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ABSTRACT 

 

The role of specific estrogen receptors in mediating 

rapid estrogenic improvements of social learning in female mice 

 

 

Kelsy Ervin       Advisor: 

University of Guelph, 2013     Professor Elena Choleris 

 

 

Social learning is a process by which an animal gains information from another; 

however much of the research on estrogens effects on learning focuses on individual 

learning tasks. We therefore examined the effects of 17 -estradiol (17 -E2) and agonists 

for the estrogen receptors (ERs) ER , ER , and the G protein-coupled ER 1 (GPER1) on 

the social transmission of food preferences (STFP) task, within a time scale allowing us 

to determine the rapid effects of estrogens. General ER activation with 17 -E2 rapidly 

improved social learning on this task. Specific activation of the GPER1 also rapidly 

improved social learning, suggesting that 17 -E2 acts through the GPER1 to rapidly 

improve learning on the STFP. Activation of ER  and ER  activation, however, induced 

some impairing effects on learning. Rapid estrogenic modulation of social learning in the 

STFP therefore likely depends on the receptors activated, as each ER differently affected 

learning on this task.
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Introduction 

 

Estrogen receptors 

 The gonadal steroid hormones estrogens, in addition to their well-known effects 

on female reproductive physiology, also affect behaviour and cognition. To exert these 

effects, estrogens typically bind to estrogen receptors (ERs) in the cell membrane and/or 

cytosol. With respect to behaviour, the most commonly studied ERs are the “classical” 

ER  and ER  and the more recently described G protein-coupled ER 1 (GPER1, 

formerly known as GPR30), all widely present in the adult brain (Brailoiu et al., 2007; 

Laflamme, Nappi, Drolet, Labrie, & Rivest, 1998). ER  and ER  are genetically similar 

and both bind to estrogen response elements (EREs) on DNA but are distinct in their 

ligand-binding sites and are transcribed from different genes on separate chromosomes 

(Heldring et al., 2007). While both ER  and ER  show similar high affinities for 17 -

estradiol (17 -E2), the most common naturally circulating estrogen, they interact 

differently with “anti-estrogen” compounds and with other DNA transcription factors 

(Heldring et al., 2007; Nilsson et al., 2001). GPER1, on the other hand, is a G protein-

coupled, membrane-bound receptor that consists of seven trans-membrane domains, has a 

high affinity for 17 -E2 (Thomas, Pang, Filardo, & Dong, 2005), and is structurally and 

genetically distinct from the classical ERs (Carmeci, Thompson, Ring, Francke, & 

Weigel, 1997). 

ER  and ER  have both been localized to the plasma membrane (Micevych & 

Dominguez, 2009; Wong & Moss, 1992). Likewise, GPER1 has been localized to cell 

membranes including the endoplasmic reticulum (Brailoiu et al., 2007), the Golgi 
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complex (Sakamoto et al., 2007), and the plasma membrane (Thomas et al., 2005). The 

presence of these ERs in the membrane is supported by research showing that ER , ER , 

and GPER1 bind 17 -E2 conjugated with bovine serum albumin (BSA) (Thomas et al., 

2005; Wade, Robinson, Shapiro, & Dorsa, 2001), which does not cross the plasma 

membrane (Stevis, Deecher, Suhadolnik, Mallis, & Frail, 1999).  

ER  and ER , while genetically related, have different relative expression in 

some areas of the brain; for example ER  is more abundant than ER  in the supraoptic 

nuclei, the paraventricular nuclei, and the hippocampus, while ER  is more abundant in 

the prefrontal cortex (Micevych & Dominguez, 2009). These differences in expression 

have also been shown to vary across phases of the estrous cycle (Mendoza‐Garcés et al., 

2011). GPER1 is also expressed in several brain areas, most notably the hypothalamus, 

brainstem nuclei, the striatum, and the hippocampus and cortex, regions important for 

learning and memory (Brailoiu et al., 2007). 

 

Rapid versus genomic effects of estrogens 

Estrogens can modify physiology and behaviour through two general 

mechanisms: long-term and rapid mechanisms. The long-term effects of estrogens occur 

on a time scale of hours to days and involve gene transcription. The rapid effects, on the 

other hand, elicit changes in behaviour and neuronal physiology within minutes to hours 

after treatment, which is considered too early to be the effects of genomic actions 

(reviewed in (Choleris, Clipperton, Phan, & Kavaliers, 2008; Frick, 2012; Luine, Jacome, 

& Maclusky, 2003).  
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The long-term, genomic effects of estrogens primarily involve ER  and ER . 

When activated, ER  and ER  dimerize and bind to estrogen response elements (EREs) 

on DNA and interact with other transcription factors (such as nuclear factor- B, 

specificity protein 1, and fos/jun), effects which may differ based on the specific ER 

activated (Nilsson et al., 2001; Vasudevan & Pfaff, 2008; Villablanca, Lewis, & 

Rutledge, 2002). These effects on gene transcription can in turn result in behavioural 

changes measurable as early as 24-48 hours after hormone manipulation, up to several 

days after treatment (reviewed in (Choleris et al., 2008; Frick, 2012). 

In contrast, estrogens’ rapid effects on behaviour are thought to be a downstream 

effect of the initiation of rapid changes in cellular events. Estrogens can affect cell 

signalling cascades as early as 15 minutes after treatment, which may be the mechanism 

of their rapid effects on behaviour (Filardo & Thomas, 2012; Nilsson et al., 2001; 

Vasudevan & Pfaff, 2008). Much of the research on the rapid estrogen effects on 

neuronal function has focused on hypothalamic and hippocampal neurons. In the 

hypothalamus, estradiol modulates the protein kinase A (PKA) pathway through two 

possible mechanisms. Estradiol rapidly regulates the protein kinase C (PKC) pathway, 

which has downstream effects on the PKA pathway. Estradiol also affects calcium ion 

(Ca
2+

) flux, which in turn affects cyclic adenosine monophosphate (cAMP) signalling, 

which also affects the PKA pathway (reviewed in (Kelly & Levin, 2001; Vasudevan & 

Pfaff, 2008). The increase in cAMP precipitated by estradiol may cause the estrogen-

mediated enhancements of N-methyl-D-aspartate (NMDA) -mediated long-term 

potentiation (LTP). LTP, the strengthening of neuronal connections at the synapse over 

time and repeated signalling, is a cellular process important for learning and memory, and 
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it may be a mechanism by which estrogens affect cognition (Bliss & Lomo, 1973). Some 

evidence points to GPER1 in rapid estradiol Ca
2+

 signaling, as a GPER1 agonist increases 

intracellular Ca
2+

 in hypothalamic neurons (Brailoiu et al., 2007). However, other studies 

on astrocytes and on peripheral tissues suggest that while all ERs play a role in calcium 

signaling, ER  may play a predominant role over ER  and the GPER1 (Hofmeister et al., 

2012; Kuo, Hamid, Bondar, Prossnitz, & Micevych, 2010; Ren & Wu, 2012).  

Estrogens may rapidly mediate learning and memory is through the mitogen-

activate protein kinase (MAPK) pathway, perhaps as a downstream effect of estrogen-

induced changes in cAMP and PKA. For example, 17 -E2 induces MAPK pathways in 

vitro and in vivo as early as 5 minutes after treatment (Singh, Sétáló, Guan, Warren, & 

Toran-Allerand, 1999; Watters, Campbell, Cunningham, Krebs, & Dorsa, 1997). 

Specifically, 17 -E2 increases extracellular signal regulated kinase (ERK) 1 and 2 

phosphorylation in human neuroblastoma cells (Watters et al., 1997) and in perinatal rat 

brain samples (Bryant, Bosch, Rønnekleiv, & Dorsa, 2005; Singer, Figueroa-Masot, 

Batchelor, & Dorsa, 1999; Singh et al., 1999; Wu, Wang, Chen, & Brinton, 2005; Wu, 

Chen, & Brinton, 2011). The effects of 17 -E2 on ERK2 are of particular interest as 

evidence suggests that this isoform is important for social interactions and cognitive 

processes. Mice with the ERK2 gene knocked out in the central nervous system were less 

sociable, were more aggressive in a resident-intruder task, and were impaired in maternal 

behaviours. ERK2KO mice also showed less anxiety than wildtype controls and had 

impaired memory for contextual and cued fear conditioning (Satoh et al., 2011). The 

estradiol enhancements of ERK1 and 2 phosphorylation have also been observed in brain 

areas important for learning and memory, such as the hippocampus (Wu et al., 2005; Wu 
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et al., 2011) and cortex (Bryant et al., 2005; Singer et al., 1999; Singh et al., 1999). This 

coincides with studies showing that intrahippocampal infusions of 17 -E2 enhance 

spatial and object recognition memory (Phan, Suschkov et al., 2012; Phan, 2013). In 

addition, inhibition of the MAPK pathway in the dorsal hippocampus blocks not only 

ERK phosphorylation, but also estradiol-mediated enhancements of memory 

consolidation (Fernandez et al., 2008; Fortress, Fan, Orr, Zhao, & Frick, 2013). These 

rapid effects of 17 -E2 on ERK phosphorylation are likely due to its action through ERs 

located on the cell membrane, as the same effects on ERK were observed with treatments 

of membrane-impermeable BSA-17 -E2 (Fernandez et al., 2008; Russell, Haynes, Sinha, 

Clerisme, & Bender, 2000; Watters et al., 1997). Additionally, 17 -E2 treatment also 

increases ERK phosphorylation when given in conjunction with the compounds ICI 182 

780 and tamoxifen, which prevent ER binding to EREs in the nucleus (Singh et al., 1999; 

Watters et al., 1997). Hence, ERs located on the cell membrane may play a larger role in 

initiating the signalling cascades that lead to rapid behavioural changes.  

 

Estrogens and social behaviour 

Natural circulating estrogens, such as estradiol, are involved in several social 

behaviours such as aggression and sexual behaviour in many vertebrate species. For 

example, female Galápagos iguanas (Amblyrhynchus cristatus) with higher levels of 

estrogens are more aggressive when competing with other females for nesting sites 

(Rubenstein & Wikelski, 2005). Estradiol also contributes to resident-intruder aggression 

and maternal aggression in female mice (Mayer, Monroy, & Rosenblatt, 1990). The 

effects of estradiol on aggression are not specific to females; it also increases resident-
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intruder aggression in castrated male mice (Finney & Erpino, 1976; Trainor, Finy, & 

Nelson, 2008). Aggressive and dominance-related behaviours in male and female mice 

are also estrogen-dependent, and attenuated by gonadectomy (Clipperton Allen, Cragg, 

Wood, Pfaff, & Choleris, 2010; A. Clipperton-Allen, Almey, Melichercik, Allen, & 

Choleris, 2011).  

Estrogens also have rapid effects on aggression, though research thus far has 

focused on male subjects. While testosterone is typically linked to aggressive behaviour, 

aggression and sexual behaviour is often modulated by estrogens converted from 

testosterone. In both male and female animals, testosterone is converted to 17 -E2 by the 

aromatase enzyme (Balthazart & Foidart, 1993). In male golden hamsters (Mesocricetus 

auratus), 17 -E2 infusion into the anterior hypothalamus increased agonistic behaviour, 

but not open aggression, within 5 minutes of administration (Hayden-Hixson & Ferris, 

1991). In California mice (Peromyscus californicus) and beach mice (Peromyscus 

polionotus), estrogen treatment affects aggression differently based on whether the 

hormones act rapidly or through genomic mechanisms. In a resident-intruder test, acute 

administration with 17 -E2, ER , or ER  agonists increased aggression 15 minutes after 

treatment. However, these drugs decreased aggression if given chronically for 12 days 

prior to testing, acting through the long-term genomic mechanisms (Trainor, Lin, Finy, 

Rowland, & Nelson, 2007; Trainor et al., 2008). This shows a clear difference between 

the rapid or short-term and genomic or long-term effects of 17 -E2 on aggressive 

behaviour. Some research has explored the rapid effects of estrogens on aggression in 

male songbirds. In male song sparrows (Melospiza melodia) pre-treated with the 

aromatase inhibitor fadrazole to reduce endogenous levels of estrogens, acute treatment 
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with 17 -E2 reduced brain levels of phosphorylated ERK, tyrosine hydroxylase, and 

cAMP response element-binding protein only 15 minutes after treatment, in a season-

dependent manner (Heimovics, Prior, Maddison, & Soma, 2012). Thus the effects of 

17 -E2 on cellular signalling in the brain are linked to the reproductive environment and 

may play a role in social interactions, though the implications of these effects for 

aggressive behaviour are yet unclear. 

Another form of social behaviour, sexual behaviour, is estrogen-dependent in 

male and female animals. Estradiol induces lordosis behaviour in female rats (Kow & 

Pfaff, 2004) and activates sexual behaviours in male rats and Japanese quail (Cornil, 

Taziaux, Baillien, Ball, & Balthazart, 2006; Cross & Roselli, 1999). Furthermore, ER  

gene knockout (ER KO) mice results in fewer ejaculations in males, despite normal 

reproductive-oriented motivation, and abolition of lordosis behaviour in females (Ogawa, 

Lubahn, Korach, & Pfaff, 1997). Though female ER KO mice show no lordosis 

behaviour (Ogawa et al., 1999), this effect is not likely directly due to the lack of ER . 

