken and 

collected on microscope slides to ensure the ovariectomy was complete. Giemsa Stain (Sigma-

Aldrich Canada Ltd., Oakville, ON) was used to stain the slides. The estrous phase of each 

mouse was then determined using descriptions and images by Byers et al. (2012). Two mice 

were removed because they were found to be in proestrus or estrus. Research was conducted in 

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

Animal Care and Use Committee. 

 

Ovariectomy and cannulation surgeries 

All mice were ovariectomized as described by Clipperton-Allen et al., (2012) and had 

bilateral guide cannulae (HRS Scientific, Montreal, QC) implanted 1 mm above the medial 

amygdala. Ovariectomy and cannulation surgeries were performed simultaneously (as described 

previously in Lymer et al., 2017; Phan et al., 2015) while mice were anesthetized with isoflurane 

(CDMV, St. Hyacinthe, QC) and after they had received systemic carprofen analgesic (50 mg/kg; 

Rimadyl, Pfizer Canada Inc., Kirkland, QC, Canada) and local lidocaine/bupivacaine (0.02 mL 

0.17% bupivacaine [Hospira, Inc., Montreal, QC, Canada] and 0.67% lidocaine [Alveda 

Pharmaceuticals, Toronto, ON, Canada]) anaesthetic treatments. For the ovariectomy surgery, 

the lower back of the mouse was shaved, cleaned, and a 1 cm incision was made in the skin. On 

each side, 0.5 cm incisions were made in the muscles overlying the ovaries and each ovary was 

drawn out of the incision. The uterus was clamped just below the ovary and the ovary was then 

removed by cutting just above the clamp. The uterus was placed back into the abdominal cavity 
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and the incision was stapled with 1 or 2 MikRon autoclip 9 mm wound clips (MikRon Precision 

Inc, Gardena, CA). For the cannulation surgery, an incision was made in the skin on the dorsal 

surface of the head and two holes were drilled into the skull for the guide cannulas, 2.5 mm 

lateral to the sagittal suture, each 1.5 mm posterior to Bregma. The injector (HRS Scientific, 

Montreal, QC) extended 1 mm below the guide cannula, reaching 5.3 mm ventrally and into the 

medial amygdala. The guide cannulae were held in place with Lang Jet Repair Acrylic (Central 

Dental, Scarborough, ON). Two additional holes, one in each parietal bone, were drilled to insert 

jeweler’s screws (HRS Scientific, Montreal, QC) to anchor the dental cement in place. 

Drugs 

Mice received a bilateral medial amygdalar microinfusion of 17β-estradiol (Sigma-

Aldrich, Oakville, ON, Canada), the GPER agonist G-1 (Tocris Biosciences, UK), the ERα 

agonist PPT (Sigma-Aldrich, Oakville, ON, Canada), or the ERβ agonist DPN (Sigma-Aldrich, 

Oakville, ON, Canada). The agonists each have a lower relative binding affinity to their 

respective receptors than 17β-estradiol. PPT has 50% relative ligand binding affinity to ERα 

compared to 17β-estradiol (Stauffer et al., 2000), DPN has 18% affinity to ERβ compared to 

17β-estradiol (Carroll et al., 2012), and G-1 has an affinity for GPER of approximately 3 fold 

less than 17β-estradiol (Bologa et al., 2006). The vehicle was artificial cerebral spinal fluid 

(aCSF, 119 mM NaCl, 2.5 mM KCl, 1.3 mM MgSO4·7H2O, 2.5 mM CaCl2, 1 mM NaH2PO4, 

26 mM Na2HCO3, and 11 mM Glucose in water) and 0.02% ethanol (as in Phan et al., 2015 and 

Lymer et al., 2017). The first experiment included five treatment groups for 17β-estradiol: 

vehicle, 10 nM, 25 nM, 50 nM, and 100 nM (0 pg, 1.362 pg, 3.405 pg, 6.810 pg, 13.62 pg per 

hemisphere respectively). Five other treatment groups were used for the G-1 study: vehicle, 

25 nM, 50 nM, 200 nM, and 400 nM (0 pg, 5.154-82.456 pg per hemisphere). The treatment 
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groups for the PPT study included: vehicle, 25 nM, 50 nM, 100 nM, 150 nM, and 300 nM (0 pg, 

4.831-57.966 pg per hemisphere). Finally, the DPN treatment groups included: vehicle, 50 nM, 

100 nM, and 150 nM (0 pg, 5.982-17.945 pg per hemisphere). The treatment (0.5 μL) was 

microinfused into the brain at a rate of 0.2 μL/min through each injector using a Harvard infusion 

pump (PHD 2000). Treatments were assigned using a random number generator. Each mouse 

received only one treatment and all animals were experimentally naïve. 

After behavioural testing was completed, the mice received a bilateral medial amygdalar 

microinfusion of 1% Chicago Sky Blue dye (0.5 μL; Sigma-Aldrich Canada Ltd., Oakville, ON) 

at a rate of 0.2 μL/min. Mice were euthanized with CO2 40 min after the dye infusion to mimic 

the timing of the behavioural paradigms. The brains were extracted and immersion-fixed with 

10% formalin (approximately 1–2 weeks at 4 °C), followed by 30% sucrose (2–3 days at 4 °C) 

and stored at −80 °C until sliced using a cryostat microtome. Coronal sections (40 μm) were 

mounted on slides and the location of the dye was used to determine whether the injector reached 

the medial amygdala. An atlas was used to identify the region within the brain (Paxinos and 

Franklin, 2001; Figures 23 and 24). 33% of the total animals were excluded due to missed 

cannula placements. 
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Figure 23: Medial amygdala injector placements and dye spread for 17β-estradiol and G-1. 

Injector placements for mice implanted with bilateral guide cannulas for the administration of 

17β-estradiol or G-1 directly into the medial amygdala. Only mice with the injector in the medial 
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amygdala region are shown. All other mice were excluded from the behavioural analysis. A) 

Black dots indicate the injector placements for mice administered 17β-estradiol. B) Black dots 

indicate the injector placements for mice administered G-1. C) Anterior portion of the medial 

amygdala dye spread. D) Injector location and dye spread in the medial amygdala. E) Dye spread 

in the posterior portion of the medial amygdala. 
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Figure 24: Medial amygdala injector placements for PPT and DPN.  Bilateral guide 

cannula injector placements for mice administered PPT and DPN directly into the medial 

amygdala. Only placements within the medial amygdala are shown, all others were excluded 

from the behavioural analysis. A) Black dots indicate the injector placements for the PPT social 

recognition experiment. B) Black dots indicate the injector placements for the DPN social 

recognition experiment. 
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Social recognition paradigm 

The mice received intra-medial amygdala microinfusions of drug or vehicle 15 min prior to the 

social recognition paradigm. Timing of these experiments was consistent with those of previous 

systemic and dorsal hippocampal drug administration protocols (Gabor et al., 2015; Lymer et al., 

2017; Phan et al., 2011, Phan et al., 2012, Phan et al., 2015). The social recognition paradigm 

was completed within 40 min of drug administration to investigate the rapid effects of treatment. 

To assess enhancing effects on social recognition, the “difficult” paradigm developed by Phan et 

al. (2011) was used. This paradigm was designed so that control OVX CD1 mice would not 

show social recognition. It consisted of two habituations and one test session, each 5 min in 

length with 5-min intertest intervals, and was completed within the home cage (Figure 25). 

Conversely, the “easy” paradigm (not used here) has 3 habituation sessions, allowing the control 

mice to show social recognition, and can be used to assess impairing effects of treatment (Phan 

et al., 2011). During habituation and test sessions, stimulus mice (pair-housed ovariectomized 2-

3 month old CD1 mice) were presented to the test mouse in clear Plexiglas cylinders (height: 

16 cm, diameter: 7 cm) with holes in the lower portion to allow olfactory cues to pass through. 