Female sexual behaviour is dependent upon the action of progestin, whose expression is 

dependent on ER (Kudwa, Gustafsson, & Rissman, 2004; Mani, 2003; Olster & 

Blaustein, 1989). ER  regulation of male and female sexual behaviour may be 

dopamine-dependant. While male-typical sexual behaviours such as mounting, 

intromission, and ejaculation are abolished in ER KO mice, they can be restored with the 

activation of dopamine receptors in the brain. This effect is seen in both male and female 

ER KO mice (Kudwa et al., 2006). Thus ER  seems to be less crucial for the estrogenic 

control of sexual behaviour than ER .  Male and female mice with an ER  gene 

knockout (ER KO) have normal sexual behaviour in adulthood, though female ER KO 
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mice have slightly reduced ovarian function and therefore lower fertility compared to 

wildtype controls (Dupont et al., 2000; Krege et al., 1998). In addition, ER  seems to 

play an important role in defeminizing sexual behaviour (Kudwa et al., 2006). Female 

ER KO mice more readily show lordosis behaviour than wildtype controls when not in 

proestrus (Ogawa et al., 1999), and treatment with an ER  agonist to neonatal wildtype 

females decreased the lordosis quotient (lordosis to mount ratio) in adulthood with a 

hormone priming (Kudwa et al., 2006). This defeminisation effect is not limited to 

females. Male mice will also display lordosis, though at a lower frequency, and adult 

male ER KO mice had a higher than average lordosis quotient (Kudwa, Bodo, 

Gustafsson, & Rissman, 2005). Overall, ER and ER  work in concert for normal 

reproductive function. In terms of sexual behaviour, estrogens seem to promote 

masculine sexual behaviours through ER  but decrease female-typical behaviours 

through ER  (Kudwa et al., 2006). 

The rapid effects of estrogens seem to play a different role in male and female 

sexual behaviour. In females, estrogens do not rapidly induce lordosis behaviour, but can 

potentiate the long-term genomic effects (Christensen, Dewing, & Micevych, 2011; Kow 

& Pfaff, 2004; Vasudevan, Kow, & Pfaff, 2005). In contrast, estrogens can rapidly affect 

male sexual behaviour. For example, acute 17 -E2 induced an increase in 

chemoinvestigation and mount attempts of a sexually receptive female 15 minutes after 

administration in castrated male rats (Cross & Roselli, 1999) and 20 minutes later in 

castrated male mice (Taziaux, Keller, Bakker, & Balthazart, 2007). Likewise, in Japanese 

quail (Cortunix japonica) treated with an aromatase inhibitor, 17 -E2 restored rhythmic 
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cloacal sphincter movements in response to a female within only 10 minutes (Cornil et 

al., 2006). 

 In conclusion, while much is known regarding the genomic effects of estrogens 

on social behaviour in male and female animals, less is known about the rapid effects. 

While estrogens rapidly induce sexual behaviour in male rodents, the rapid effects in 

females may play a lesser role than the long-term genomic effects. With regards to 

aggression, little research has focused on the rapid effects of estrogens on female 

aggression or agonistic behaviour. 

  

Social versus non-social learning 

Much of the research on cognition using model species has used tasks of 

individual learning, in which an animal on its own must acquire and use information 

based solely on cues and stimuli available in its environment. There are many tasks that 

involve individual learning, that have also been used to test the effects of estrogens on 

cognition. For example, one can test learning and memory of spatial information using 

the Morris water maze, in which an animal must navigate a pool of opaque water to find 

an escape platform (Fugger, Cunningham, Rissman, & Foster, 1998; Rhodes & Frye, 

2006; Rissman, Heck, Leonard, Shupnik, & Gustafsson, 2002), or object location tasks, 

in which an animal recognizes an object has been moved from one location to another 

(Luine et al., 2003; Phan, Gabor et al., 2012; Phan et al., 2011). Non-spatial tests of 

learning and memory include tests of recognition learning, in which an animal must 

distinguish between different conspecifics (social recognition) or objects (object 

recognition) (Luine et al., 2003; Phan et al., 2012; Phan et al., 2011). Other non-spatial 
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tasks test associative learning, such as stimulus or contextual fear conditioning (Barha & 

Galea, 2010) and inhibitory avoidance, in which an animal learns to avoid a stimulus or 

context associated with shock (Rhodes & Frye, 2006; Richter et al., 2007; X. H. Xu et al., 

2011). 

Social learning, on the other hand, allows animals living in a social group to gain 

new information from their conspecifics. Through social learning, the organism may 

develop adaptive responses based on information acquired from a conspecific rather than 

through potentially costly trial-and-error individual learning (Galef, 1996). 

So far, research has demonstrated the occurrence of social learning in various 

animal taxa. Some rodent and fish species use social cues to shape foraging behaviour 

(for reviews, see Brown & Laland, 2003; Galef, 1989). Social learning also influences 

mate choice in rats (Galef, 1989; Galef, Lim, & Gilbert, 2008), fish (Brown & Laland, 

2003) and in Japanese quail (Galef & White, 2000; White, 2004). In some passerine bird 

species, males learn songs socially from conspecifics, usually the father (for review, see 

Freeberg, 2000). Animals can also use cues from conspecifics to learn to avoid predators, 

as seen in fish (reviews, (Brown & Laland, 2003; Griffin, 2004) and primates (Griffin, 

2004; Whiten & Mesoudi, 2008). Deer mice (Peromyscus maniculatus) will even learn to 

avoid biting flies, having never been exposed to flies, solely by observing conspecifics 

being bitten and avoiding the flies (Kavaliers, Colwell, & Choleris, 2005). Social learning 

is also an important aspect of learning in humans, and has been demonstrated in the 

context of food choice (Cashdan, 1998), speech (Yeung & Werker, 2009), abstract 

thinking (Bandura, 1989), and tool use (Nagell, Olguin, & Tomasello, 1993; Whiten & 

Flynn, 2010). 
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 The most common way of testing social learning in the laboratory is the social 

transmission of food preferences (STFP). The STFP is a natural learning phenomenon 

that has been studied most frequently in rats (Rattus norvegicus) (Galef & Stein, 1985; 

Galef, 1989) and house mice (Mus musculus) (Clipperton, Spinato, Chernets, Pfaff, & 

Choleris, 2008b; Valsecchi & Galef, 1989), but has also been observed in other social 

rodent species such as spiny mice (Acomys cahirinus) (McFadyen-Ketchum & Porter, 

1989), Belding’s ground squirrels (Spermophilus beldingi) (Peacock & Jenkins, 1988), 

and Mongolian gerbils (Meriones unguiculatus) (Choleris et al., 1998; Valsecchi, 

Choleris, Moles, Guo, & Mainardi, 1996). The STFP paradigm involves an “observer” 

animal that interacts with a “demonstrator” animal that has recently fed on a novel 

flavoured food. After a social interaction, the observer preferentially eats the flavoured 

food it previously encountered on the demonstrator’s breath when given a choice of two 

novel foods (Galef, 1989). Performance on this task is primarily dependent on the 

observer investigating the demonstrator’s oronasal area during the social interaction 

(Galef, 1989). In general, observers must interact with a living, breathing demonstrator in 

order to develop a food preference. For example, mice will develop a food preference 

after interacting with an anaesthetized or sick demonstrator, but not after smelling the 

food powdered on the muzzle of a dead conspecific or on a cotton surrogate (Valsecchi & 

Galef, 1989). Similarly, rats will not show a food preference if they experience the food 

powdered on the muzzle of a dead demonstrator or powdered on the posterior of a live 

demonstrator (Galef & Stein, 1985). Additionally, mere pre-exposure to the novel food is 

not sufficient to elicit a food preference in mice or rats, indicating that the social 

interaction component is key for acquiring a food preference (Choleris, Clipperton, Gray, 



12 

 

Diaz-Gonzalez, & Welsman, 2011; Galef & Stein, 1985). Specifically, the observer must 

smell the food on the demonstrator’s breath to develop a food preference. It has been 

demonstrated in rats that a key component of the learning leading to a food preference is 

the presence of a digestive by-product, carbon disulfide gas, on the demonstrator’s breath 

(Galef, Mason, Preti, & Bean, 1988). The carbon disulfide in combination with the food 

odour may signal to the observer that the demonstrator has consumed and digested this 

food, indicating that the novel food is “safe” to eat. Thus the observer can overcome 

natural food neophobia and expand its diet while still avoiding potentially noxious foods 

(Beck, Hitchcock, & Galef, 1988; Kronenberger & Médioni, 1985; Rozin, 1976). 

Apart from the food odour cues on the demonstrator’s breath, the observer is 

exposed to several cues during the interaction with the demonstrator that mediate a 

subsequent food preference. One of these cues is demonstrator familiarity; though rats 

and mice will readily exhibit a food preference regardless of whether the demonstrator is 

familiar (Galef, Kennett, & Wigmore, 1984; Valsecchi, Moles, Mainardi, & Mainardi, 

1994), Mongolian gerbils will only learn after an interaction with a familiar and/or related 

conspecific, and will not learn from an unfamiliar, unrelated conspecific (Valsecchi et al., 

1996). This is likely due to the high levels of aggression that Mongolian gerbils display 

toward unrelated conspecifics, as gerbils treated with an anxiolytic drug, 

chlordiazepoxide, showed reduced aggression toward an unfamiliar demonstrator and 

showed a socially learned food preference (Choleris et al., 1998). Similarly, deer mice 

learn to avoid biting flies better from a familiar demonstrator than from an unfamiliar 

conspecific (Kavaliers et al., 2005). The relative social dominance of the demonstrator 

and observer may also play a role in how well the observer learns. Observer mice that 
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were more submissive to their demonstrator had enhanced social learning when learning 

to avoid biting flies (Kavaliers et al., 2005) and observers that had an estrogen-mediated 

improvement in performance on the STFP also showed more submissive behaviours to 

the demonstrator during the social interaction (Clipperton et al., 2008b). The quality and 

social elements of the interaction can therefore play a significant role in the social 

learning process. 

 

Estrogen effects on non-social learning and memory 

 The effects of estrogens on learning and memory have been studied in a variety of 

different tasks. Most research has focused on the effects of estrogens on individual 

learning, on spatial tasks such as object placement and the Morris water maze, or non-

spatial tasks such as object and social recognition. In these task, one animal explores and 

acquires information based on the information available in the environment. This is in 

contrast to social learning, in which an animal acquires information from a conspecific 

and modifies its behaviour based on this social interaction. 

The high-estrogen proestrus phase of the estrous cycle has been correlated with 

improved performance on the spatial object placement task in female rats, compared to 

females in other phases of the cycle (Frye, Duffy, & Walf, 2007; Sutcliffe, Marshall, & 

Neill, 2007). In addition, administration of exogenous estrogens 24 hours before testing 

enhances spatial processing in tasks such as the Morris water maze, object placement, 

and the radial arm maze, though the results vary with the schedule of administration and 

dosage (Fernandez & Frick, 2004; Frye et al., 2007; Fugger et al., 1998; Gresack & Frick, 

2006; Lund, Rovis, Chung, & Handa, 2005; Rhodes & Frye, 2006; Walf, Koonce, & 
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Frye, 2008; X. Xu & Zhang, 2006; reviewed in Barha & Galea, 2010). For the long-term 

improving effects of estrogens on spatial processing, ER  may play a larger role than 

ER  (Frick, 2012; Rhodes & Frye, 2006; Walf et al., 2008). ER KO mice are impaired 

in the Morris water maze task and show no estradiol-mediated enhancements in a delayed 

non-matching-to-sample Y-maze task, while estradiol enhances performance in ER KO 

and wildtype animals (Liu et al., 2008; Rissman et al., 2002). However, estradiol, ER  

agonists, and ER  agonists all enhance long-term object place memory (Frye et al., 

2007). Chronic GPER1 activation also improves spatial learning on a delayed matching-

to-sample T-maze task in female OVX rats (Hammond, Mauk, Ninaci, Nelson, & Gibbs, 

2009). On the rapid time scale, 17 -E2, ER , ER , and GPER1 agonists improve object 

placement learning in female ovariectomized mice within 40 minutes of treatment 

(Gabor, 2013; Phan et al., 2012; Phan et al., 2011). This indicates that activation at any 

one of these ERs can rapidly improve spatial learning in mice, though on a long-term 

time scale, GPER1 and ER  activation are more important for spatial processing. 

 Estrogens show similar enhancements of non-spatial learning and memory tasks, 

such as object recognition and social recognition. In both paradigms, an animal is first 

habituated to a set of objects, or conspecifics in the case of social recognition. At test, one 

familiar stimulus is replaced with a novel stimulus, and the animal is said to show 

recognition when it preferentially investigates the novel stimulus over the previously 

encountered stimulus (Gabor, 2013; Inagaki, Gautreaux, & Luine, 2010; Luine et al., 

2003; Phan et al., 2012; Phan et al., 2011). Object recognition memory is likely enhanced 

by both long-term and rapid actions of estrogens. Female rats tend to perform better on 

this task than males (Bettis & Jacobs, 2012; Sutcliffe et al., 2007), and performance is 
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linked to the estrous cycle. Female rats in the high-estrogen proestrus phase spend more 

time investigating a novel object than do females in the low-estrogen diestrus phase (van 

Goethem et al., 2012; Walf, Rhodes, & Frye, 2006). Additionally, female OVX rats are 

impaired on this task (Wallace, Luine, Arellanos, & Frankfurt, 2006), but chronic 

estrogen administration can restore performance (Fernandez & Frick, 2004; Takuma et 

al., 2007; Vaucher et al., 2002). Object memory is also impaired in ER KO mice (Walf 

et al., 2008). In further support of the role of ER  in object memory, an ER  agonist 

administered post-habituation to female rats enhanced object recognition 4 hours later, 

whereas an ER  agonist conferred no such improvement (Jacome et al., 2010). Post-

training treatment with an ER  agonist also improved object memory in female OVX 

mice (Walf et al., 2008). However, in other studies, both ER  and ER  agonists 

enhanced object recognition memory (Walf et al., 2006), which may be attributable to 

differences in testing paradigms. On a rapid time frame, acute administration of 17 -E2, 

an ER  agonist, or a GPER1 agonist facilitated object recognition in female OVX mice 

when administered 15 minutes prior to a 25-minute habituation and testing paradigm 

(Gabor, 2013; Phan et al., 2012; Phan et al., 2011). ER -selective activation has no effect 

on object recognition in this rapid time frame (Phan et al., 2011). Thus it seems that ER  

is important for object recognition learning on the long-term scale, while ER  and 

GPER1 may be more involved in the rapid estradiol improvements on this task.  

Social recognition tests an animal’s ability to distinguish a novel conspecific from 

one it has previously encountered. On a long-term scale, female and male ER KO mice 

are impaired on social recognition tasks, while ER KO mice show complete (Choleris et 

al., 2003), partial impairment (Choleris et al., 2006), or no impairment (Sánchez-Andrade 
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& Kendrick, 2011), depending on the specific task used. However, in gonadally intact 

mice, ER  agonists improved social recognition when tested 48 hours after 

administration. Likewise, an ER  agonist improved social recognition at high doses, but 

impaired it at lower doses (Choleris et al., 2008; Clipperton, Cragg, Wood, Langmo, & 

Choleris, 2006). Estrogens also have rapid effects on social recognition, and 17 -E2 

rapidly facilitates social recognition in female OVX mice, within 40 minutes (Phan et al., 

2012). While both ER  and ER  may be involved in the long-term improvements of 

social recognition, on a rapid time scale, ER  and GPER1 agonists facilitated social 

recognition learning, while ER  agonists impaired it (Gabor, 2013; Phan et al., 2011). 

Hence, ER  and GPER1 may be involved in the rapid facilitatory effects of estrogens 

shortly after administration, while ER  may be involved in the long-term enhancements 

of social recognition. 

 

Estrogens and social learning 

Previous research has focused on the long-term effects of estrogens on social 

learning. Performance of female mice on the STFP is affected by estrous cycling: mice in 

proestrus with high levels of circulating estrogens tend to show a prolonged preference 

for the demonstrated food over the duration of the choice test when compared to the 

preference seen in ovariectomized mice or mice in other phases of the estrous cycle 

(Choleris et al., 2011; Sánchez-Andrade, James, & Kendrick, 2005). Acute and chronic 

administration of estradiol benzoate also produces a prolonged preference for the 

demonstrated food (Clipperton-Allen, Flaxey, Webster, & Choleris, 2009). ER  and ER  

also have different roles in the estrogenic involvement in social learning. An ER  agonist 
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administered 48 hours before the STFP test prolonged the preference for the 

demonstrated food, similar to estradiol benzoate. On the converse, an ER  agonist, also 

administered 48 hours prior to testing, blocked social learning such that observers 

showed no preference for the demonstrated food (Clipperton et al., 2008b). 

 In previous studies of STFP, mice readily show a preference for the demonstrated 

food and successfully learn from a conspecific (Choleris et al., 2011; Clipperton et al., 

2008b; Valsecchi & Galef, 1989). Any improving effects of experimental treatment must 

therefore be inferred from a prolonging of the duration of the food preference compared 

to controls. Hence, in this paradigm where mice readily show social learning, we cannot 

be sure whether ER  activation improves social learning, nor can we examine the effects 

of hormone treatment on a rapid time scale, within an hour of treatment, as the 

prolonging effect was observed several hours from the beginning of the test. We therefore 

developed a version of the STFP which would challenge the mice such that control mice 

would not show social learning. This allowed us to assess possible rapid enhancing 

effects of treatment with estrogens. 

The rapid effects of estrogens have not yet been examined in the context of social 

learning. I therefore aimed to characterize the effects of 17 -E2 and the selective ER  

agonist propyl pyrazole triol (PPT), the ER  agonist diarylpropionitrile (DPN), and the 

GPER1 agonist G1 on the STFP within the first hour after estrogen treatment. As 17 -E2 

binds all three of these ERs, and rapidly facilitates learning in social contexts, it is 

expected to also rapidly improve learning in STFP. In the study by Clipperton and 

colleagues (2008), ER  activation blocked learning on the STFP and ER  activation 

improved performance and the drugs were administered 48 hours before the experiment 
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and therefore the effects on STFP were likely due to the genomic effects. However, on 

the social recognition task, which is an individual learning task involving a social 

stimulus, ER  activation rapidly improved learning whereas ER  activation impaired 

learning (Phan et al., 2011). If the different effects of ER binding are dependent on the 

mechanism of action (i.e. rapid versus genomic action), the ER  agonist PPT should 

rapidly improve learning in STFP as it does social recognition. However, if the actions of 

estrogens differ in the type of learning tested (i.e. STFP versus social recognition), the 

effects of ER agonists should mimic the effects seen with genomic activation of ERs on 

STFP and the ER  agonist DPN should improve learning, despite a different mechanism 

of action at the cellular level. The role of GPER1 in the STFP paradigm is not yet known, 

though we hypothesize that if 17 -E2 rapidly improves social learning, it may act 

through the GPER1 to exert these effects, as GPER1 activation has rapid enhancing 

effects in other learning paradigms such as social recognition and object placement 

(Gabor, Lymer, Systerova, Phan, & Choleris, 2011; Gabor, 2013). In addition to drug-

specific effects, we expected treatments would affect learning in a dose-dependent 

manner, following an inverse U-shaped dose response curve commonly seen in studies 

with estrogens, meaning that the middle dose tested would be most effective at modifying 

learning (Gabor et al., 2011; Jacome et al., 2010; Phan et al., 2011). 

 

Methods 

Animals and housing 

 We used 2-month-old female CD1 mice (Mus musculus), obtained from Charles 

River, QC, Canada. Mice were housed in groups of 2-3 in polyethylene cages (26 x 16 x 
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12 cm) with corncob bedding and environmental enrichment in a climate-controlled 

colony room (21±1 ºC) at the University of Guelph Central Animal Facility. One week 

after arrival, all mice were ovariectomized and subsequently individually housed for 

recovery. Three days prior to the experiment, observer and demonstrator mice were 

randomly paired-housed. Mice were maintained on a 12-hour reverse light cycle with 

lights on at 8 p.m. and had ad libitum access to tap water and food (Teklad Global 14% 

Protein Rodent Maintenance Diet, Harlan Teklad, Madison, WI). All procedures were 

reviewed and approved by the Animal Care Committee of the University of Guelph and 

are in accordance with Canadian Council on Animal Care recommendations. 

 

Ovariectomy surgery 

 All mice, demonstrators and observers, underwent ovariectomy surgery 10-15 

days prior to testing on the STFP paradigm to ensure stable endogenous estrogen levels. 

Mice received an analgesic anti-inflammatory, 10mg/kg carprofen (50mg/kg Rimadyl, 

Pfizer Canada Inc., Kirkland, QC, Canada) subcutaneously (s.c.) 10-20 minutes prior to 

surgery. Immediately before surgery, mice received approximately 0.5ml saline s.c. and 

0.05ml of local anaesthetic (25 l 2.5% lidocaine and 25 l 2.5% buprivicaine) at the site 

of incision. Surgery was performed under anaesthesia with isoflurane gas (Baxter 

Corporation, Inc., Mississauga, ON, Canada). A single dorsal incision in the skin was 

made, then the ovaries were removed through bilateral incisions in the dorsal muscles. 

The incision was closed using a surgical clip (9mm wound clips, MikRon Precision Inc., 

Gardena, CA). Mice were monitored for several hours and post-operative care was 

administered as needed. 
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Diets 

 Demonstrators and observers, during the choice test, received ground standard 

diet flavoured with 1% ground cinnamon (McCormick Ground Cinnamon, McCormick 

Canada, London, Canada) or 2% powdered cocoa (Fry’s Premium Cocoa, Cadbury Ltd., 

Mississauga, Canada) by weight. Previous tests in this lab have determined that the two 

flavoured diets are equipalatable to the mice (Choleris et al., 2011; Clipperton et al., 

2008). 

 

Apparatus 

Demonstrator mice were fed in a clean polyethylene cage (26 x 16 x 12 cm). The 

food was presented in a cylindrical glass jar 5 cm high and 7.5 cm in diameter (Dyets 

Inc., Bethlehem, PA). The jar had a stainless steel cover with a hole (2.5 cm diameter) 

and a perforated stainless steel disk that was placed on top of the powdered food to 

discourage digging (and spilling) the food and to ensure accurate measures of 

demonstrator food consumption. 

The observer mice were tested for food preference in new polyethylene cages (37 

x 21 x 19 cm) with two food magazines affixed to one side (Tecniplast, Varese, Italy). 

The food magazines had removable food trays that held the cocoa- and cinnamon-

flavoured foods; the food trays each had an apron to catch spilled food and allow for 

precise measurements of food intake. The mice had ad libitum access to tap water during 

the choice test. 
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To determine intake, demonstrator and observer food jars were weighed using a 

digital scale to 0.01g precision (Sartorius Corp., Edgewood, NY). 

 

Drugs 

 Observer mice received a 10ml/kg injection s.c. of ER agonist/antagonist drug 15 

minutes prior to exposure to the demonstrator, and the injection site sealed with superglue 

to minimize leakage (All Purpose Krazy Glue, Elmer’s Products, Inc., Toronto, ON). All 

drugs, 17 -E2, PPT, and G1 (Tocris Bioscience, Ellisville, MO) were dissolved in 

sesame oil vehicle, except for DPN (Tocris Bioscience, Ellisville, MO) which was 

dissolved in a vehicle of sesame oil and 2% ethanol. Doses for 17 -E2-treated mice were: 

sesame oil vehicle (control), 0.5 g/kg, 1 g/kg, 1.5 g/kg, 2 g/kg, and 3 g/kg. For PPT 

and DPN, mice received sesame oil vehicle, 1mg/kg, 1.67mg/kg, 2.5mg/kg, and 5mg/kg. 

The doses and time frame for 17 -E2, PPT, and DPN were chosen based on a dosage and 

timing that is effective in tests of the rapid effects on social recognition (Phan et al., 

2012; Phan et al., 2011). Doses for G1 were: sesame oil vehicle, 1 g/kg, 6 g/kg, 

10 g/kg, and 30 g/kg, based on the effective doses found in studies of the rapid effects 

of GPER agonists on social recognition learning (Gabor et al., 2011; Gabor, 2013). 

 

Development of a “difficult” STFP paradigm 

 The STFP paradigm was modified from that used by Clipperton et al. (2008). The 

STFP task can be made more difficult for control mice in two ways: 1) make learning 

difficult, or 2) make memory recall difficult. The learning phase of the STFP occurs 

during the interaction between the demonstrator and the observer, hence manipulating the 
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interaction can affect learning (Choleris et al., 1998; Clipperton, Spinato, Chernets, Pfaff, 

& Choleris, 2008). We piloted various STFP procedures to develop a “difficult learning” 

paradigm that would challenge learning. The memory recall phase of the STFP occurs 

during the observer choice test, and can be isolated by testing days to weeks after the 

interaction/learning phase (Galef et al., 1984). We therefore piloted various interaction-

food choice test delays in order to challenge memory recall for the demonstrated food and 

thus develop a “difficult memory” paradigm. 

 

Pilot studies: “Difficult learning” 

Previous research shows that vehicle-injected control mice will learn a food 

preference with a 30-minute (Choleris et al., 2011; Clipperton et al., 2008) and 15-minute 

interaction (Dore, Ervin, Gallagher, Clipperton Allen & Choleris, unpublished results). 

Hence, in order to challenge learning, we further reduced the duration and quality of the 

social interaction. All mice were food deprived the night prior to testing. At 8AM on the 

day of testing, demonstrators were individually placed in a clean polyethylene cage with 

no bedding. The demonstrators fed on either cocoa- or cinnamon-flavoured food from a 

glass jar for 1 hour. 

In Pilot 1, demonstrators were replaced in the home cage with their respective 

observers and allowed to freely interact for 5 minutes following the feeding session. In 

Pilot 2, the interaction also lasted only 5 minutes, but the demonstrator mouse was 

confined to a Plexiglas cylinder, as described by Phan et al., 2011. The cylinders 

restricted the demonstrator mice so that they could not physically interact with the 

observers, but had perforations in the side to allow olfactory cues to pass through. The 
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confined demonstrator was placed in the home cage where the observer was allowed to 

investigate for 5 minutes. In Pilot 3, the demonstrator and observer were again allowed a 

5-minute free interaction, but the concentrations of the flavoured foods were halved. 

Instead of the food concentrations of 1% cinnamon and 2% cocoa (by weight) (Choleris 

et al., 2011; Clipperton et al., 2008), we used rodent chow mixed with 0.5% cinnamon 

and 1% cocoa (by weight). In Pilot 4, instead of an interaction in the home cage, 

demonstrators were gently held in the palm of the experimenter’s hand and presented to 

the observer until the observer had sniffed the demonstrator’s oronasal area only once. In 

this way, observers were only allowed one brief exposure, or “one sniff,” of the 

demonstrator’s breath. 

Immediately after the interaction, the observer mice were removed from the home 

cage and placed in the test cage for 4 hours. We measured cocoa- and cinnamon-

flavoured food intake after 2 hours and 4 hours. The 2-hour measurement was based on 

previous studies with the STFP in which this was the earliest measurement (Choleris et 

al., 2011; Clipperton et al., 2008). We only tested for 4 hours as we aimed to develop a 

“difficult” paradigm in which OVX mice would show no social learning, and no 

preference for the demonstrated food, even at the earliest time interval. 