Stimulus mice were habituated to the cylinders prior to the start of behavioural testing. The test 

mouse was exposed to the same two stimulus mice in consistent positions within the home cage 

during the habituation sessions. During the test session, one of the two stimulus mice was 

replaced with a novel individual and the location of the mouse replaced was counterbalanced 

across experimental mice. Habituations and tests were video recorded under infrared light 

(Everio camcorder, JVC, Mississauga, ON, Canada). Between exposures, cylinders were washed 

using odorless detergent (Sparkleen) and baking soda, and air dried. This was to ensure stimulus 
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investigation was not driven by odor cues left on the cylinders from previous experimental 

phases. 

 

 

 

Figure 25: Timeline for the social recognition paradigm.  The paradigm began 15 min 

after the medial amygdala microinfusion and was 40 min in length. The habituation (Hab) and 

test phases were 5 min in length with 5 min intertest intervals. 

 

Behavioural analysis 

A trained observer blind to the treatments used the Observer Video Analysis software 

(Noldus Information Technology, Wageningen, Netherlands) to record 11 behaviours (Table 2) 

during the habituation and the test sessions of the paradigm. 

These paradigms exploit the fact that mice will investigate a novel stimulus mouse more 

than a previously encountered stimulus mouse and sniffing is typically used as a measure of 

investigation (Choleris et al., 2003, Choleris et al., 2006; Gabor et al., 2015; Lymer et al., 

2017; Phan et al., 2011, Phan et al., 2012, Phan et al., 2015). An investigation ratio (IR) was 

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

Novel stimulus mouse (or during the habituations, the stimulus mouse to be changed at test) and 

F is the total social investigation duration of the other stimulus mouse that is familiar at test. In 

addition to the investigation ratio, the total social investigation duration of both stimulus mice 

combined was used as an indication of overall interest in social stimuli. 

The “difficult” paradigm was designed so the vehicle group would not show social 

recognition, thus allowing for the assessment of enhancing effects of treatment. A significant 
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increase in the investigation ratio during the test session (IRTest) compared to the average 

investigation ratios from two habituation sessions (IRHab) demonstrates that the mice, on average, 

had a preference for investigating the novel stimulus mouse, and therefore could recognize the 

previously encountered stimulus mouse. Mice that spent less than 5% of the test session duration 

(<15 s) investigating the stimuli (approximately 2% of total animals) were excluded from the 

analysis, as investigation times below this indicate minimal interest in other mice and are 

unlikely to lead to memory for the stimuli. Additionally, mice that were IRTest outliers (greater 

than 2 standard deviations above and below the mean) were also excluded from the analysis 

(approximately 3% of total animals). 

 

Table 2 

List and description of mouse behaviours recorded during the social recognition paradigm. 

Behaviour Description 

Stretch Approach Stretching towards stimulus with hind paws planted 

Sniff Stimulus Sniff/Investigation of stimulus, i.e. social investigation 

Bite Stimulus Biting cylinder or objects 

Dig Moving of bedding backwards with forepaws 

Bury Moving of bedding forwards with forepaws 
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Horizontal Activity 
Includes walk, explore, sniff that does not fall into any of the above 

categories 

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

cage), single jump 

Inactivity Sit, laydown, sleep, freeze 

Self Groom Self groom and scratch 

Stereotypies 
Strange behaviours: spinturns, repeated jumps, repeated lid chews (>3), 

head shakes, etc. 

Non-social 

Investigation 
Non-social sniffing of cylinder (above holes) 

 

Statistical analysis 

Investigation ratios for habituation 1 and habituation 2 were averaged for analysis. The 

arcsin transformed investigation ratios were analyzed with a mixed-design repeated measures 

ANOVA with treatment as the main factor and the session of the paradigm (average habituation 

and test) as the repeated-measure dependent variable. To reduce type I errors, specific a priori 

binary mean comparisons were planned. Specifically, paired t-tests were used to assess 

differences between IRHab and IRTest within each treatment group. A statistically significant 

difference between IRHab and IRTest indicates social recognition. Here, a difference between IRHab 

and IRTest is used as an indication of social recognition instead of a decrease in social 

investigation between habituation 1 and 2, as this decrease in investigation is less pronounced 

when two stimulus animals are presented and this can mask discrimination between conspecifics 

(Engelmann et al., 1995; Choleris et al., 2006). Additionally, a one-way ANOVA was used to 
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assess treatment effects on IRTest. Whether any test investigation ratios were significantly 

different from vehicle was assessed with Student Newman-Keuls (SNK) post hoc tests. The 

durations of the other behaviours (Table 2) were analyzed using a mixed-design repeated 

measures ANOVA with treatment as the main factor and the session of the paradigm (habituation 

1, habituation 2, and test) as the repeated-measures dependent variable. When the interaction was 

significant, one-way ANOVAs and Tukey’s post hoc tests were used to determine whether there 

were significant dose-dependent differences in behaviours between treated and vehicle groups in 

each session of the paradigm. When normality failed, Kruskal-Wallis ANOVAs were performed 

followed by Dunn’s post hoc tests. SPSS was used for all mixed-design repeated measures 

ANOVAs and SigmaPlot version 11 was used for all other statistical analyses (Systat Software, 

Chicago, IL). Statistical significance was set at p < 0.05. 

 

Results 

17β-estradiol in the medial amygdala rapidly facilitates social recognition 

The main model for investigation ratio revealed a significant main effect of paradigm 

phase (F(1,54) = 34.69, p < 0.001). A priori binary mean comparisons showed a statistically 

significant difference between IRHab and IRTest in mice administered 10 nM (t = −2.44, df = 11, 

p < 0.05), 25 nM (normality failed p = 0.009, Signed Rank Test was performed; N = 11, Z-

statistic = 2.756, p = 0.003), 50 nM (t = −2.55, df = 11, p < 0.05), and 100 nM 17β-estradiol 

(t = −4.36, df = 11, p = 0.001, Figure 26A). As expected, there were no significant differences 

between IRHab and IRTest in the vehicle group. Additionally, there were no statistically significant 

differences in IRTest or total social investigation duration between treatment groups (Figure 26B). 

Therefore, 17β-estradiol in the medial amygdala appears to facilitate social recognition in OVX 
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female mice on a rapid time scale and this result is not secondary to generalized effects on social 

investigation. 
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Figure 26: Rapid effects of 17β-estradiol or activation of the GPER (G-1) in the medial 

amygdala on social recognition.  All groups include 11-12 animals. The bar graph illustrates 

investigation ratios (gray bars represent the average habituation investigation ratio, black bars 

represent test investigation ratio). The line graph represents the total time spent investigating the 

stimulus animals (H indicates habituation). A) Animals administered 10 nM, 25 nM, 50 nM, or 

100 nM 17β-estradiol demonstrated social recognition. B) Total social investigation duration of 

stimulus mice was not affected by 17β-estradiol treatment. C) Administration of 50 nM G-1 

improved social recognition, with a trend toward significance in the 400 nM G-1 group. D) G-1 

administration did not affect total social investigation duration. Symbols above black bars 
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indicate a significant difference between average habituation and test investigation ratios within 

a group. Mean ± SE, T: p < 0.1. *p < 0.05, **p < 0.01, ***p = 0.001. 

 

 

Activation of the GPER in the medial amygdala rapidly facilitates social recognition 

The overall 2-way repeated measures ANOVA on investigation ratio revealed a main 

effect of paradigm phase (F(1,53) = 10.51, p < 0.005). Specifically, the a priori binary mean 

comparisons showed a statistically significant difference between IRHab and IRTest for the 50 nM 

G-1 group (t = −3.17, df = 11, p < 0.01) and a trend towards significance between IRHab and IRTest 

for the 400 nM group (t = −2.19, df = 10, p = 0.053, Figure 26C). There were no significant 

differences between in IRHab and IRTest within the vehicle, 25 nM or 200 nM G-1 groups. 

Additionally, there were no statistically significant differences in IRTest and total social 

investigation duration between treatment groups (Figure 26D). However, there was a statistically 

significant interaction between paradigm phase and treatment in horizontal activity duration 

(F(8,106) = 3.33, p < 0.005), specifically the 400 nM G-1 group had significantly lower horizontal 

activity duration than the 200 nM group in habituation 1 (q = 5.04, p < 0.01) and the vehicle 

group in the test phase (q = 4.96, p < 0.01, not shown). Because there were no differences in total 

social investigation duration, these differences in horizontal activity did not affect the 

interpretation of the investigation ratio results. Therefore, the GPER in the medial amygdala 

appears to be involved in the rapid estrogenic facilitation of social recognition in OVX mice. 

 

Activation of ERα in the medial amygdala rapidly facilitates social recognition 

The main model for investigation ratio revealed a significant main effect of paradigm 

phase (F(1,67) = 10.64, p < 0.01). A priori binary mean comparisons showed a statistically 

significant difference between the IRHab and IRTest in mice administered 300 nM PPT (t = −2.88, 
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df = 11, p < 0.05) and a trend towards significance with 150 nM PPT (t = −1.84, df = 10, 

p = 0.095, Figure 27A). There were no significant differences between IRHab and IRTest in the 

vehicle group or the 25 nM, 50 nM, or 100 nM PPT groups. Additionally, there were no 

statistically significant differences in IRTest or total social investigation duration between 

treatment groups (Figure 27B). However, there was a statistically significant effect of treatment 

on duration of time spent burying near the familiar stimulus (F(5,66) = 2.65, p < 0.05) and time 

spent performing non-social investigation of the tube housing the novel (or to-be novel upon test) 

animal (F(5,66) = 2.41, p < 0.05, not shown). Because there were no differences in total social 

investigation duration, the differences in the duration of burying and non-social investigation did 

not affect the interpretation of the investigation ratio results. Therefore, PPT in the medial 

amygdala facilitates social recognition in OVX mice on a rapid time scale. 



   

 122 

 

 

 

Figure 27: Rapid effects of ERα (PPT) or ERβ (DPN) activation in the medial amygdala on 

social recognition.  All groups have 11–14 animals. The bar graph illustrates investigation 

ratios (IR; gray bars represent the average investigation ratio from both habituations and the 

black bars represent the investigation ratio from the test). Total time spent investigating the 

stimulus animals is represented by the line graph (H indicates habituation). A) Animals 

administered 300 nM PPT showed social recognition, with a trend towards significance when 

administered 150 nM PPT. B) PPT treatment did not affect the investigation of the stimulus 

animals. C) Social recognition was shown in the vehicle, 50 (trend), 100, and 150 nM DPN 
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groups. The 150 nM DPN test IR was significantly higher than the vehicle test IR and the 

100 nM DPN test IR. D) Investigation duration of the stimulus mice was not affected by DPN 

treatment. Symbols above the black bars indicate a significant difference between average 

habituation and test IR within a group. Symbols above the black lines indicate a significant 

difference in test IR between groups. Mean ± SE, T: p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001. 

 

Activation of ERβ in the medial amygdala rapidly improves social recognition 

The overall 2-way repeated measures ANOVA on investigation ratio revealed a main 

effect of paradigm phase (F(1,48) = 40.21, p < 0.001) and dose (F(3,48) = 4.195, p = 0.01). A priori 

binary mean comparisons showed a statistically significant difference between IRHab and IRTest 

for the 100 nM DPN (t = −3.38, df = 11, p < 0.01), 150 nM DPN (t = −7.30, df = 12, p < 0.001), 

and the vehicle (t = −2.87, df = 12, p < 0.05) groups, with a trend towards significance in the 

50 nM DPN group (t = −1.91, df = 13, p = 0.079, Figure 27C). Additionally, there were 

statistically significant differences in IRTest between the vehicle and 150 nM DPN groups 

(q = 3.82, p < 0.05) and between 100 nM and 150 nM DPN groups (q = 3.68, p < 0.05, Figure 

27C). Although the vehicle groups showed recognition, in addition to DPN treatment groups, the 

significant difference between the vehicle IRTest and the 150 nM DPN group IRTest indicates that 

activation of medial amygdala ERβ with 150 nM DPN improves social recognition above that of 

vehicle control mice. Finally, there were no differences in total social investigation duration 

between treatment groups (Figure 27D). Therefore, DPN in the medial amygdala appears to be 

involved in the rapid estrogenic facilitation of social recognition in OVX mice within 40 min of 

drug administration. 
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Activation of estrogen receptors outside the medial amygdala does not affect social recognition 

The same statistical analysis was performed as above, with data from the mice with 

missed cannula placements. In order to achieve a meaningful group size for the purpose of 

statistical analysis, mice with missed cannula placements that had been infused with any one of 

the effective doses of 17β-estradiol, G-1, PPT, or DPN were grouped together. No difference 

between the IRHab and IRTest was found for the bilateral missed placements (n = 12). When 

unilateral missed placements were grouped (n = 19), as above, there was a trend towards 

significance between the IRHab and IRTest (t = −2.04, df = 18, p = 0.056). Therefore, estrogenic 

activation outside of the medial amygdala results in no facilitation of social recognition. 

Interestingly, facilitation of social recognition is suggested when treatment reached the medial 

amygdala unilaterally. 
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Discussion 

Our results demonstrate that administration of 10 nM, 25 nM, 50 nM or 100 nM of 17β-

estradiol directly into the medial amygdala facilitates social recognition in OVX female mice 

within 40 min. Similarly, activation of the GPER (50 nM G-1), ERα (300 nM PPT), or ERβ 

(150 nM DPN) facilitated social recognition, suggesting that the 17β-estradiol rapid enhancing 

effects on social recognition in the medial amygdala are mediated by the GPER, ERα, and ERβ. 

Furthermore, these effects are specific to the medial amygdala, as activation of estrogen 

receptors outside the medial amygdala did not result in facilitation of social recognition. These 

results add to our previous research showing that systemic administration of estrogens or ER 

agonists facilitated social recognition (Gabor et al., 2015; Phan et al., 2011, Phan et al., 2012) 

and point to the medial amygdala as a brain region involved in mediating the estrogenic 

facilitation of social recognition. The present study, demonstrating a critical role for the medial 

amygdala in the rapid facilitation of social recognition by 17β-estradiol, ERα, ERβ, and the 

GPER, extends previous work showing long-term manipulations implicating the medial 

amygdalar systems in social recognition (Gabor et al., 2012; Spiteri et al., 2010; Wang et al., 

2014). The present results are also the first to show that in addition to ERα (Spiteri et al., 2010), 

the GPER and ERβ in the medial amygdala also facilitate social recognition. 

The results presented here confirm a role for the GPER in social recognition in female 

mice. Previously, using the same paradigm, we have shown that systemic and dorsal 

hippocampal administration of G-1 improved social recognition in female mice within 40 min of 

drug administration (Gabor et al., 2015; Lymer et al., 2017). Whether or not the GPER mediates 

social recognition in the medial amygdala and the dorsal hippocampus separately or the two 

regions interact remains to be determined. The fact that dorsal hippocampal infusions of GPER 
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agonist G-1 enhanced social recognition even in a Y-apparatus designed to minimize spatial cues 

(Lymer et al., 2017) suggests GPER in the hippocampus can directly mediate social recognition 

and does not only provide task-relevant spatial information. 

Our results showed facilitation of social recognition with the infusion of 300 nM PPT 

(and a trend towards significance with 150 nM PPT) into the medial amygdala. This dose of PPT 

is higher than the effective dose (100 nM) required in the dorsal hippocampus to facilitate social 

recognition in the same paradigm (Phan et al., 2015). Even though this finding is consistent with 

previous research showing that ERα is necessary for social recognition in female mice (reviewed 

in Ervin et al., 2015), and that medial amygdala ERα, specifically, is necessary for social 

recognition in rats (Spiteri et al., 2010), we suspect that the high dose of 300 nM PPT may have 

had non-specific effects in our study. Although PPT is ≥400× more specific for ERα than ERβ 

(Stauffer et al., 2000), it is possible that with a 300 nM dose, ERβ is also being activated. 