 

Pilot studies: “Difficult memory” 

 In most studies of the STFP, mice and rats are tested for and show a preference 

for the demonstrated food either immediately after (Bunsey & Eichenbaum, 1995; 

Choleris et al., 2011; Clipperton et al., 2008; Galef, 1990; Galef, 1991; Galef & Whiskin, 

1995; Valsecchi & Galef, 1989; Winocur, 1990) or 24 hours after the social interaction 
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(Bunsey & Eichenbaum, 1995; Carballo-Marquez, Vale-Martinez, Guillazo-Blanch, & 

Marti-Nicolovius, 2009; Wang, Fontanini, & Katz, 2006; Winocur, 1990; Wrenn, Harris, 

Saavedra, & Crawley, 2003). In some studies, rats were tested for (and showed) a 

preference for the demonstrated food several days after the interaction, up to 21 days 

(Galef et al., 1984). In order to challenge memory recall on the STFP task, we therefore 

extended the delay between learning (during the interaction) and test for recall (food 

choice test). 

As described above, all mice were food deprived overnight. The following 

morning, demonstrators were fed on either cocoa- or cinnamon-flavoured rodent chow 

for 1 hour. The demonstrators were then replaced in the home cage and the observer and 

demonstrator mice were allowed to freely interact, undisturbed, for 30 minutes. After the 

interaction, the demonstrator and observer mice were separated. The observer mice 

remained singly housed in their home cage and all mice were returned to the colony 

room, with access to tap water and regular, unflavoured rodent chow ad libitum. 

In Pilot 5, observer mice were tested for a food preference 14 days after the 

conclusion of the social interaction with the demonstrator. The observers were food 

deprived the night before testing. At approximately 8AM the following morning, the mice 

were placed in individual testing cages and tested for food preference for 4 hours, with 

measurements at the 2-hour and 4-hour intervals. In Pilots 5, 6, and 7, we followed the 

above procedure, except that the observers were tested for a food preference 25 days, 30 

days, or 40 days after the interaction with the demonstrator, respectively. 
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Experiments to assess rapid effects of 17 -E2 and ER agonists on STFP 

Rapid STFP paradigm 

 In previous studies of the STFP, the first measurement of food intake was taken 2 

hours after a 30-minute interaction with the demonstrator. In order to examine the rapid, 

non-genomic effects of estrogens, however, it was necessary to measure food intake and 

preference as early as possible in the test. On the basis of the pilot investigations, we 

therefore modified the paradigm described by (Clipperton et al., 2008) in two ways: First, 

we shortened the duration of the observer-demonstrator interaction and took the first 

measurement of food intake after only 30 minutes. This time frame was sufficient to 

allow the mice to learn, and to eat enough food to demonstrate a clear food preference. 

Second, in order to see distinct improving effects of hormone treatment, we used the 

“difficult,” “one-sniff” version of the STFP paradigm, developed in our pilot studies. In 

the “one-sniff” STFP paradigm, controls do not typically show social learning. 

Conversely, in order to see possible impairing effects of treatment, we used the “easy,” 5-

minute interaction version, in which controls typically show learning. 

 

“Difficult” STFP paradigm 

To determine whether 17 -E2, PPT, DPN, and G1 had improving effects on 

social learning in the STFP, we employed the “difficult” learning paradigm in which we 

shortened the exposure to the demonstrator to “one sniff”. 

 All mice were food deprived the night prior to testing. At this point the observer 

mice were also weighed to determine specific drug dosage. At 8AM on the day of testing, 

demonstrators were individually placed in a clean polyethylene cage with no bedding. 
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The demonstrators fed on either cocoa- or cinnamon-flavoured food from a glass jar for 1 

hour. After an hour of feeding, the demonstrators were gently held in the palm of the 

experimenter’s hand and presented to the observer until the observer had sniffed the 

demonstrator’s oronasal area only once. 

 Observer mice received hormone treatment 15 minutes before the “one-sniff” 

interaction. Immediately following exposure to the demonstrator, the observer was 

removed from the home cage and placed in the test cage and allowed 8 hours to feed, 

given a choice between the cocoa and cinnamon flavoured diets. The weight of the food 

trays was measured at the 30-minute and 2-, 4-, 6-, and 8-hour intervals after the 

beginning of the choice test. Therefore, in this paradigm, the first measurement of food 

preference was taken 45 minutes after drug treatment, allowing us to examine rapid, early 

effects on food preference. 

 

“Easy” STFP paradigm 

 To determine whether PPT and DPN had rapid impairing effects on the STFP, we 

tested mice in an “easy” version of the paradigm. Mice were food deprived and 

demonstrators fed as described above. After the demonstrators fed for 1 hour, they were 

replaced in the home cage with their respective observer cage mate and allowed to freely 

interact for 5 minutes. The interaction was videotaped from above in Nightshot with an 

8mm Sony Handycam for later behavioural analysis. 

 Immediately following the interaction with the demonstrator, the observer was 

removed from the home cage and placed in the test cage and allowed 8 hours to feed as 

previously described. As above, food intake was measured 30 minutes and 2, 4, 6, and 8 
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hours after the beginning of the choice test. Hence, in this paradigm, the first 

measurement of food preference was taken 50 minutes after drug treatment. 

 

Estrous phase determination 

After each experiment, we took vaginal smears from all mice, which were 

giemsa-stained (Sigma-Aldrich, St. Louis, MO) and analysed to determine the stage of 

each mouse’s reproductive cycle (according to Byers, Wiles, Dunn, & Taft, 2012). Only 

observer mice that appeared to be in the diestrous phase of the cycle were considered in 

the final analysis to ensure effective ovariectomy in all mice. These were characterized 

by having few to no cornified epithelial cells, with predominantly leukocytes throughout 

the smear. No mice were removed on the basis of the vaginal cytology. 

 

Behavioural analysis 

 The 5-minute videotaped interactions between the demonstrator and observer in 

the “easy” paradigm were scored by trained observers who were blind to the observers’ 

treatment group. The observer’s behaviour was scored for 21 behaviours (based on 

(Grant & Mackintosh, 1963; see Table 1) using The Observer Video Analysis software 

(Noldus Information Technology, Wageningen, The Netherlands). In order to assess drug 

effects on activity and/or social motivation of the observer mice, we examined total 

activity, social behaviour, social investigation, oronasal investigation, and 

dominant/submissive behaviours (based on those described in (Clipperton Allen et al., 

2010; Clipperton-Allen et al., 2011; see Table 2 for descriptions). 
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Statistical Analysis 

Cinnamon and cocoa food consumption was calculated for the first 30 minutes of 

testing, the 30 minute-to-2 hour interval, and for the 4, 6, and 8 hour intervals of the 8 

hour choice test. From this, we determined cinnamon preference ratios, or the ratio of 

cinnamon food consumed to the total food consumed (cinnamon/(cinnamon+cocoa)). 

Only time intervals in which the observer animal ate at least 0.1g of food (total cinnamon 

+ cocoa) were considered in the calculation of cinnamon preference ratios. The cinnamon 

preference ratio was arcsine transformed and analyzed with a three-way repeated 

measures analysis of variance (ANOVA) for each interval to determine the effects of the 

demonstrated food (cinnamon or cocoa) and treatment with 17 -E2, PPT, DPN, G1, and 

G15+17 -E2 over the 30-minute, 2-hour, 4-hour, 6-hour, and 8-hour time intervals, the 

repeated measure. Pairwise post-hoc Tukey’s honestly significant difference (HSD) tests 

were applied as appropriate to assess differences between treatment groups. 

Demonstrator food preference (demonstrated food/(cinnamon+cocoa)) was also 

examined with a two-way repeated measures ANOVA for a possible effect of drug 

treatment and time, with pairwise Tukey’s HSD tests applied post-hoc as necessary. 

In the STFP task, there are often time intervals in which the observer animal does 

not eat the required 0.1g of food to be considered in the preference ratio. There are 

therefore empty cells for these individuals, and when a RM-ANOVA is run, the data for 

the individual is omitted from the analysis. As it is common for mice not to eat during at 

least one of the 5 time intervals, preference ratio data from 10-66 animals was omitted in 

the main models run on each of the drug studies (as determined by the degrees of 

freedom). This greatly reduced sample sizes and affected the results of the RM-ANOVA 
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by skewing the data. We therefore performed two-way ANOVAs of the effects of 

demonstrator food and treatment group on cinnamon preference ratio and one-way 

ANOVAs of the effects of treatment on demonstrated food preference ratio within each 

of the 5 time intervals. 

For each treatment group, a priori mean comparisons were planned to compare 

the cinnamon preference between observers that had interacted with a cocoa-fed 

demonstrator and those that had a cinnamon-fed demonstrator. These comparisons were 

planned in order to assess social learning in the early phases of the choice test, when we 

expected to observe rapid effects of treatment. We ran these comparisons for each 

treatment group as an inverse U-shaped dose response curve was expected based on 

previous research with estrogens on the STFP (Clipperton et al., 2008) and on previous 

research on the rapid effects of estrogens on learning (Gabor et al., 2011; Jacome et al., 

2010; Phan et al., 2011). 

Total food intake (cinnamon+cocoa) was calculated and analyzed using a two-

way repeated measures ANOVA to assess effects of drug treatment on general food 

consumption, with post hoc pairwise Tukey’s HSD tests as appropriate. 

 

  



30 

 

Table 1: Mouse behaviours scored during the social interaction (Clipperton Allen et al., 

2010; Clipperton-Allen et al., 2011; Grant & Mackintosh, 1963) 

Behaviour   Description 

Chase/follow Observer mouse (OBS) actively pursues or follows 

demonstrator (DEM) 

Dominant behaviours OBS is in controls; includes pinning DEM, aggressive 

grooming, crawling over, mounting attempts 

Attacks delivered Physical attacks, including dorsal/ventral bites 

Ritualized aggression Physical attacks, including box/wrestle, 

offensive/defensive postures, lateral sideways threat, tail 

rattle 

Open aggression Physical attacks with a locked fight, including tumbling, 

kick-away, counterattacks where the attacker cannot be 

identified 

Avoid OBS withdraws and runs away from the DEM 

Submissive behaviours DEM is in control; includes crawl under, supine posture 

(ventral side exposed), prolonged crouch, any other 

behaviour in which the DEM displays dominance 

Attacks received Physical attacks, including dorsal/ventral bites 

Defensive upright posturing Species-typical defensive behaviour; upright with head 

tucked and arms ready to push away 

Sit together OBS and DEM sit/lie/sleep together 

Oronasal investigation Active sniffing of DEM’s oronasal area 

Body investigation Active sniffing of DEM’s body 

Anogenital investigation Active sniffing of DEM’s anogenital area 

Stretched approaches Risk assessment behaviour; back feet do not move and 

front feet approach DEM 

Approach/attend Often from across cage; OBS’s attention is focused on 

the DEM; head tilted toward DEM, movement toward 

DEM 

Horizontal exploration Movement around the cage, includes active sniffing of 

air and ground 

Vertical exploration/rear Movement to investigate upwards, both front feet off 

the ground; includes sniffing, wall leans, lid chews 

Digging Rapid stereotypical movement of forepaws in the 

bedding 

Abnormal stereotypies Strange repetitive behaviours; includes spinturns, 

repeated jumps/lid chews/headshakes (more than 3) 

Inactive No movement; includes sit/lie down/sleep 

Self-grooming Rapid movement of forepaws over facial area and along 

body 
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Table 2: List of grouped behaviours for behavioral analysis 

 

Grouping Behaviours included 

Total activity All behaviours involving activity, social and non-

social; excludes inactive, sit together, self-grooming 

Total social behaviours Follow, dominant behaviours, attacks delivered, 

ritualized aggression, open aggression, avoid, 

submissive behaviours, attacks received, defensive 

upright posturing, sit together 

Agonistic behaviours delivered Follow, dominant behaviours, attacks delivered 

Agonistic behaviours received Avoid, submissive behaviours, attacks received, 

defensive upright posturing 

Dominance score Total agonistic behaviour delivered minus total 

agonistic behaviour received; a negative score 

indicates that the OBS was the submissive animal in 

the pair, while a positive score indicates the OBS 

was the dominant animal 

Social investigation Oronasal investigation, body investigation, 

anogenital investigation, stretched approaches, 

approach/attend 

 

 

Results 

In the interest of brevity, only significant effects are reported. All unreported 

effects are not significant. 

 

“Difficult learning” pilot studies 

 To make the STFP more difficult, we manipulated the social interaction learning 

phase such that controls would show no social learning. We found that observers with a 

social interaction limited to one sniff of the demonstrator’s breath showed no learning, 

and thus served as our “difficult learning” paradigm in subsequent studies. In all other 

conditions, observer animals showed social learning. 

 With an interaction limited to 5 minutes, rather than 30 minutes common in the 

literature (Clipperton et al., 2008; Valsecchi & Galef, 1989), observer mice still showed 
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social learning. A 2-way RM-ANOVA of cinnamon preference revealed a main effect of 

time, demonstrator food, and a significant time x demonstrator food interaction (all 

F(1,20) > 4.75, all p < 0.04). Pairwise t-tests showed that there was a significant 

difference between observers with a cocoa versus a cinnamon demonstrator at the first 

time interval tested, 2 hours (p = 0.01), but not at 4 hours (Figure 1a). 

 Likewise, when the demonstrator was confined to a cylinder for the duration of a 

5-minute social interaction, and unable to physically interact with the observer, we found 

a significant main effect of demonstrator food on cinnamon food preference (F(1,28) = 

18.5, p < 0.01). Pairwise t-tests showed a significant difference between cocoa- and 

cinnamon-demonstrator groups, and social learning, for both the 2-hour and 4-hour 

intervals (all p < 0.01) (Figure 1b). 