Furthermore, PPT has been shown to activate GPER in ERα-negative cancer cells (Petrie et al., 

2013). Thus, in addition to ERα, the high dose of PPT may have also acted on ERβ and the 

GPER to facilitate social recognition. Together, the current and previous results suggest that, on 

a rapid time scale, ERα may be more involved in the facilitation of social recognition in the 

dorsal hippocampus than in the medial amygdala (Phan et al., 2015). 

The experiment with the ERβ agonist DPN also showed enhancement of social 

recognition as demonstrated by the higher novel investigation ratio in DPN treated (150 nM) than 

in vehicle treated mice at test. However, in the DPN experiment, there was a significant 

difference between the habituation and test investigation ratios for the vehicle, 100 nM, and 

150 nM treatment groups (with a trend towards significance in the 50 nM group). The result of 

the vehicle group was unexpected as this paradigm was developed so that the vehicle control 



   

 127 

mice would not typically show social recognition, i.e. there should be no statistical difference 

between the habituation and test investigation ratios. Previous studies have consistently found 

that this paradigm is “difficult” for vehicle-treated ovariectomized CD1 mice (Gabor et al., 2015; 

Lymer et al., 2017; Phan et al., 2011, Phan et al., 2012, Phan et al., 2015). Therefore, the control 

group showing significant social recognition in this study appears to be due to random effects. 

Therefore, even though the present results do show that activation of ERβ in the medial 

amygdala rapidly enhances social recognition above control group, this finding requires further 

investigation. It does, however, suggest that activation of ERβ in the medial amygdala results in 

the greatest enhancement in social recognition when compared to activation with 17β-estradiol, 

PPT, or G-1, which did not enhance the investigation ratio at test above control. Additionally, in 

comparison to the other agonists, DPN has weak specificity for ERβ, with only 70 fold relative 

binding affinity to ERβ compared to ERα (Meyers et al., 2001). Therefore, if both ERα and ERβ 

play a role in the mediation of social recognition in the medial amygdala, the greater 

enhancements with DPN may be a result of activation of ERα in addition to ERβ. Previous 

studies with ERβKO mice do not always demonstrate an involvement of ERβ in social 

recognition (Choleris et al., 2003, Choleris et al., 2006). Our current and previous results 

showing an enhancement of social recognition by DPN in the medial amygdala but not in the 

dorsal hippocampus (Phan et al., 2015), suggest the role of ERβ may be region specific. 

Estrogens, the GPER, ERα, and ERβ in the medial amygdala, might mediate social 

recognition through modulation of dendritic spine plasticity. The estrous cycle has been shown to 

affect dendritic spine density in the medial amygdala of female rats (Rasia-Filho et al., 2004) and 

long-term estrogen treatment increased medial amygdala dendritic spine density in OVX female 

rats (de Castilhos et al., 2008). We have shown that systemic administration of 17β-estradiol, the 
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GPER agonist G-1, or the ERα agonist PPT to OVX female mice increased dendritic spine 

density (or length, the case of the ERβ agonist DPN) in the CA1 region of the hippocampus 

within 40 min (Gabor et al., 2015; Phan et al., 2011, Phan et al., 2012). Whether ERα, ERβ, and 

the GPER rapidly mediate dendritic spine density in the medial amygdala of OVX female mice 

has yet to be determined. Estrogenic effects on dendritic spine density in the medial amygdala 

could be a possible mechanism through which estrogens improved social recognition in the 

present experiments, as dendritic spine plasticity has been associated with rapid improvements in 

learning and memory in the hippocampus (reviewed in Srivastava et al., 2013). 

The estrogen synthetizing enzyme aromatase is highly expressed in the medial amygdala 

of both female and male mice and is co-expressed with ERα, ERβ, and androgen receptors 

(Stanić et al., 2014). Furthermore, aromatase expressing neurons in this region regulate 

aggressive behaviours in both sexes (Unger et al., 2015). Due to the high expression of 

aromatase in this region and its role in aggression, we speculate that local synthesis of estrogens 

in the medial amygdala may be involved in the rapid enhancement of social recognition. 

It is also possible that the neuropeptide oxytocin could mediate the rapid estrogenic 

enhancement of social recognition in the medial amygdala found in the present study. The 

oxytocin system has been shown to be regulated by estrogens and to be necessary for social 

recognition in rodents (reviewed in Gabor et al., 2012). In the medial amygdala, infusion of 

oxytocin restored the social recognition deficit of oxytocin KO male mice (Ferguson et al., 2001) 

and inhibition of the oxytocin receptor blocked social recognition in wild type female mice 

(Choleris et al., 2007). Estrogens regulate oxytocin synthesis in the paraventricular nucleus 

(PVN) of the hypothalamus via ERβ, and the expression of the oxytocin receptor gene in the 

amygdala via ERα (Nomura et al., 2002; Patisaul et al., 2003; Young et al., 1998). In addition, 
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GPER was found to colocalize with oxytocin neurons in the PVN and the GPER agonist (G-1) 

attenuated serotonin-mediated oxytocin release (Xu et al., 2009). Estradiol acutely (within 

20 min) stimulates the release of oxytocin and vasopressin in hypothalamic magnocellular 

neurons in vitro (Wang et al., 1995); however, to the best of our knowledge, the rapid estrogenic 

regulation of the oxytocin system has not been studied in the medial amygdala. Overall, it 

appears possible that the GPER, ERα, and ERβ may all be implicated in the genomic and rapid 

regulation of OT and social recognition in the PVN and medial amygdala. Further research is 

needed to test this hypothesis and to determine whether estrogenic regulation of the oxytocin 

system occurs in a time frame consistent with the non-genomic effects of estrogens. 

The social recognition paradigm used in the present studies relies on the investigation of 

novel stimuli. While not directly involved in sensing olfactory cues, the medial amygdala is a 

key region in the processing of olfactory and vomeronasal information from the main and 

accessory olfactory bulbs (Keshavarsi et al., 2015). As such, estrogens and their receptors may 

rapidly facilitate social recognition through improvements in olfactory processing. Because 

activation of the estrogen receptors occurred within the medial amygdala and not within the 

olfactory bulb, it is likely that the effects on social recognition shown here are due to enhanced 

olfactory processing and not due to enhanced olfactory detection. 

In conclusion, this study has shown that estrogens in the medial amygdala rapidly 

facilitate social recognition in OVX female mice, and these effects seem to be mediated by the 

GPER, ERα, and ERβ. We have now shown that the GPER and ERα, both in the hippocampus 

(Lymer et al., 2017; Phan et al., 2015) and the medial amygdala are involved in the estrogenic 

mediation of social recognition. Conversely, ERβ only in the medial amygdala, and not the 

hippocampus, appears to facilitate social recognition. Further research is needed to elucidate the 
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network of brain regions, including the medial amygdala and hippocampus, involved in 

mediating the estrogenic facilitation of social recognition in female mice. 
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CHAPTER V: 

General Discussion 
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 This body of work elucidates a number of mechanisms through which estrogens in the 

dorsal hippocampus rapidly facilitate short-term social recognition memory in ovariectomized 

female mice. In summary, both ERK and PI3K pathway signalling in the dorsal hippocampus are 

required for rapid E2-facilitation of short-term social recognition memory (CHAPTER II, 

Figures 6 and 7). On the level of individual ERs, ER requires both ERK and PI3K pathways to 

rapidly facilitate short-term social recognition memory, whereas GPER1 requires only the PI3K 

pathway of the two pathways investigated (CHAPTER II, Figures 6 and 7). This suggests that 

individual ERs may facilitate short-term social recognition memory in the dorsal hippocampus 

through different mechanisms. Estrogens require both actin polymerization and protein synthesis, 

but not transcription, in the dorsal hippocampus to rapidly facilitate short-term social recognition 

memory (CHAPTER III, Figures 12-14). In addition to this, E2 may alter CA1 dendritic spine 

density in a protein synthesis dependent manner (CHAPTER III, Figure 18), though further 

investigation is necessary to determine the manner of this relationship. Furthermore, 

transcription inhibition appears to rapidly decrease CA1 dendritic spine density while increasing 

spine length (CHAPTER III, Figure 19), suggesting that inhibition of this genomic process elicits 

an immaturization of dendritic spines within the CA1. Finally, we determined that E2 in the 

medial amygdala rapidly facilitates short-term social recognition memory (CHAPTER IV, 

Figure 26) and that this effect is driven by each of ER, ER, and GPER1 (Figures 26 and 27). 