 When the demonstrator was fed food half the normal concentration, and the 

observer was again allowed only 5 minutes to interact, pairwise t-tests showed social 

learning at the earliest time point, 2 hours (p < 0.01), but not at 4 hours. We saw no 

significant main effects or interactions (Figure 1c). 

 Finally, when the observer was allowed only one sniff of the demonstrator’s 

breath before the choice test, mice showed no social learning. The 2-way RM-ANOVA 

of cinnamon preference showed a main effect of time only (F(1,29) = 8.68, p = 0.01). 

Likewise, there was no significant difference in pairwise comparisons of cocoa- and 

cinnamon-demonstrator groups at either time interval (Figure 1d). 

 Analysis of total food intake indicated no difference among social interaction 

manipulations except one. A 2-way RM-ANOVA of total intake revealed a significant 

effect of time (F(1,94) = 45.0, p < 0.01) and a significant effect of trial (manipulation)  
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a. b. 

c. d. 

e. 

  

  

      

Figure 1: (a-d) Mean observer cinnamon 

preference ratio in mice exposed to a 

demonstrator fed cocoa-flavoured (black 

circle) or cinnamon-flavoured food (white 

triangle) (±SEM). Observer mice had either (a) 

a 5-minute free interaction with the 

demonstrator in the home cage, (b) 5-minutes 

in the home cage to investigate a confined 

demonstrator, (c) a 5-minute free interaction 

with a demonstrator fed 0.5% cinnamon or 1% 

cocoa food, or (d) a one-sniff interaction with 

the demonstrator. (e) Mean total food intake 

(grams) over the 4h choice test. Observers that 

had a 5-minute interaction with the 

demonstrator had significantly lower food 

intake than mice in other learning 

manipulations. **p < 0.01 
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(F(3,94) = 7.98, p < 0.01). Post-hoc Tukey’s tests of HSD showed that observer mice that 

had a free interaction with the demonstrator for 5 minutes ate significantly less during the 

choice test than observers with other interaction manipulations (p < 0.01) (Figure 1e). 

However, mice in this condition learned as well as other groups, and the group that did 

not learn, those in the “one-sniff” condition, ate as much as the others. Therefore, this 

effect on food intake does not seem to relate to the difficulty of the task. 

 

“Difficult memory” pilot studies 

 We developed a “difficult” STFP paradigm that challenged memory or recall 

processes, and so allowed the demonstrator and observer a full social interaction 30 

minutes long, but tested the observer animals 14 days, 25 days, 30 days, or 40 days after 

the interaction. After all but the final, 40-day delay period, observer mice still showed a 

preference for the demonstrated food and thus a memory for the socially learned 

preference. When mice were tested for a food preference 40 days after the interaction, 

they showed no recall for the demonstrated food. 

 With a 14-day delay between interaction and test, a 2-way RM-ANOVA showed 

a significant effect of demonstrator food (F(1,24) = 10.4, p < 0.01), indicating that 

demonstrator food influenced cinnamon food preference in the observers. Further 

pairwise t-tests show a significant difference between groups exposed to either a cocoa- 

or cinnamon-fed demonstrator at the earliest time interval of 2 hours (p < 0.01), but not at 

4 hours (Figure 2a). Similarly, observers tested 25 days after the interaction showed a 

significant effect of demonstrator food (F(1,28) = 25.6, p <0.01). Pairwise t-tests showed 

significant difference between demonstrator food groups at both 2 hours and 4 hours (all  
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   a. b. 

c. d. 

e. 

  

  
  

  

  

Figure 2: (a-d) Mean observer cinnamon 

preference ratio comparing mice exposed to a 

demonstrator fed cocoa-flavoured (black circle) or 

cinnamon-flavoured food (white triangle) 

(±SEM). All observer mice interacted with the 

demonstrator for 30 minutes and were tested for 

food preference either (a) 14 days, (b) 25 days, (c) 

30 days, or (d) 40 days after the interaction. (e) 

Mean total food intake (grams) over the 4h choice 

test. There were no differences in food intake 

between observers subjected to different delays. 

*p < 0.05, **p < 0.01 
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p < 0.01) (Figure 2b). Observers subjected to a 30-day delay showed social learning as 

well, with a significant effect of demonstrator food (F(1,29) = 14.6, p < 0.01) and 

significant differences between demonstrator food groups at 2 hours and 4 hours (all p < 

0.03) (Figure 2c). 

 With a delay of 40 days between interaction and test, observer mice showed no 

memory for the food they had smelled on the demonstrator’s breath. The 2-way RM-

ANOVA of cinnamon preference showed no effects, and there were significant no 

differences in pairwise comparisons of cocoa- and cinnamon-demonstrator groups at 

either time interval (Figure 2d). 

A 2-way RM-ANOVA of food intake showed no effects and interactions, 

indicating that food intake did not differ between observers with the four different delay 

conditions (Figure 2e).  

 

Rapid effects of 17 -E2 on “difficult” STFP 

 In the “difficult,” “one sniff” version of the STFP, vehicle-treated control mice 

showed no preference for the demonstrated food. However, mice treated with an 

intermediate dose of 1.5 g/kg 17 -E2 did show a preference for the demonstrated food 

early in the choice test, implying an enhancement of social learning compared to controls. 

The higher and lower doses of 17 -E2 had no effect, giving an inverse U-shaped dose 

response curve common in tests of estrogenic modulation of learning and memory (see 

Discussion). Treatment with 17 -E2 did affect total food intake in some dosage groups, 

but mice treated with the effective dose, 1.5 g/kg 17 -E2, did not significantly differ in  
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a. b. 

c. d. 

e. f. 

  

Figure 3: Mean observer cinnamon preference ratio comparing mice exposed to a demonstrator 

fed cocoa-flavoured (black circle) or cinnamon-flavoured food (white triangle) (±SEM) in the 

“difficult” STFP. Observer mice were treated with (a) sesame oil vehicle, (b) 0.5 g/kg, (c) 

1 g/kg, (d) 1.5 g/kg, (e) 2 g/kg, or (f) 3 g/kg 17 -E2. Mice treated with 1.5 g/kg 17 -E2 

showed social learning up to 30 minutes. *p < 0.05 
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total intake from controls, indicating that the enhancement of social learning was not due 

to a drug effect on feeding. 

A 3-way RM-ANOVA of the cinnamon preference ratio revealed a main effect of 

treatment (F(5,138) = 2.60, p = 0.03). A 2-way ANOVA analyzing the effects of 

treatment and demonstrator food within each of the time intervals yielded a main effect of 

treatment at 2 hours (F(5,156) = 3.46, p = 0.01). 

 Within each treatment group and time interval, planned pairwise comparisons 

showed that in control mice, injected with sesame oil vehicle, there was no significant 

difference between the cinnamon food preference of observers of the two groups at any 

of the time intervals (Figure 3a). This indicates that in neither of the groups are observers 

preferring the demonstrated food, and therefore that social learning has not occurred. In 

comparison, at the earliest time interval, 30 minutes, observer mice treated with 1.5 g/kg 

17 -E2 and exposed to a demonstrator fed cinnamon had a significantly higher cinnamon 

preference than observers exposed to a demonstrator fed cocoa (p = 0.02). This effect was 

lost at the 2-hour, 4-hour, 6-hour, and 8-hour time intervals (Figure 3d). This indicates 

that mice treated with 1.5 g/kg 17 -E2 displayed a socially learned food preference in 

the “difficult” paradigm compared to controls who showed no preference, suggesting an 

enhancing effect of 1.5 g/kg 17 -E2. Our results showed a typical inverse U-shaped 

dose response (Clipperton-Allen et al., 2009; Gabor et al., 2011; Jacome et al., 2010; 

Phan et al., 2011; Roesch, 2006; Santollo, Wiley, & Eckel, 2007; Santollo, Yao, Neal-

Perry, & Etgen, 2012). At the two lower doses, 0.5 g/kg and 1 g/kg 17 -E2, and the two 

higher doses, 2 g/kg 17 -E2 and 3 g/kg 17 -E2, there was no significant difference 

between the cinnamon food preferences of observers at any of the time intervals (Figure 3 
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b, c, e, f). Analysis of demonstrator food preference ratio using a 2-way RM-ANOVA 

showed no significant main effects of time or drug treatment, or interaction between these 

two factors (Figure 4). 

 Assessment of the effects of 17 -E2 on total food intake over time (Figure 5) 

using a 2-way RM-ANOVA revealed a significant effect of time (F(4,668) = 132, p < 

0.01) and a significant time x treatment interaction (F(20,668) = 1.68, p = 0.03). Post-hoc 

comparisons showed that mice treated with 0.5 g/kg 17 -E2 ate significantly less than 

mice treated with the three highest doses, 1.5 g/kg 17 -E2, 2 g/kg 17 -E2, or 3 g/kg 

17 -E2 (all p < 0.01). Likewise, mice treated with 1 g/kg 17 -E2 ate significantly less 

than mice treated with the three highest doses or vehicle (all p < 0.04). Mice treated with 

2 g/kg 17 -E2, on the other hand, ate significantly more than those treated with vehicle 

(p = 0.01). However, the intake of mice treated with the 1.5 g/kg  

 

 

 

 

 

 

 

 

Figure 4: Mean observer preference for 

the demonstrated food comparing mice 

receiving different doses of 17 -E2 

(±SEM). No significant effects or 

interactions were observed. 
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dose of 17 -E2 did not significantly differ from that of control-treated mice, and 

therefore these differences in food intake do not seem to explain the enhancing effects of 

17 -E2 on this version of the STFP. 

 

Rapid effects of PPT on “difficult” STFP 

 Treatment with the ER  agonist PPT did not improve social learning in observers 

in the “difficult,” “one sniff” STFP, and treated animals performed comparable to 

controls. However, across all doses of PPT, observer mice ate significantly less over the 

8-hour choice test phase than control mice injected with sesame oil vehicle alone. 

With the 3-way RM-ANOVA on cinnamon preference (Figure 6), we found a 

within-subjects effect of time (F(4,304) = 3.55, p = 0.01). There was also a significant 

treatment x demonstrator food x time interaction (F(16,304) = 1.81, p= 0.03); however, 

post-hoc Tukey’s tests revealed no significant pairwise comparisons and this statistical 

interaction is likely due to the effect of PPT on feeding behaviour (see below). We also 

compared cinnamon preference ratios within each time interval and found a significant 

treatment x demonstrator food interaction at the 30-minute time interval (F(4,113) = 2.78, 

Figure 5: Mean total intake of observer 

mice (grams) administered 17 -E2 

throughout the 8-hour choice test (±SEM). 

Mice treated with 0.5 g/kg or 1 g/kg 17 -

E2 ate significantly less than those treated 

with 1.5, 2, or 3 g/kg 17 -E2, and mice 

treated with 2 g/kg 17 -E2 ate 

significantly more than vehicle-treated 

mice. 



41 

 

p = 0.03). There was also a main effect of treatment at the 2-hour interval (F(4,112) = 

2.83, p = 0.03). Likewise, there was a significant effect of treatment at the 4-hour time 

interval (F(4,109) = 5.19, p < 0.01).  

Planned pairwise independent t-tests comparing the cinnamon preference of 

observers within each treatment showed that in the vehicle group, controls showed no 

social learning, as evidenced by no significant difference between the cinnamon 

preference ratio of observers exposed to cinnamon- or cocoa-fed demonstrators at any of 

the time intervals (Figure 6a). This was expected of controls in the “difficult” STFP. 

There was also no significant difference between the cinnamon preference ratios of 

observers with cocoa- or cinnamon-demonstrators in any of the PPT-treated groups, at 

any of the time intervals (Figure 6 b-e). Thus, in the “difficult” version of the STFP, 

treatment with PPT seems to have no improving effect on social learning. 

Analysis of demonstrator food preference ratio using a 2-way RM-ANOVA showed a 

significant effect of time only (F(4,324) = 3.57, p = 0.01). As with the analysis of the 

cinnamon preference, demonstrator food preference was analyzed within each time 

interval. We found a main effect of treatment at 2 hours (F(4,117) = 3.03, p = 0.02), at 

which observers treated with 1.67mg/kg PPT had a lower preference for the demonstrated 

food overall than the vehicle-treated observers (p = 0.03). Also as above, there was a 

significant treatment effect at the 4-hour time interval (F(4,114) = 5.47, p < 0.01), at 

which observers treated with 1mg/kg, 1.67mg/kg, 2.5mg/kg, or 5mg/kg (all p < 0.05) had 

a significantly lower preference for the demonstrated food than vehicle controls (Figure 

7) . Even though there was no effect of demonstrator food on cinnamon preference in the  
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a. b. 

c. d. 

e. 

Figure 6: Mean observer cinnamon preference 

ratio comparing mice exposed to a 

demonstrator fed cocoa-flavoured (black 

circle) or cinnamon-flavoured food (white 

triangle) (±SEM) in the “difficult” STFP. 

Observer mice were treated with (a) sesame 

oil vehicle, (b) 1mg/kg, (c) 1.67mg/kg, (d) 

2.5mg/kg, or (e) 5mg/kg of the ER  agonist 

PPT on the difficult STFP. None of the 

observer mice showed a significant preference 

for the demonstrated food, thus PPT has no 

improving effects on social learning in the 

difficult STFP. 
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analyses described above, these results suggest that the 1mg/kg and 1.67mg/kg doses may 

reduce social learning, which was subsequently assessed with the “easy” paradigm. 

Finally, a 2-way RM-ANOVA comparing observer food intake between PPT 

treatment groups over time (Figure 8) revealed a significant effect of time (F(4,504) = 

32.6, p < 0.01) and a significant time x treatment interaction (F(16,504) = 3.31, p < 0.01). 