To the best of our knowledge, this is the first region in which ER has been found to rapidly 

facilitate short-term social recognition memory. Whether the facilitation of short-term social 

recognition memory in this region is governed by similar mechanisms as in the dorsal 

hippocampus (i.e. cell signalling cascades, translation, actin polymerization, and/or effects on 

spino- and synapto-genesis), through interactions with the oxytocin system, and/or affecting the 
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processing of olfactory information required for the facilitation of social memory has yet to be 

determined.  

 Taken together, these results suggest that estrogens rapidly facilitate short-term social 

recognition memory through complex intracellular mechanisms and that these mechanisms may 

differ by ER or brain region. We have suggested that estrogens in the hippocampus rapidly 

activate cell signalling pathways that then go on to affect spine and synaptic factors (such as 

protein synthesis and actin polymerization) to facilitate short-term social recognition memory. 

Furthermore, we have shown the medial amygdala to be another site in which estrogens facilitate 

social recognition, adding to a network of regions involved in social recognition including the 

dorsal hippocampus and paraventricular nucleus. 

 

Cell Signalling Pathways are Required for the Rapid Effects of Estrogens on Short-Term 

Memory 

 Prior to these investigations, our lab had determined that systemic or intrahippocampal 

administration of estrogens and ER agonists can rapidly facilitate short-term social recognition 

memory (Phan et al., 2011, 2012, 2015; Gabor, Lymer, et al., 2015; Lymer et al., 2017). 

However, the neuronal processes driving this short-term memory formation were not understood. 

The actions of estrogens on neurons take many forms: activating genomic pathways (reviewed in 

Nilsson et al., 2001), modulating neurotransmitter systems (e.g. Paletta, 2018; Hammond et al., 

2011; Alyea & Watson, 2009; Gabor et al., 2003; Marriott & Korol, 2003; reviewed in Almey et 

al., 2015), post-translational modifications (including epigenetic processes; reviewed in Fortress 

& Frick, 2014 and Sheppard et al., 2018), and/or triggering cell signalling cascades (reviewed in 

Sheppard et al., 2018; Paletta et al., 2018a; and Frick et al., 2018). The lattermost of these, 
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actions on cell signalling cascades, can drive a number of processes that affect learning and 

memory, including, but not limited to, dendritic spine and synapse plasticity, LTP/LTD, DNA 

transcription, mRNA translation, glutamatergic receptor responses, and post-translational 

modifications (reviewed in Peng et al., 2010 and Giese & Mizuno, 2013).  

Here we investigated the involvement of the ERK and PI3K pathways on rapid, estrogen-

facilitated, short-term social recognition memory (CHAPTER II). These pathways are involved 

in the rapid effects of estrogens on consolidation of long-term object and spatial memories 

(Fernandez et al., 2008; Fan et al., 2010; Zhao et al., 2010, 2012; Fortress et al., 2013; Kim et al., 

2016; Tuscher et al., 2016). These pathways also result in cellular processes that may drive short-

term memory formation when activated by estrogens. For example, E2-facilitated synapto- and 

spinogenesis (Sellers et al., 2015), protein synthesis (Akama & McEwen, 2003; Sarkar et al., 

2010; Briz & Baudry, 2014), and actin polymerization (Briz & Baudry, 2014) all require ERK 

and/or PI3K pathway activation. It is hypothesized (Figure 28) that estrogens bind to estrogen 

receptors which activate cell signalling cascades that result in downstream effects on cellular 

processes (Sheppard et al., 2018), such as localized synthesis of synaptic proteins or proteins 

involved in synaptic plasticity and formation of novel, “silent” spines that can become mature 

through neuronal activity (Srivastava, 2012). We found both ERK and PI3K signalling were 

required for rapid E2-facilitated short-term social recognition in the dorsal hippocampus 

(CHAPTER II, Figures 6 and 7). However, the downstream mechanisms of these pathways in 

this type of learning have yet to be determined. Furthermore, whether the same mechanisms are 

required in other brain regions involved in social recognition has yet to be studied. 

We further explored whether the two ERs, ER and GPER1, that rapidly facilitate social 

recognition in the dorsal hippocampus (Phan et al., 2015; Lymer et al., 2017) require ERK or 
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PI3K activity to elicit short-term memory. Here we found that ER required activation of both 

pathways, as inhibition of either pathway blocked social recognition facilitation (CHAPTER II, 

Figures 6 and 7). GPER1 required PI3K but not ERK to facilitate social recognition (CHAPTER 

II, Figures 6 and 7). Kim and colleagues (2017) had previously found that the GPER1 agonist G-

1 did not rapidly lead to an increase in pERK. However, they did not investigate PI3K as there 

has been some disagreement whether ERK and PI3K are parallel or serial pathways when 

activated by estrogens and ER agonists or not. There is considerable crosstalk between these two 

widespread and diverse pathways (Mendoza et al., 2011). Some studies and reviews have 

suggested that these pathways are involved in different downstream mechanisms when activated 

by estrogens (e.g. Briz & Baudry, 2014; Driggers & Segars, 2002) whereas others have 

suggested serial activation (i.e. PI3K activation leads to the activation of ERK; e.g. Fan et al., 

2010; Frick, 2015; Frick et al., 2015). The present research suggests that the behavioural 

consequences of ERK and PI3K inhibition can differ, at least with regards to GPER1’s rapid 

facilitation of social recognition. Whether there are discrete roles and downstream mechanisms 

of ERK and PI3K on rapid E2-facilitated learning and memory requires further investigation. 

 

Actin Polymerization and Protein Synthesis are Both Required for the Rapid Effects of 

Estrogens on Short-Term Memory 

 Upon determining that cell signalling pathways known to be involved in both actin 

polymerization and protein synthesis are also involved in the rapid facilitation of short-term 

social recognition memory by E2, we became interested in discovering whether these 

downstream cellular mechanisms are necessary as well. Through pharmacological inhibition of 

either actin polymerization or protein synthesis in the dorsal hippocampus prior to E2 
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administration, we were able to determine that both processes are necessary for E2 to facilitate 

social recognition in a timeframe targeting short-term memory (CHAPTER III, Figures 12 and 

13). Whether these cellular mechanisms are activated via the ERK and PI3K cell signalling 

cascades cannot be determined from this study. However, based on in vitro (e.g. Akama & 

McEwen, 2003; Srivastava et al., 2008; Sarkar et al., 2010; Briz & Baudry, 2014; Sellers et a., 

2015) and in vivo (e.g. Fortress et al., 2013; Tuscher et al., 2016) studies demonstrating actin 

polymerization, protein synthesis, and/or mechanisms which are involved in actin polymerization 

or protein synthesis as downstream effectors of these pathways, their involvement is likely.  

We hypothesize that, in the dorsal hippocampus, E2 activates cell signalling cascades, 

including, but not exclusively, ERK and PI3K, which lead to downstream activation of localized 

protein translation and actin polymerization (Figure 28). As such, the neuronal substrate for 

learning and memory is rapidly developed such that, upon activity, novel and transient dendritic 

spines become mature while the unused spines become re-internalized. This supports the “two-

step wiring plasticity” theory of rapid effect of E2 on synaptogenesis (Srivastava, 2012).  