Across all doses, observers treated with PPT ate significantly less food over the course of 

the choice test than did vehicle-treated observers (all p < 0.01). Thus, all doses of PPT 

rapidly suppressed food intake in the mice. This may explain some of the observed 

differences in demonstrated food preferences, as demonstrator food seems to influence 

the food preference less than an overall lack of motivation to consume the foods offered. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Mean observer preference for the 

demonstrated food comparing mice receiving 

different doses of PPT (±SEM). There was a 

significant effect of time on preference for 

the demonstrated food. At 2 hours, mice 

treated with 1.67mg/kg PPT had lower 

preference for the demonstrator food than 

vehicle-treated mice and at 4 hours, mice 

treated with all doses of PPT showed a lower 

preference than vehicle-treated mice. 

Figure 8: Mean total intake (grams) of 

observer mice administered PPT throughout 

the 8-hour choice test (±SEM). Observer 

mice given any dose of PPT had significantly 

reduced food intake compared to vehicle-

treated controls. **p < 0.01 
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Rapid effects of PPT on “easy” STFP 

 Compared to vehicle-treated animals, observers treated with PPT showed social 

learning impairments on the “easy” version of the STFP. While vehicle-treated mice 

showed a preference for the demonstrated food for up to 4 hours, those treated with PPT 

showed learning only up to 30 minutes – 2 hours. Consistent with the above study of PPT 

on the “difficult” STFP, mice treated with PPT ate significantly less than vehicle 

controls. 

 The 3-way RM-ANOVA revealed a significant effect of time (F(4,232) = 3.10, p 

= 0.02) and significant time x treatment (F(16,232) = 1.77, p = 0.04), time x demonstrator 

food (F(4,232) = 11.7, p < 0.01), and time x treatment x demonstrator food interactions 

(F(16,232) = 2.26, p = 0.01). This signifies that PPT treatment affected the food 

preferences of observers for their respective demonstrators’ food over time (Figure 9). 

Within each time interval, 2-way ANOVA showed a significant effect of demonstrator 

food at 30 minutes (F(1,114) = 47.5, p < 0.01), indicating that at 30 minutes, all treatment 

groups tested showed social learning. At 2 hours, there was a significant effect of 

treatment (F(4,100) = 2.69, p = 0.04) as well as of demonstrator food (F(1,100) = 11.1, p 

< 0.01). Post-hoc Tukey’s tests revealed a significant difference between the cinnamon 

preference of groups receiving vehicle and the highest dose, 5mg/kg PPT. At the 4-hour 

interval, there was an effect of treatment only (F(4,95) = 3.20, p = 0.02), with significant 

differences between mice treated with vehicle and 1mg/kg PPT. 

 Pairwise t-tests show the specific duration of the socially learned food preference 

within treatment groups. Control mice treated with vehicle showed social learning up to 4 

hours; a significant difference in cinnamon preference between groups with a cocoa-fed  
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a. b. 

c. d. 

e. 

Figure 9: Mean observer cinnamon preference 

ratio comparing mice exposed to a demonstrator 

fed cocoa-flavoured (black circle) or cinnamon-

flavoured food (white triangle) (±SEM) in the 

“easy” STFP. Observer mice were treated with 

(a) sesame oil vehicle, (b) 1mg/kg, (c) 

1.67mg/kg, (d) 2.5mg/kg, or (e) 5mg/kg of the 

ER  agonist PPT on the easy STFP. Vehicle-

treated control mice showed a socially learned 

food preference for up to 4 hours. Mice treated 

with 2.5mg/kg showed a preference for 2 hours 

and those treated with 1mg/kg, 1.67mg/kg, and 

5mg/kg showed a preference at 30 minutes. This 

suggests an impairing effect of PPT in the easy 

STFP. *p < 0.05, **p < 0.01 
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and cinnamon-fed demonstrator was seen at the 30-minute, 2-hour interval, and the 4-

hour interval (all p < 0.03), but not at later intervals (Figure 9a). In comparison, mice 

treated with the two lowest doses, 1mg/kg PPT and 1.67mg/kg PPT showed a significant 

difference in cinnamon preferences at 30 minutes only (all p < 0.05) (Figure 9 b,c). Mice 

treated with 2.5mg/kg PPT showed a preference for slightly longer, up to 2 hours (all p < 

0.05) (Figure 9d), but those treated with the highest dose, 5mg/kg PPT, also showed a 

preference only at 30 minutes (p = 0.01) (Figure 9e). This shows that in all PPT-treated 

groups, mice showed a shorter duration of food preference for the demonstrator food, 

implying an impairing effect of PPT at all doses compared to controls. Similarly, analysis 

of demonstrator food preference also revealed a significant effect of time (F(4,252) = 

12.5, p < 0.01) and a time x treatment interaction (F(16,252) = 2.03, p = 0.01) (Figure 

10). 

 PPT treatment also significantly affected overall food intake. A 2-way RM-

ANOVA showed a significant effect of time (F(4,508) = 16.3, p < 0.01), treatment 

(F(4,127) = 23.6, p < 0.01), and time x treatment interaction (F(16,508) = 6.53, p < 0.01). 

Post-hoc comparisons show that across all PPT-treated groups, the mice ate significantly 

less than vehicle-treated mice throughout the choice test (all p < 0.01) (Figure 11). 

 

  

Figure 10: Mean observer preference for 

the demonstrated food comparing mice 

receiving different doses of PPT 

(±SEM). There was a significant effect 

of time and time x treatment interaction 

on demonstrator preference ratio. 
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Figure 11: Mean total intake (grams) of 

observer mice administered PPT 

throughout the 8-hour choice test 

(±SEM). Observer mice given any dose 

of PPT had significantly reduced food 

intake compared to vehicle-treated 

controls. **p < 0.01 

 

 

 

Rapid effects of DPN on “difficult” STFP 

 Overall, treatment with the ER  agonist DPN had no rapid improving effect on 

social learning in the “difficult” STFP with respect to controls, who also showed no 

social learning. Food intake was unaffected by treatment with DPN. 

 Pairwise mean comparisons within each DPN treatment group also showed no 

significant difference between the cinnamon preference of cocoa- and cinnamon-

demonstrated observer groups (Figure 12 b-e). In the vehicle-treated observers, there was 

no significant difference of cinnamon preference between cocoa- and cinnamon-

demonstrator groups at the 30-minute or 2-hour time intervals. There was, however, a 

significant difference in cinnamon preference at 4 hours (p = 0.03), but no significant 

difference at the later (6-hour and 8-hour) intervals (Figure 12a). In sum, DPN has no 

rapid improving effect in this paradigm. 

 There were no effects on the analysis of demonstrator food preference (Figure 

13), nor was total food intake was affected by treatment with DPN. A 2-way RM-

ANOVA of intake over time showed a main effect of time only (F(4,448) = 107, p <  
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a. b. 

c. d. 

e. 

Figure 12: Mean observer cinnamon 

preference ratio comparing mice exposed to a 

demonstrator fed cocoa-flavoured (black 

circle) or cinnamon-flavoured food (white 

triangle) (±SEM) on the “difficult” STFP. 

Observer mice were treated with (a) sesame oil 

vehicle, (b) 1mg/kg, (c) 1.67mg/kg, (d) 

2.5mg/kg, or (e) 5mg/kg of the ER  agonist 

DPN on the difficult STFP. Vehicle-treated 

control mice showed a socially learned food 

preference at the 4-hour interval. Mice treated 

with any dose of DPN showed no preference 

for the demonstrated food, indicating that DPN 

had no improving effects on the difficult STFP. 

*p < 0.05 
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0.01) (Figure 14). Thus, the lack of social learning improvements in DPN-treated 

observers cannot be attributed to an effect on food intake. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rapid effects of DPN on “easy” STFP 

 In the “easy” STFP paradigm, all observer groups treated with DPN showed 

social learning, as did control-treated mice. Mice treated with 1mg/kg DPN showed the 

food preference for a shorter duration than vehicle controls and other treatment groups, 

implying a possible slight impairing effect of DPN on social learning. Total food intake 

of the observers was not influenced by DPN treatment. 

  

Figure 13: Mean observer preference for 

the demonstrated food comparing mice 

receiving different doses of DPN (±SEM). 

There was no effect of DPN treatment on 

demonstrator preference ratio. 

Figure 14: Mean total intake (grams) of 

observer mice administered DPN 

throughout the 8-hour choice test (±SEM). 

Total food consumption was unaffected by 

treatment with DPN. 
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a. b. 

c. d. 

e. 
Figure 15: Mean observer cinnamon 

preference ratio comparing mice exposed to a 

demonstrator fed cocoa-flavoured (black 

circle) or cinnamon-flavoured food (white 

triangle) (±SEM) on the “easy” STFP. 

Observer mice were treated with (a) sesame oil 

vehicle, (b) 1mg/kg, (c) 1.67mg/kg, (d) 

2.5mg/kg, or (e) 5mg/kg of the ER  agonist 

DPN on the easy STFP. Vehicle-treated 

control mice showed a socially learned food 

preference for the demonstrated food up to 6 

hours. Mice treated 1mg/kg DPN showed a 

preference for only 30 minutes, while those 

treated with 1.67mg/kg and 5mg/kg showed a 

preference up to 6h, similar to controls. Mice 

given 2.5mg/kg DPN showed a preference up 

to 8 hours. 
+
p < 0.10, *p < 0.05, **p < 0.01 
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The 3-way RM-ANOVA of cinnamon preference in the observers revealed a 

significant between-subjects effect of demonstrator food (F(1,97) = 45.1, p < 0.01), 

showing that across all treatment groups, the demonstrator food significantly affected 

observer food preference in the choice test. There was also a significant time x treatment 

interaction (F(16,388) = 1.76, p = 0.04) and 2-way ANOVAs showed that there was a 

significant demonstrator food effect on cinnamon preference at all time intervals (all 

F(1,>99) > 13.7, all p < 0.01). This indicates that demonstrator food influenced cinnamon 

food preference of the observers across all treatment groups, implying that all observer 

mice tended to show social learning for the duration of the choice test. 

 A priori independent samples t-tests of cinnamon food preference within each 

treatment group revealed at which time intervals the observers showed social learning. 

Vehicle-treated mice had a trend toward a significant food preference at 30 minutes (p = 

0.10), and showed a significant difference between preferences at 2 hours and 6 hours (all 

p < 0.03), with trends toward significance at 4 hours and 8 hours (p = 0.10) (Figure 15a). 

In comparison, mice treated with the lowest dose, 1mg/kg DPN, had a significant 

difference in cinnamon preferences between cocoa and cinnamon demonstrator groups at 

30 minutes only (p = 0.01), but not at any of the later time intervals (Figure 15b). Similar 

to the vehicle-treated mice, mice treated with 1.67mg/kg DPN had significant differences 

in preference and showed social learning up to 6 hours (all p < 0.05) (Figure 15c). 

Observers treated with 2.5mg/kg DPN also showed social learning, but for the entire 8-

hour choice test (all p < 0.02) (Figure 15d). Finally, observers treated with the highest 

dose of 5mg/kg DPN also showed social learning for up to 4 hours, having a significant 
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difference in cinnamon food preference at 30 minutes (p < 0.01), a trend toward 

significance at 2 hours (p = 0.08), and significance at 4 hours (p = 0.02) (Figure 15e).  

 There was no effect of treatment with DPN on overall demonstrator food 

preference (Figure 16). Total food intake was also unaffected by DPN treatment. A 2-

way RM-ANOVA revealed a significant effect of time only (F(4,436) = 100, p < 0.01), 

indicating that any effects of DPN on preference for the demonstrated food are not 

attributable to its effects on food intake overall (Figure 17). Treatment with DPN had no 

significant effect on the observers’ behaviour during the 5-minute social interaction. 

Oronasal investigation, total activity, social investigation, and dominant and submissive 

behaviours did not differ between the treatment groups. 

 

  

Figure 17: Mean total intake (grams) 

of observer mice administered DPN 

throughout the 8-hour choice test 

(±SEM). Total food consumption was 

unaffected by treatment with DPN. 

Figure 16: Mean observer preference 

for the demonstrated food comparing 

mice receiving different doses of DPN 

(±SEM). There was a main effect of 

time on the preference for the 

demonstrated food. 
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Rapid effects of G1 on “difficult” STFP 

 Like 17 -E2, we found a rapid improving effect of the GPER1 agonist G1 on 

social learning, as observers treated with 6 g/kg showed a food preference for the 

demonstrated food whereas control-treated animals did not. Also similar to 17 -E2, the 

intermediate dose of G1 was the only dose in which observers showed a social learning 

enhancement, giving an inverse U-shaped dose response curve. This improving effect 

does not seem to be due to a treatment effect on feeding, as G1 treatment had no effect on 

overall intake. 

 A 3-way RM-ANOVA of cinnamon preference showed a significant between-

subjects effect of demonstrator food (F(1,123) = 10.8, p < 0.01). A 2-way ANOVA 

revealed a significant effect of demonstrator food within the 30-minute time interval 

(F(1,129) = 5.63, p  = 0.02) and at the 4-hour interval (F(1,131) = 4.40, p = 0.04). 

 In vehicle-treated controls, pairwise t-tests showed that the cinnamon preferences 

did not differ between animals with a cocoa-fed demonstrator and those with a cinnamon-

fed demonstrator at any time interval during the choice test, as expected given that they 

were tested using the “difficult” version of the paradigm (Figure 18a). Observers treated 

with 6 g/kg G1, however, did have a significant difference between cocoa and cinnamon 

demonstrator groups for up to 4 hours (all p < 0.03), with a trend toward significance at 6 

hours (p = 0.06) (Figure 18c). This effect was not seen at the lower dose, 1 g/kg, or the 

two higher doses, 10 g/kg and 30 g/kg, of G1 (Figure 18 b,d,e). This indicates an 

enhancement of social learning in the “difficult” STFP by 6 g/kg G1 specifically, when 

compared to the vehicle-treated controls. 
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a. b. 

c. d. 

e. 

Figure 18: Mean observer cinnamon 

preference ratio comparing mice exposed to a 

demonstrator fed cocoa-flavoured (black 

circle) or cinnamon-flavoured food (white 

triangle) (±SEM) in the “difficult” STFP. 

Observer mice were treated with (a) sesame 

oil vehicle, (b) 1 g/kg, (c) 6 g/kg, (d) 

10 g/kg, or (e) 30 g/kg of the GPER1 

agonist G1 on the difficult STFP. Vehicle-

treated control mice showed no preference 

for the demonstrated food up to 6 hours. 

Mice treated 6 g/kg G1 showed a preference 

for up to 6 hours. 
+
p < 0.10, *p < 0.05,       

**p < 0.01 
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 There was no effect of treatment with G1 on overall demonstrator food preference 

(Figure 19). Analysis of food intake with a 2-way RM-ANOVA revealed a significant 

effect of time (F(4,548) = 107, p < 0.01) (Figure 20). Thus, G1 did not significantly alter 

food intake and its effects on the STFP are likely due to an effect on social learning rather 

than on feeding. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Mean total intake of 

observer mice administered G1 

throughout the 8-hour choice test 

(±SEM). Treatment with G1 did not 

significantly alter food intake. 

Figure 19: Mean observer preference 

for the demonstrated food comparing 

mice receiving different doses of G1 

(±SEM). 
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Discussion 

Overall drug effects 

The results of these investigations suggest that 17 -E2 rapidly facilitated learning 

in the difficult STFP paradigm (Figure 3). The effects of 17 -E2 are likely mediated by 

the GPER1, activation of which had similar improving effects on the STFP (Figure 18). 

Activation of the ER , on the other hand, seemed to impair social learning (Figure 9). 

ER  also had no improving effects and seemed to have some impairing effects (Figures 

12, 15). ER  activation also decreased overall food intake (Figures 8, 11), an effect not 

seen with 17 -E2 or with ER  and GPER1 agonists. 

All drug treatments showed an inverse U-shaped dose response pattern, in which 

the intermediate doses were more effective than the low or high doses (Figures 3, 18), 

with the exception of PPT, which shortened the duration for which observers showed a 

preference for the demonstrated food at all doses administered (Figure 9). This pattern is 

commonly seen in tasks involving estrogen or ER agonist administration (Clipperton-

Allen et al., 2009; Gabor et al., 2011; Jacome et al., 2010; Phan et al., 2011; Roesch, 

2006; Santollo et al., 2007; Santollo et al., 2012). Higher doses may be less effective 

because of loss of selectivity in the case of ER agonists or of a non-specific effect of 

estradiol action, leading to opposing actions with increased binding to different receptors 

and/or in different regions of the brain. 

The shortened duration of preference for the demonstrated food may indicate an 

impairing effect of ER  and ER  on the STFP. This possible impairing effect may 

provide an explanation for the sustained effect of the GPER1 agonist G1 in mice, 

showing social learning up to 6 hours compared to 30 minutes in mice treated with 17 -
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E2, which binds to all ERs. Estradiol action at ER  and/or ER  may have counter-acted a 

simultaneous enhancing effect of GPER1 activation, resulting in a shorter duration of 

preference for the demonstrated food than with GPER1 activation alone. However, 

further research would be necessary to explore possible additive effects of estradiol 

action at different ERs. 

 

17 -E2 rapidly improves social learning in the STFP 

Within 45 minutes of administration, observer mice treated with 17 -E2 showed a 

preference for the demonstrated food in the “difficult” STFP paradigm, whereas control 

animals did not (Figure 3). This implies a rapid improving effect of 17 -E2 on social 

learning. These results are consistent with previous studies examining the long-term 

effects of estradiol on the STFP. Estradiol benzoate administered acutely 48 hours before 

the social interaction prolonged the preference for the demonstrated food in female OVX 

observers in an easy version of the STFP, implying an enhancing effect of EB 

(Clipperton-Allen et al., 2009). Additionally, estradiol benzoate administered chronically 

via a silastic capsule 13-15 days before the social interaction and test also prolonged the 

preference for the demonstrated food in OVX mice (Clipperton-Allen, Baheerathan, 

Nadj, & Choleris, 2010). Together, the present and previous studies show that estradiol 

can act rapidly (within 45 minutes) or in a long-term manner (2-15 days) to promote 

social learning on the STFP. 

The rapid enhancing effects of 17 -E2 on the STFP are also similar to its effects 

on other, non-social learning paradigms. For instance, 17 -E2 administered s.c. to female 

OVX mice improved social recognition and object recognition learning, in which the 
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mouse preferentially investigates a novel stimulus conspecific or object over a previously 

encountered stimulus, when tested 40 minutes after drug administration (Phan et al., 

2012). This effect was also seen in a spatial task of object placement, in which mice 

preferentially investigate a stimulus that has been moved to a novel location, also within 

40 minutes of drug administration (Phan et al., 2012). This effect has also been studied in 

female OVX rats. Rats administered either 17 -E2 or the enantiomer 17 -E2 30 minutes 

prior to training better recognized the novel object location than vehicle controls when 

tested for object place recognition 4 hours later. In this study, 17 -E2 enhanced object 

placement learning at a lower dose than was required for 17 -E2 to show improving 

effects (Luine et al., 2003), and may better activate cell signalling required for rapid 

estrogenic effects, though further research is required as little is known about the 

behavioural effects of the 17 -E2 enantiomer (Ervin, Phan, Gabor, & Choleris, 2013). 

Thus it appears that 17 -E2 can improve many types of learning, both social and non-

social, on a rapid time scale, though the results discussed below suggest that it may do so 

by activating different ERs. 

 

ER  agonist PPT rapidly impairs social learning in the STFP 

 The ER  agonist PPT had no improving effects on learning in the “difficult” 

version of the STFP (Figure 6), but rather may have impaired social learning in the 

“easy” version of the task within 50 minutes of drug treatment (Figure 9). This indicates 

that ER  activation rapidly impairs social learning, opposite the rapid effects of 17 -E2 

described previously. These effects are similar to the long-term effects of ER  activation 

on the STFP. When administered 48 hours before the social interaction, PPT blocked the 
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socially learned food preference (Clipperton et al., 2008). These results suggest that ER  

acting on both a long-term and rapid time scale has an overall impairing effect on social 

learning. 

The impairing effect of ER  on social learning, however, is opposite its effects on 

other tests of non-social learning. On a rapid time frame, ER  activation improves social 

and object recognition learning and spatial learning in an object placement task (Phan et 

al., 2011). This is consistent with ER  gene KO studies in which male and female 

ER KO mice could not perform the social recognition task (Choleris et al., 2003; 

Choleris et al., 2006; Imwalle, Scordalakes, & Rissman, 2002; but see Sánchez-Andrade 

& Kendrick, 2011). Activation of ER  also rapidly facilitates object recognition learning 

and spatial object placement learning (Phan et al., 2011). On a long-term time scale ER  

seems to play less of a role in spatial learning and memory than ER as ER KO mice 

show impairments on object placement (Walf et al., 2008), delayed non-matching to 

sample (Liu et al., 2008), and Morris water maze tasks (Rissman et al., 2002), whereas 

ER KO seem to perform as well as wildtype controls. Together, these results suggest 

that ER  acts rapidly to impair social learning, but rapidly facilitates learning on other 

types of learning, possibly acting along different brain pathways than those employed in 

other non-social learning paradigms. 

 

ER  agonist DPN rapidly impairs social learning in the STFP 

 ER  activation with DPN had little effect on the STFP on a rapid time frame. 

DPN did not improve learning, as observers tested in the “difficult” STFP paradigm 

showed no social learning throughout the choice test. In the “easy” paradigm, all groups 
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showed social learning. Vehicle-treated mice showed a preference for the demonstrated 

food for up to 6 hours, with a trend toward significance up to 8 hours. Mice treated with 

1.67mg/kg and 2.5mg/kg DPN, the two middle doses, showed a preference for 6 hours 

and 8 hours, respectively. However, mice treated with the lowest dose, 1mg/kg DPN, 

only showed a preference in the “easy” paradigm up to 30 minutes, which indicates a 

possible impairing effect on social learning. 

In other studies of the STFP, a prolonging of the socially learned food preference 

has been construed as an enhancing effect of the drug (Clipperton et al., 2008). However, 

in the present study it is unlikely that these doses directly improve performance on this 

task, as they did not facilitate learning in the “difficult” paradigm. In previous studies of 

the long-term effects of ER  on the STFP, mice treated with the ER  agonist WAY-

200070 were found to show more submissive behaviours toward the demonstrator mouse, 

and subsequently showed an improvement in the STFP (Clipperton et al., 2008). 

However, we found no effect of DPN on the social interaction on the rapid time scale. 

Hence it is possible also that a 5-minute interaction is not sufficient for ER  activation to 

affect behaviours that facilitate social learning, or that ER  does not rapidly improve 

social learning and can do so only through genomic mechanisms (Clipperton et al., 2008). 

In contrast, the lowest dose of DPN resulted in a shorter preference for the 

demonstrated food; 30 minutes only, rather than the 6 hours seen in vehicle controls. It is 

possible that at this dose, DPN rapidly impairs social learning on the STFP. This 

impairing effect is opposite that seen with ER  activation involving the genomic effects, 

which improved social learning on the STFP (Clipperton et al., 2008a). On the other 

hand, it is consistent with other studies on the rapid effects of estrogens through ER  
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activation, in which treatment with DPN selectively impaired social recognition learning 

within 40 minutes of administration, without affecting object recognition or spatial object 

placement learning (Phan et al., 2011). Hence ER  activation may act rapidly to 

selectively impair learning that involves social stimuli, such as in social recognition and 

social learning. 

 

GPER1 agonist G1 rapidly improves social learning in the STFP 

The GPER1 agonist G1 rapidly improved social learning in observer mice, similar 

to the effects of 17 -E2. In the “difficult” STFP, G1-treated mice showed social learning 

up to 6 hours, indicating that GPER1 may mediate 17 -E2’s rapid improving effects on 

the STFP. However, in a separate test of social learning, using an “easy” version of the 

paradigm in which observers and demonstrators interacted for 10 minutes, G1 at the same 

doses blocked preference for the demonstrated food (Gabor, 2013). It appears that the 

impairing effects of G1 may be specific to an STFP paradigm with a free interaction with 

the demonstrator. In the present study, G1 may have facilitated learning in a one-sniff test 

(as in the “difficult” paradigm) due to mere exposure to the novel food without a dynamic 

social interaction. Control studies are currently underway to assess whether G1 and 17 -

E2 elicit a preference for a food after a brief non-social pre-exposure. Preliminary results 

suggest that a non-social exposure to the food is insufficient to elicit a food preference, 

and confirms that mice must smell the food on the breath of another animal in order to 

show a preference. 

In other non-social learning paradigms, GPER1 activation with G1 rapidly 

improves many different types of learning and memory. In female OVX mice, G1 rapidly 
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facilitates social recognition, object recognition, and object placement learning (C. Gabor 

et al., 2011; C. S. Gabor, 2013). When administered chronically to OVX rats, G1 also 

improves spatial learning on a T-maze delayed matching-to-position task (with 

allocentric visual cues). Female OVX rats took longer to learn the task, but treatment 

with G1 restored performance in OVX rats to levels seen in gonadally intact females 

(Hammond, Mauk, Ninaci, Nelson, & Gibbs, 2009). In the same task, gonadally intact 

females with an implanted osmotic pump delivering chronic G15, a GPER1 antagonist, 

took longer to learn the task than gonadally intact vehicle controls (Hammond, Nelson, 

Kline, & Gibbs, 2012). 

The mechanism by which GPER1 activation affects learning and memory is yet 

unclear. Estrogen-mediated activation of the MAPK/ERK pathway relies heavily on 

action through the GPER1 (Filardo, Quinn, Bland, & Frackelton, 2000), and this 

signaling pathway is essential for estrogenic improvements of memory consolidation 

(Fernandez et al., 2008; Fortress et al., 2013; Harburger, Saadi, & Frick, 2009). GPER1 

activation with estradiol also increases Ca
2+

 oscillations (Noel, Keen, Baumann, Filardo, 

& Terasawa, 2009; Terasawa, Noel, & Keen, 2009) and Ca
2+

 influx (Brailoiu et al., 2007; 

Hammond et al., 2012), which may result in subsequent neurotransmitter release in 

pathways important for learning and memory, though further research to connect the 

intracellular effects of GPER1 activation to cognitive performance is required. 

 

Brain regions involved in the estrogenic modulation of social learning 

 Little is known about how estrogens act in the brain to modulate social learning. 

Research on the STFP implicates the hippocampus and its cholinergic inputs in both 
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learning and memory for a socially learned food preference. Lesions to the hippocampus 

in rats have been shown to impair learning and memory for a socially-learned food 

preference (Alvarez, Lipton, Melrose, & Eichenbaum, 2001; Bunsey & Eichenbaum, 

1995). Thus the hippocampus stands out as one possible candidate for the site of 

estrogenic action to improve social learning. Cholinergic transmission to and within the 

hippocampus seem to be key, as lesions to regions with cholinergic projections to the 

hippocampus impair memory on the STFP task (Berger-Sweeney, Stearns, Frick, Beard, 

& Baxter, 2000) and, during the social interaction acquisition phase, there is a two-fold 

increase in acetylcholine release in the hippocampus of the observer animal (Gold, 

Countryman, Dukala, & Chang, 2011). 