A number of factors have yet to be determined. While we found that protein synthesis, 

independent of gene transcription, is necessary for the rapid facilitation of short-term social 

recognition by E2, we do not know which proteins are of greatest importance. There are a limited 

number of mRNAs present in dendrites in many brain regions, including the hippocampus, for 

rapid translation (reviewed in Bramham & Wells, 2007). While a number of these (such as 

CaMKII, -Actin, GluA1/2) may be involved in the rapid actions of E2, one target mRNA of 

interest appears to be the activity-regulated cytoskeleton-associated, or Arc, protein. Arc is an 

immediate early gene expressed concurrently with synaptic modification by learning or 

stimulation and its mRNA is rapidly transported to the dendrites of the active hippocampal 
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neurons where it can then be translated upon activation of local protein synthesis mechanisms 

(Steward et al., 2015). The ERK pathway is intimately involved in both the translation and 

transcription of Arc, including localizing Arc mRNA at the dendrite (Huang et al., 2007), 

translational control and Arc synthesis (Panja et al., 2009), and activating response factors and 

elements that control transcription of Arc mRNA (reviewed in Korb & Finkbeiner, 2011). 

Furthermore, E2 application in vitro leads to a decrease in mEPSC frequency but not amplitude 

(Srivastava et al., 2008; Phan et al., 2015), a decrease in GluA1 containing AMPARs at synapses 

(Srivastava et al., 2008), and a reduced depolarization of CA1 neurons in response to AMPA 

agonists (Phan et al., 2015). Similarly, Arc protein regulates endocytosis of AMPARs (Chowdry 

et al., 2006; Rial Verde et al., 2006), as well as the morphology of spines (Peebles et al., 2010), 

and requires actin polymerization and ERK activation to localize to activated synaptic sites 

(Huang et al., 2007). The overlap between rapid E2 action and Arc action is considerable and 

suggests an interplay between the two. In SH-SY5Y human neuroblastoma cells, E2 significantly 

increased Arc mRNA expression within 20 minutes, reaching a peak between 30-40 minutes 

before declining, and Arc protein expression within 30 minutes (Chamniansawat & 

Chongthummakun, 2009). This latter effect required both ERK and PI3K signalling 

(Chamniansawat & Chongthummakun, 2009). To the best of our knowledge, only one in vivo 

study has examined the relationship between estrogens and Arc. This study (Christensen et al., 

2015) found a relationship between Arc expression, estrogen treatment to mimic normal cyclicity 

in OVX rats, and lordosis behaviour. Sexually naïve animals showed increased sexual receptivity 

following ongoing estrogen treatment (Christensen et al., 2015). Conversely, sexually 

experienced animals who showed an increase in Arc expression in the arcuate nucleus as a result 

of mating exhibited no increase in sexual receptivity in response to exogenous estrogens 
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(Christensen et al., 2015). Further exploration into the relationship between estrogens and Arc is 

required, especially with regards to the rapid effects of estrogens on learning and memory in the 

dorsal hippocampus. 

CA1 dendritic spine density in “learning” female mice 

 One intriguing finding from our investigation was that, in mice who were tested using the 

social recognition paradigm, E2 did not facilitate an increase in spines (CHAPTER III, Figures 

16 and 18). Instead, increases in spine density within the CA1 were observed in those mice given 

protein synthesis inhibitor anisomycin prior to E2 treatment (CHAPTER III, Figure 18). Acute 

treatments of E2 have thus far generally elicited increases in CA1 dendritic spine density 

(MacLusky et al., 2005; Murakami et al., 2006; Mukai et al. 2007; Phan et al., 2012, 2015). 

However, these studies either made use of cultured hippocampal neurons or “non-learning” mice 

(i.e. of mice who did not perform a learning task after receiving the exogenous estrogen). An 

increase in spine density in our “learning” mice (i.e. those that received treatment and then 

performed the social recognition task, regardless of whether they performed social recognition 

upon testing) may have occurred across groups as a result of social interaction (as in Beltrán-

Campos et al., 2011; Moser et al., 1994; reviewed in Leuner & Shors, 2004). As such, in 

“learning” mice, effects of E2 on spines could have been masked by generalized increases in 

CA1 dendritic spine density in all groups, including controls. However, only mice treated with 

anisomycin who performed the “easy” social recognition paradigm (Figure 3A) showed a 

relationship between total social investigation and dendritic spine length (CHAPTER III, Figure 

20), suggesting that social interaction may not generally influence dendritic spine morphology in 

these short-term social recognition memory tasks. Dendritic spine density or length did not 

correlate with performance on the short-term social recognition memory task in any treatment 
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group (Figures 20-22). 

Conversely, the activation of the CA1 neurons resulting from learning in conjunction 

with E2 treatment could have led to the internalization of unused spines, as in “two-step wiring 

plasticity” (Srivastava, 2012), thus explaining the observed lack of an expected increase in 

dendritic spine density. Furthermore, this internalization of unused spines appears protein 

synthesis dependent, as the group given anisomycin and E2 had an increase in spine density. In 

view of these results, we propose that E2 is rapidly and generally increasing the substrate 

required for synaptogenesis by increasing CA1 spine density and, when a learning event occurs, 

specific synapses involved in learning are potentiated and their spines consolidated. Spines not 

activated by the learning event are instead internalized in a protein synthesis dependent manner. 

As the rapid effects of estrogens on dendritic spines vary depending on whether a memory task 

occurs following estrogen administration, further investigation, including determining whether 

CA1 dendritic spine density is increased 15 minutes (i.e. immediately prior to when the social 

recognition task would begin) or 40 minutes following intrahippocampal estrogen treatment in 

mice administered treatment but who do not perform the social recognition task, is required to 

determine the mechanisms governing E2-induced CA1 dendritic spine modulation in learning 

mice. These suggested control experiments could begin to clarify whether the lack of an increase 

in CA1 dendritic spine density in the present experiments could be explained by effects of the 

paradigm (e.g. exposure to social stimuli; an increase in spine density should be observed 40 

minutes following E2 administration) or the internalization of novel or pre-existing spines (an 

increase in spine density should be observed 15 and 40 minutes following E2 administration).  
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Figure 28: Hypothesized mechanisms underlying the rapid facilitation of short-term social 

recognition memory by estrogens 

We hypothesize that estrogens bind to estrogen receptors (membrane bound or intracellular) 

which go on to activate cell signalling cascades, including, but not limited to the ERK and PI3K 

pathways. These have downstream effects on a number of intracellular mechanisms, including 

protein synthesis and actin polymerization. Through actin polymerization and protein synthesis, 

novel spines or “silent” synapses are created, which can become mature synapses following 

neuronal activity. If unused, the novel spines do not mature and are instead re-internalized.  

 

Social Recognition can be Rapidly Facilitated by Estrogens in Regions Outside of the 

Dorsal Hippocampus 

 Previous research has shown that E2 or specific ER agonists rapidly facilitate short-term 

social recognition memory when administered systemically (Phan et al., 2011, 2012; Gabor, 
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Lymer, et al., 2015) or directly into the dorsal hippocampus (Phan et al., 2015; Lymer et al., 

2017). These effects appear to be mediated by ER and GPER1 (Phan et al., 2011, 2015; Gabor, 

Lymer, et al., 2015; Lymer et al., 2017), but not ER as the ER agonist did not facilitate short-

term social recognition memory (Phan et al., 2011, 2015). However, when tested in an 

environment with minimal spatial and contextual cues, intrahippocampal administration of E2 

did not facilitate social recognition learning whereas systemic administration of E2 did (Phan et 

al., 2013). Furthermore, while intrahippocampal GPER1 agonist G-1 facilitated social 

recognition in an environment with minimal spatial cues, it required a larger dose than when 

tested in the home cage (Lymer et al., 2017). Together, these results suggested extrahippocampal 

sites of E2 action are directly involved on social recognition. 

 This led us to investigate the medial nucleus of the amygdala, a region with robust 

expression of ERs (Mitra et al., 2003; Hazell et al., 2009) and previously found to be involved in 

social recognition (Spiteri et al., 2010; Wang et al., 2014; Noack et al., 2015). Here, we found 

that intra-MeA E2 rapidly facilitated short-term social recognition memory in OVX female mice 

and that this facilitation is mediated by ER, ER, and the GPER1 (CHAPTER IV, Figures 26 

and 27). This highlights the differences between regions with regard to individual ER action; that 

is, activation of different ERs rapidly facilitates different behaviours in different brain regions. 

For example, ER in the dorsal hippocampus rapidly facilitates object placement learning, but 

not object or social recognition (Phan et al., 2015). The same receptor in the MeA rapidly 

facilitates social recognition (Lymer, Sheppard, et al., 2018), whereas it did not when given as 

systemic (Phan et al., 2011) or intrahippocampal (Phan et al., 2015) treatment. Whether E2 in the 

MeA also facilitates short-term object recognition or placement memory has yet to be 

determined. Time of treatment and testing also affects behavioural outcomes of ER activation. 
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ER only facilitates short-term object placement memory when given prior to acquisition and 

tested 5 minutes following learning (Phan et al., 2011, 2015) whereas ER activation facilitates 

long-term object placement and object recognition memory when given post-acquisition and 

tested 24 and 48 hours later, respectively (Boulware et al., 2013). Dissociations in the 

mechanisms underlying short- and long-term memory mechanisms have been described before. 

For instance, pre-acquisition intra-perirhinal cortex administration of an NMDAR antagonist 

blocked long-term (180-minute retention delay), but not short-term (5-minute retention delay) 

object recognition memory, whereas an AMPAR antagonist blocked both (Winters & Bussey, 

2005). Palmer and colleagues (2016) found that mice deficient in vesicular acetylcholine 

receptors were impaired in object recognition after short retention delays (5 or 15 minutes) but 

not following longer retention delays (3 hours). Furthermore, a region may be involved in some 

phases of memory but not others. For example, hippocampal NMDA receptors are required for 

acquisition and consolidation, but not retrieval, of object location memory in rats (Yamada et al., 

2017). Thus, differences between the effects of ER activation in short- and long-term memory 

could result from different intracellular processes being required during the different stages of 

memory. 

The region/receptor/timeframe specificity of estrogens, described above, further suggests 

that brain regions may respond to estrogens differently and may elicit behavioural outcomes 

through different mechanisms. Whereas we have found that estrogens rapidly increase dendritic 

spine density (at least in non-learning animals; Phan et al., 2011, 2012) and require ERK and 

PI3K pathway signalling, actin polymerization, and protein translation to rapidly facilitate short-

term social recognition memory in the dorsal hippocampus, it is unknown whether these findings 

hold true in other brain regions or whether different mechanisms are at play. For example, E2 
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administered directly into the paraventricular nucleus rapidly facilitates social recognition, but 

not object recognition (Paletta et al., 2018b), through actions on the oxytocin system in the MeA 

(Paletta, 2018). Whether the mechanisms underlying the rapid facilitation of short-term social 

recognition memory by estrogens in the MeA or other regions are the same as those underlying 

similar effects in the dorsal hippocampus (e.g. ERK or PI3K signalling, protein synthesis, actin 

polymerization, spine and synapse modification) has yet to be explored. 

Having added the MeA to the list of regions involved in the rapid effects of E2 on social 

recognition in OVX mice, the question of the interactions between this region and other “social 

brain regions” grows. Bielsky and Young (2004) have proposed that both the MeA and 

hippocampus are involved in the processing of social information for normal social recognition 

in rodents. Olfactory cues are processed through the accessory and main olfactory bulbs (Oettl et 

al., 2016). This information then converges in the MeA (Oettl et al., 2016; Lymer, Sheppard, et 

al., 2018) where oxytocin is necessary for normal processing (potentially through mediation by 

the PVN; as in Paletta, 2018) which then sends projections to the lateral septum (O’Connell & 

Hofmann, 2011). The lateral septum then projects to the hippocampus where social recognition 

memories are processed and retrieved (O’Connell & Hofmann, 2011; Tanimizu et al., 2017; 

Figure 29). The involvement of rapid effects of estrogens in this complex series of social brain 

regions has only been explored in discrete regions; that is, the interplay or networks between 

regions have yet to be investigated.  
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Figure 29: Proposed “social brain” network of brain regions involved in the rapid 

facilitation of short-term social recognition by estrogens 

OB: olfactory bulbs, MeA: medial amygdala, PVN: paraventricular nucleus of the hypothalamus, 

LS: lateral septum, dH: dorsal hippocampus, mPFC: medial prefrontal cortex.  Olfactory 

information is first processed by the main and accessory OBs. This information then converges 

in the MeA and is potentially mediated by the PVN. The MeA then projects either directly to the 

dH or to the dH via the LS. The dH consolidates the social memory and is involved in the short-

term storage of social memory. The dH may then project to the mPFC for long-term memory 

storage. Derived from Newman, 1999; Choleris et al., 2003; Bielsky & Young, 2004; O’Connell 

& Hofmann, 2011; Tanimizu et al., 2017; Sheppard et al., 2016; and Paletta, 2018). 

 

Significance of Research 

 Presented in this dissertation are studies on the mechanisms through which estrogens 

rapidly facilitate short-term social recognition memory. Previous research has shown rapid 

effects of pre-acquisition estrogens or estrogen receptor agonists on short-term memory and 

implicated key regions of estrogen action (e.g. Phan et al., 2011, 2012, 2015; Gabor, Lymer, et 

al., 2015; Lymer et al., 2017; Lymer, Sheppard, et al., 2018; Paletta, 2018) without exploring the 

underlying mechanisms. Conversely, research has explored the intracellular machinery which 
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underlie estrogens’ rapid effects on neuronal cells (e.g. Akama & McEwen, 2003; MacLusky et 

al., 2005; Sarkar et al., 2010; Briz & Baudry, 2014; Sellers et al., 2015; Soma et al., 2018) 

without determining whether these effects alter learning and memory. The current research was 

an attempt to marry these two lines of study. While there has been research into the machinery 

involved in estrogens’ rapid post-acquisition actions on consolidation of long-term object and 

spatial memory (e.g. Fernandez et al., 2008; Fan et al., 2010; Fortress et al., 2013; Tuscher et al., 

2016; Kim et al., 2016, 2017), we are (to the best of our knowledge) the first to explore the 

mechanisms underlying the rapid effects of pre-acquisition estrogens on both short-term memory 

and social recognition. The results from this dissertation, therefore, fill a gap in knowledge 

regarding the rapid effects of estrogens on social cognition and enhances our understanding of 

the fundamental cellular mechanisms underlying these effects within the social brain. 

 In addition to this, this research may add to our understanding of the cognitive changes 

that occur during natural and unnatural fluxes of estrogens (reviewed in Luine, 2014 and Galea et 

al., 2017). Circulating sex hormones rise and fall across the lifespan (reviewed in Nugent et al., 

2012) and as a result of injury (e.g. infection, autoimmune disorders) or medical intervention 

(e.g. chemotherapy or oophorectomy; Ebrahimi & Asbagh, 2011), and localized synthesis of 

estrogens from testosterone via aromatization can occur rapidly (within minutes) and within the 

brain, leading regions to have higher concentrations of estrogens than would be seen as a result 

of circulating ovarian estrogens (reviewed in Saldanha et al., 2011 and Srivastava et al., 2011). 