 Estradiol-mediated increases in acetylcholine release in the hippocampus may 

thereby improve social learning processing. Estrogen receptors are found on cholinergic 

neurons that project to the hippocampus (Hammond, Nelson, & Gibbs, 2011; Hammond 

& Gibbs, 2011; Shughrue, Scrimo, & Merchenthaler, 2000). Chronic estradiol 

replacement in female OVX rats increased acetylcholine release in the hippocampus in 

response to potassium stimulation (R. Gabor, Nagle, Johnson, & Gibbs, 2003; Hammond 

et al., 2011), as does chronic treatment with the GPER1 agonist G1 (Hammond et al., 

2011). Acute estradiol treatments in female OVX rats also increased acetylcholine in the 

hippocampus while the rats learned a spatial task in a plus-maze when estradiol was 

administered acutely 24 and 48 hours prior to measurements being taken (Marriott & 

Korol, 2003). In these cases it is therefore unclear whether the effects of systemic 

estradiol administration are due to genomic or rapid effects of estrogens on acetylcholine 

release. In one study of the rapid effects of estradiol on memory were tested using a T-
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maze shock avoidance paradigm. Female OVX mice had enhanced memory for the 

shock-paired arm when they received intrahippocampal estradiol, a cholinergic agonist, 

or co-administration of both drugs at sub-threshold doses that did not on their own 

improve memory (Farr, Banks, & Morley, 2000). Thus estradiol may rapidly enhance 

cholinergic transmission in the hippocampus necessary for memory in this task (Farr et 

al., 2000), which could apply also to rapid facilitatory effects of estrogens on 

acetylcholine-dependent STFP.  

Estradiol also acts rapidly to alter dendritic morphology in the hippocampus. In 

female OVX mice and rats, estradiol increases dendritic spine density in the CA1 

hippocampus within 30-40 minutes of systemic administration (Phan et al., 2012), as do 

ER  and GPER1 agonists PPT and G1 (Gabor, Lymer, Saunders, & Choleris, 2012; Phan 

et al., 2011). A similar effect of estradiol and PPT was seen with in vitro treatment of 

hippocampal sections from male rats, in which estradiol increased dendritic spine density 

within 2 hours, and as early as 30 minutes, after hormone application (Mukai et al., 2007; 

Murakami et al., 2006). Estradiol infusion into the dorsal hippocampus also facilitated 

object placement and object recognition learning on a rapid time scale (Phan et al., 2012; 

Phan et al., 2013). In the case of social recognition, estradiol infusion in the hippocampus 

improves social recognition only when spatial cues are also present; when spatial and 

contextual cues are absent, intrahippocampal estradiol had no effect on social recognition 

learning (Phan et al., 2012; Phan, 2013; Phan et al., 2013). This suggests that a different 

brain area is used to encode socially-relevant information than information regarding 

objects. 
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The results of social recognition experiments suggest the hippocampus may not 

be the only region important for estrogenic modulation of the processing of socially-

relevant stimuli, including social learning. Another region implicated in the STFP is the 

basolateral amygdala (BLA). Temporary inactivation of the BLA with the -aminobutyric 

acid (GABA) A receptor agonist muscimol impaired performance on the STFP 24 hours 

later; this effect seems to be specific to the learning phase as rats lesioned prior to the 

acquisition phase showed an impairment whereas animals lesioned post-acquisition prior 

to the food choice test had no social learning impairments (Wang et al., 2006) . Similar to 

the basal forebrain-hippocampal circuit important for the STFP, cholinergic transmission 

in the BLA is necessary for social learning in this task. Blockade of the cholinergic 

muscarinic receptors in the BLA with pre-acquisition infusions of scopolamine also 

blocked the preference for the demonstrated food in rats (Carballo-Marquez et al., 2009). 

The estrogen receptors ER , ER , and GPER1 are all present in the amygdalae of rats 

(Hazell et al., 2009; Österlund, Kuiper, Gustafsson, & Hurd, 1998). The amygdala is also 

important in encoding social stimuli, as seen in studies on social recognition. While 

oxytocin in the amygdala plays an essential role in social recognition (Choleris et al., 

2003; Ferguson, Aldag, Insel, & Young, 2001), ER KO and ER KO mice or mice with 

selective ER KO in the medial amygdala with shRNA are impaired on social 

recognition, similar to the effects of oxytocin gene KO or oxytocin receptor KO (Choleris 

et al., 2003; Spiteri et al., 2010). Estrogens may therefore play a regulatory role in 

oxytocin release to then mediate social recognition (Choleris et al., 2003; Choleris, 

Kavaliers, & Pfaff, 2004; Ferguson et al., 2001; Gabor, Phan, Clipperton-Allen, 

Kavaliers, & Choleris, 2012). Thus it seems that, even though both social recognition 
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learning and the social learning of food preferences involve social context and stimuli, 

they may involve different brain systems. The differences in the estrogenic effects on 

these behaviours is likely because activation of the receptors acts differently on the 

systems. This would explain why activation of the ER  rapidly improves learning in the 

social recognition task but impairs performance on the STFP (Phan et al., 2011). 

However, GPER1 activation rapidly improves learning on both paradigms, while ER  

activation rapidly impairs learning (C. Gabor et al., 2011; Phan et al., 2011). This could 

be partially due to a general improving effect of estrogen action through the GPER1 in 

the hippocampus (C. Gabor et al., 2012; Phan et al., 2012; Phan et al., 2013). It is yet 

unclear how activation of the ER  might impair learning on a rapid time scale. 

 

ER  agonist PPT rapidly decreases food intake 

While 17 -E2, DPN, and G1 had no effect on food consumption, all doses of PPT 

decreased overall food intake in the observer mice in both the “difficult” and “easy” 

STFP paradigms. This is in agreement with previous research that implicates ER  in the 

effects of estrogens on weight loss and decreased food intake seen in female animals in 

estrus (Eckel, 2011).  

Patterns of activity, food intake, and weight gain in female rats closely follow the 

cyclic pattern of the estrous cycle. In proestrus rats, when estradiol levels are highest 

(Butcher, Collins, & Fugo, 1974), wheel-running activity begins to increase, and food 

intake and body weight begin to decrease until reaching a low point during estrus, after 

which activity decreases and the animal eats more and gains weight (Eckel, Houpt, & 

Geary, 2000). Proestrus rats also have lower levels of the orexigenic melanin-
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concentrating hormone (MCH) in the hypothalamus. The proestrus/estrus decline in food 

intake was shown to be estrogen-mediated. Estradiol decreases food intake compared to 

vehicle controls in ovariectomized female rats (Roesch, 2006; Santollo et al., 2012) and 

mice (Clipperton-Allen et al., 2009). More specifically, acute systemic treatment with 

estradiol increases expression of genes in the hypothalamus involved in inhibiting food 

intake and decreases the expression of genes involved in increasing food intake (Santollo 

& Eckel, 2013; Santollo et al., 2012). Systemic and i.c.v. estradiol also enhance the 

anorexigenic effects of the serotonin 2C receptor in the brain and increases its expression 

in the brainstem (Rivera, Santollo, Nikonova, & Eckel, 2012). In our investigations with 

acute administration of 17 -E2, we saw no significant reduction in food intake compared 

to control animals, and mice administered 2 g/kg 17 -E2 actually consumed more food 

than vehicle-treated mice (Figure 5). However, the doses we used to assess the rapid 

effects of estradiol on the STFP were relatively low (0.5 g/kg – 3 g/kg). Studies in 

which an estradiol-induced decrease in food intake was observed involved either chronic 

treatment (Roesch, 2006) or higher doses of estradiol (between 0.04mg/kg up to 

approximately 3mg/kg in (A. E. Clipperton-Allen et al., 2009; Roesch, 2006; Santollo et 

al., 2012). It is therefore possible that higher doses of estradiol and prolonged 

administration are required to suppress food consumption. 

A mounting body of evidence implicates ER  as the primary receptor through 

which estradiol modulates feeding and activity. The ER  agonist PPT in female OVX 

rats decreases food intake compared to vehicle-treated controls when administered both 

chronically (Roesch, 2006) and acutely (Santollo et al., 2007). Furthermore, PPT 

produced a decrease in food intake that was greater than that of OVX rats given estradiol 
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(Roesch, 2006), and treatment with an ER  agonist had no effect compared to OVX 

controls treated with vehicle (Roesch, 2006; Santollo et al., 2007). ER  activation with 

PPT also decreased MCH-expressing neurons and MCH receptors in the hypothalamus 

(Santollo & Eckel, 2013). In addition, both gonadally intact and estrogen-treated OVX 

female ER KO mice consume more food and have higher weight gain and amounts of 

adipose tissue compared to ER KO and wildtype mice (Geary, Asarian, Korach, Pfaff, & 

Ogawa, 2001; Heine, Taylor, Iwamoto, Lubahn, & Cooke, 2000). Similarly, selective 

silencing of ER  expression in the ventromedial nucleus of the hypothalamus in rats and 

mice results in increased food intake and weight gain (Musatov et al., 2007). Some 

evidence also shows that the anorexigenic effects of estradiol can be modulated by 

membrane-bound estrogen receptors. Membrane-impermeable BSA-conjugated estradiol 

administered i.c.v. to female OVX rats decreased food intake to the same extent as 

estradiol alone (Santollo, Marshall, & Daniels, 2013). This coincides with our observed 

rapid effects of ER  activation on food intake. Thus the rapid effects of ER  on food 

consumption may drive the membrane-mediated effects of estradiol on feeding 

behaviour. 

One may hypothesize that the highest dose of PPT tested in this study of social 

learning may have decreased food intake by causing malaise. In studies of the 

anorexigenic effects of estradiol, neither i.c.v. BSA-estradiol (Santollo et al., 2013) nor 

systemic estradiol benzoate (Flanagan-Cato, Grigson, & King, 2001) produced a 

conditioned taste aversion in female OVX rats. One study found estradiol benzoate to 

elicit a conditioned taste aversion in female OVX rats, albeit in a dose-dependent manner 

and only at high doses of estradiol which are generally considered to be 
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supraphysiological (Flanagan-Cato et al., 2001). Additionally, PPT decreased total food 

intake but not the total number of meals in female OVX rats. At doses used for 

behavioural investigations, PPT produced no conditioned taste aversion, and only 

produced an aversion at a high dose of 200 g (Santollo et al., 2007). In the case of the 

present study, all doses of PPT decreased food intake, including lower doses that have not 

been shown to induce a conditioned taste avoidance (Santollo et al., 2007). Thus the 

decrease in food intake observed in our PPT-treated mice is likely due to direct ER  

effects on feeding behaviour, rather than on learned avoidance. Furthermore, in our 

analysis of the behaviour of PPT-treated mice, they showed no differences in activity or 

exploratory behaviour from vehicle-treated mice. Other studies with PPT treatment on the 

same time scale also saw improving effects on learning with no differences in activity 

(Phan et al., 2011), and PPT treatment 48 hours prior to the STFP task blocked social 

learning but did not affect feeding (Clipperton et al., 2008). If treatment with PPT caused 

malaise, it would likely affect the animals’ behaviour during the social interaction, but 

PPT-treated mice behaved comparable to controls. Therefore, our results implicate the 

ER  in rapid mechanisms for estrogenic control of feeding and learning that seem to be 

unrelated to any adverse physiological effect. 

 

Future directions 

Studies are currently underway to assess the rapid effects of estradiol in the 

hippocampus on the STFP. We could similarly test the rapid effects of estradiol infusions 

on the STFP targeting the BLA or areas with cholinergic projections to the hippocampus 

such as the medial septum. To further link the action of estrogens in the brain to 
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performance on the STFP, we could examine brain activity during the learning phase of 

the STFP using immunohistochemical staining for the immediate early gene c-fos. This 

can be accomplished by focusing on the social interaction phase during which the 

observer acquires information regarding what the demonstrator animal previously ate. 

Expression of c-fos is elevated in the hippocampi of rats after the learning phase of the 

STFP (Countryman, Kaban, & Colombo, 2005), and inhibition of c-fos translation in the 

hippocampus impairs memory for the STFP (Countryman & Gold, 2007). As c-fos is 

expressed in response to social learning in the STFP, it may therefore act as an indicator 

of the enhancing effects of estrogens during the learning phase. This will help clarify the 

role of different brain regions in the estrogenic improvement of social learning. 

 

Implications 

The STFP allows us to investigate the neurobiology of social learning and thereby 

contribute to the current understanding of the mechanisms of estrogen-modulated 

cognitive processes. STFP is a convenient and interesting way to examine social learning 

in that performance depends on information acquired through a social interchange, and 

because it is expressed robustly even when tested with a long delay after acquisition and, 

in most studies, in a different context. Several psychological disorders that involve social 

impairments or social withdrawal show a significant gender bias towards males; 

examples of which include Autism Spectrum Disorders and schizoid personality 

disorders (Hartung & Widiger, 1998). Furthermore, the STFP has been used in the 

current research to assess the social behavioural phenotypes of genetically modified 

mouse models of autism (Crawley & Crawley, 2007). Our investigations of the specific 
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activity estrogens at different estrogen receptors in social learning can apply to further 

understanding of the sexually dimorphic causes and neurological bases of social 

impairments. 

Deciphering the neural pathways underlying the effects of estrogens on social 

behaviour, and specifically social learning, is highly relevant to how humans learn 

(Bandura, 1989; Cashdan, 1998; Nagell et al., 1993; Whiten & Flynn, 2010; Yeung & 

Werker, 2009). Social learning is present in many animal taxa (Brown & Laland, 2003; 

Ervin et al., 2013; Galef, 1989; Griffin, 2004) and yet has only recently received research 

attention and has the potential to greatly improve our understanding of how humans gain 

experience from social contexts. 
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