Often accompanying changes in circulating levels of estrogens are effects on an individual’s 

cognition (reviewed in Luine, 2014) or increases in the sex differences between males and 

females with regards to certain types of cognition (e.g. spatial abilities; Voyer et al., 1995; 

reviewed in Berenbaum & Beltz, 2011).  
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Most commonly described are the effects of menopause on cognition. Natural menopause 

occurs when the ovaries decrease and eventually stop producing sex hormones. This leads to a 

number of changes both in brain function and in other systems throughout the body (reviewed in 

Navarro-Pardo et al., 2018 and Greendale et al., 2011). Women experience declines in various 

cognitive tasks following menopause (reviewed in Frick et al., 2009). For example, 

postmenopausal women performed significantly worse than pre- and perimenopausal women on 

delayed verbal memory tasks and worse than perimenopausal women in phenomic verbal fluency 

tasks (Weber et al., 2013). The Women’s Health Initiative (WHI), a large National Institutes of 

Health (NIH)-sponsored multi-outcome study involving hormonal therapy (HT) completed in 

2002, investigated the effectiveness of HT on cognitive decline in post-menopausal women 

(reviewed in Lobo, 2013; Frick, 2009; and Luine, 2014). Results initially suggested no effects of 

HT (Rapp et al., 2003) or increases in cognitive decline (Espeland et al., 2004) and risk of 

dementia (Shumaker et al., 2004). However, a number of issues were discovered upon further 

investigation. Firstly, on average, the participants had gone through menopause more than 10 

years prior to the start of the study, well beyond what is now considered the critical period for 

HT (reviewed in Luine, 2014). Furthermore, the estrogen treatment given to participants in the 

HT groups (with or without progestin; Lobo, 2013) was of an equine source (Conjugated Equine 

Estrogens, CEE, trade name Premarin) and contained predominantly estrone. Estrone (E1) is an 

endogenously produced estrogen; however; it is typically found in much lower concentrations 

than E2 and has a much lower potency, as indicated by binding affinity for ER and induction of 

uterine growth (Folmar et al., 2002; reviewed in Luine, 2014). E1 has also been found to impair 

cognition in animal models (Barha et al., 2010; Engler-Chiurazzi et al., 2012) and in humans 

(reviewed in Barha & Galea, 2010).  
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New guidelines have been put in place for prescribing HT (e.g. considerations with 

regards to patient age, family medical history, timing of menopause, etc.) and improved HTs are 

being investigated (e.g. those that have estradiol:estrone ratios more similar to premenopausal 

women and those that begin during the critical post-menopausal window of effect; Sood et al., 

2014). This dissertation broadens the understanding of the mechanisms underlying the rapid 

effects of E2 on social cognition and will hopefully be of use in the development and 

improvement of HTs in the future, perhaps by suggesting specific or alternative targets of 

treatment that could reduce unwanted side effects (e.g. increased risk of dementia or stroke; 

Espeland et al., 2004; Shumaker et al., 2004) while maintaining the desirable enhancing effects 

on cognition. 

 There is increasing awareness of the differences between the sexes in life sciences 

research and an increase in interest in how these differences arise and their implications. The 

NIH has recently introduced a policy requiring sex as a biological variable (SABV) to be 

factored into research design, analyses, and reporting of results in NIH funded research 

(reviewed in Clayton, 2018). This is to enhance reproducibility through rigor and transparency in 

publicly funded research in the USA. In their 2011 review, Beery and Zucker found that 80% or 

more of rodent studies conducted in general biology, immunology, neuroscience, physiology, 

pharmacology, and endocrinology used only males. The SABV policy was created to move away 

from sex bias in life sciences research to examine how the sexes are both similar and different 

(Clayton & Collins, 2014) by changing the paradigm from “either/or” or “both/and” (Clayton 

2016; reviewed in Clayton, 2018). While this dissertation only used female OVX mice, we 

examined an underrepresented population in the life sciences literature as a whole. Extending 

this research into males is advantageous and a necessary future direction. In fact, recent evidence 
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has suggested that estrogens in the hippocampus may have different effects in males and females 

with regards to cell signalling, dendritic spine modulation, and behavioural outcome (Koss et al., 

2017; for more, see Luine et al., 2018). It is a broad and ever-expanding literature to which this 

dissertation has contributed. 

 

Limitations and Future Directions 

While some of the limitations of the present research have been acknowledged, many of 

them bear repeating as they have implications for future investigations. Firstly, while the present 

investigations explored short-term social recognition memory, it cannot be ruled out that the 

mechanisms explored are involved more generally in short-term recognition memory. Within the 

dorsal hippocampus, estrogens and ER agonists rapidly facilitate both social and object 

recognition (Phan et al., 2015; Lymer et al., 2017). Whether the ERK or PI3K pathways, actin 

polymerization, or protein synthesis are involved in rapid estrogen-facilitated short-term object 

recognition memory in this region has not yet been explored. Furthermore, whether intra-MeA 

administration of estrogens facilitates object recognition has not been explored. This region may 

show dissociation between the two recognition tasks as this region is involved in sociosexual 

behaviours likely in part as a centre of olfactory information processing and has not been found 

to be involved in object recognition in the past.  

In addition, whether mice in the present social recognition paradigms employ individual 

recognition memory to distinguish between conspecifics cannot be determined from the present 

experiments. Differences in familiarity between conspecifics is used as the dependent variable in 

order to measure recognition in these tasks. Whether treatment affects short-term individual 

recognition memory or even the preference for novelty cannot be determined here, as both 
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familiarity and individual recognition could have been employed by mice performing the social 

recognition task and the possibility remains that estrogen treatment affects the motivation and 

preference for novelty instead of the memory for the conspecific. Furthermore, whether male or 

gonadally-intact female mice require the same underlying mechanisms to elicit short-term social 

recognition has not been determined. While hippocampal levels of pERK increase in female 

mice following i.c.v. infusion of E2, males show no changes in pERK expression following the 

same treatment and, furthermore, do not experience enhancements to long-term object 

recognition memory that are seen in females (Koss et al., 2017). Males and females also use 

different strategies in some memory tasks. For instance, females use intrinsic attributes of 

conspecifics whereas males use previous social experience to recognize social hierarchy and 

mutation in the sex-determining region Y gene can shift strategies towards one sex or the other 

(van den Berg et al., 2015). Thus, as males and females may both produce different biological 

responses to exogenous estrogens and utilize different strategies in the social recognition task, it 

would be advantageous to investigate both sexes in future experiments. 

A number of other future directions from this research exist. Firstly, while the necessity 

of hippocampal ERK and PI3K signalling pathways to short-term social recognition memory was 

explored, whether activation of these pathways is sufficient for short-term social recognition 

memory, independent of estrogen administration, has not been investigated. This could be 

explored through use of selective agonists for the ERK and PI3K pathways. Whether ER- or 

the GPER1-facilitated short-term social recognition memory requires either protein synthesis or 

actin polymerization has not been determined. It remains possible that activation of these two 

ERs produce different downstream effects that are required for short-term social recognition 

memory. 
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An important limitation of this research is whether the novel spines and synapses rapidly 

induced by estrogens that have been shown in previous experiments are involved in the rapid 

facilitation of short-term social recognition memory by estrogens or not. While the effects of 

spines and behaviour occur within the same timeframe, these findings could be independent of 

one another and merely correlational. In this dissertation is the first evidence that pre-acquisition 

E2, in conjunction with a memory task, does not increase CA1 dendritic spine density. Whether 

this is due to selective pruning of novel and/or pre-existing dendritic spines as a result of the 

memory task or a ceiling effect resulting from a generalized increase in spines in response to 

presentation of social stimuli remains to be determined. 

Finally, while it has been determined that protein synthesis is required for rapid estrogen-

facilitated short-term social recognition memory, the specific proteins being synthesized has not 

been determined. This dissertation has suggested that the mRNAs being translated are likely 

localized to the dendrites as they can be rapidly translated in order to elicit changes regionally-

specific to the spine and synapse. Whether this is the mechanism of action remains unknown. 

Only a select population of mRNAs are stored in dendritic spines. These include a number of 

proteins that play key roles in synaptic plasticity (reviewed in Bramham & Wells, 2007). For 

instance, Arc can be rapidly translated (Chamniansawat & Chongthummakun, 2009), requires 

actin polymerization and ERK activation to localize to activated synaptic sites (Huang et al., 

2007), and regulates endocytosis of AMPARs (Chowdry et al., 2006; Rial Verde et al., 2006) and 

the morphology of spines (Peebles et al., 2010). However, whether Arc expression is affected 

rapidly by estrogens and is necessary for their enhancing effects on learning, memory, and 

dendritic spines has yet to be determined. 



   

 151 

While much remains to be discovered regarding the effects of estrogens on social 

cognition and memory, the present research has helped elucidate some of the mechanisms 

underlying the rapid facilitation of short-term social recognition memory by estrogens. Further 

investigations into the complex interplay of molecular, cellular, regional, and inter-regional 

mechanisms underlying these effects remain. Such studies are pivotal to our understanding of the 

complex neuroendocrine control of social behaviour, cognition, and memory in the lives of 

social animals, ourselves included. 
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