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Social learning is the ability to learn from conspecifics via social interactions or social
observation, and in mice can be tested using the social transmission of food preference (STFP)
paradigm. The dopaminergic system, the dorsal hippocampus (HPC), estrogens and progesterone
have been implicated in the STFP. Intrahippocampal infusions of D2-type dopamine (DA)
receptor antagonist raclopride blocked social learning in female but not male mice, suggesting an
involvement of sex hormones. Here, we bilaterally infused raclopride into the dorsal HPC of
gonadally intact and gonadectomized male and female adult “observer” CD1 mice prior to a 30minute social interaction with a recently fed same-sex familiar “demonstrator” that preceded an
8-hour observer choice test. Findings revealed that intrahippocampal raclopride blocked social
learning in ovariectomized and castrated mice but not gonadally intact mice. Thus, gonadal
steroid hormones interact with dorsal HPC D2-type DA receptors to modulate social learning in
male and female mice.
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1. Introduction
In several species, including humans, individuals rely on the knowledge and observation
of others to mitigate the consequences of individual trial and error learning. Social learning is
evolutionarily adaptive and biologically significant as it allows animals to efficiently navigate
through everyday life. In humans, “social learning theory” refers to learning that occurs through
the observation of, or interaction with others, that surpasses conscious awareness and allows
people to learn from the potentially life-threatening mistakes or beneficial actions of others
(Bandura, 1971). However, the underlying neurobiological mechanisms of social learning are
poorly understood. Animal models are necessary to gain a greater understanding of the
neurobiological underpinnings of this extremely common and adaptive form of learning.
1.1 Social Learning
Social learning can be defined as “learning that occurs via the observation of, or
interaction with, a conspecific or it’s products” (Heyes, 1994; Galef, 1988; Galef and Laland,
2005; Box 1984). There are many theories of social learning that ultimately aim to explain
human behavior. “Social Learning Theory”, first proposed by Albert Bandura (1971), suggests
that the primary way that humans learn is through observing, interacting with, or modelling
others (Leonard & Blane, 1999). Social learning is also prevalent in a variety of species. In nonhuman animals, this phenomenon can be noticed when observing an animal’s ability to imitate
and/or transmit behavior among conspecifics (as reported in Galef, 1988; Whiten & Ham, 1992).
In this case, one animal takes on the role of a “demonstrator” and another animal, or “observer”,
matches/mimics the demonstrator’s behavior (Heyes, 1994). There are many types of social
learning that may reflect different underlying neurobiological mechanism. One example of a type
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of social learning is when a demonstrator animal completes a certain task or fixates on a certain
stimulus location which may draw the attention of another animal to that same stimulus, thus,
increasing the chances that the second animal will interact with that stimulus as well (Heyes,
1994). This process is known as local enhancement (Heyes, 1994). Simply, it refers to the
increased likelihood that an animal will explore a stimulus location due to the observation of
another animal exploring it. Stimulus enhancement is similar concept related to copying and
refers to the idea that if one animal watches a conspecific explore a certain stimulus, that alone
may increase the chances it will explore a similar stimulus (Heyes, 1994). In both local
enhancement and stimulus enhancement the social context enhances the probability of learning
by increasing stimulus exploration. Furthermore, imitation, such as goal-directed mimicking of a
behavior between conspecifics, or copying, such as mimicking of a behavior between
conspecifics with no set goals, are other types of social learning which by matching/mimicking
the behavior of a conspecific, an observer socially acquires novel and adaptive behavioral
patterns (Heyes, 1994).
For an individual to survive, it is necessary to consistently consume nutritious foods and
avoid toxic substances. For example, in ruminants it is crucial to determine which plants are safe
and nutritious to consume and which are poisonous (Provenza, 1995). Animals individually
acquire preferences for foods that lead to satiety via high nutritional value (Provenza, 1995).
These food preferences can also be transferred between animals via social interactions in a
variety of species. One adaptive example of a socially transferred food preference in a species
that has the opportunity for social learning is in rodents that lack the ability to vomit (Horn et al.,
2013). For survival purposes, it is necessary that they do not consume any poisonous or toxic
foods. One way that rodents learn what is safe to eat is by observing or interacting with
2

conspecifics and consuming the foods that they had previously consumed (Munger et al., 2010).
This type of social learning is referred to as the social transmission of food preference (STFP)
and can be manipulated and utilized by researchers in social learning experiments. If one rodent
observes or interacts with a conspecific that recently consumed a specific food and is healthy and
survived afterwards, then they may assume that the same food is safe to consume themselves.
For example, during social interactions between conspecifics, information about what an animal
previously consumed may be exchanged via odor cues (Munger et al., 2010; Valsecchi et at.,
1989). Munger and colleagues (2010) found that mice acquire food preferences from other mice
via specific olfactory sensory neurons that respond to carbon disulfide (CS2), a metabolite of
food digestion. Specifically, in rodents, guanylyl cyclase found on the olfactory-receptor neurons
of the olfactory epithelium is responsible for detecting the CS2 that is expelled from the breath of
a conspecific that recently consumed a food diet (Arakawa, Kelliher, Zufall & Munger 2013).
Indeed, CS2 is the key molecule that allows for the social transfer of food related information in
rodents (Mugner et al., 2010). Thus, in mice, odor cues detected via the olfactory system are the
leading contributor to the development of socially acquired food preferences following oronasal
investigation of a conspecific (Valsecchi & Galef 1989; Munger et al., 2010). However, social
learning is present in a variety of species, and there are many theories that aim to elucidate this
phenomenon.
1.2 Social Learning Theories
Other theories besides Bandura’s (1971) “Social Learning Theory” have been proposed
that aim to explain the benefits of social leaning. One approach to understanding social learning
can be through the lens of the “Cultural Intelligence Hypothesis” which suggests that individuals
of species that have greater opportunities for social learning and cultural experiences,
3

subsequently acquire a greater number of learned skills throughout their lifetime and are thus,
more intelligent (Schaik & Judith, 2011).
Another explanation of social learning in animals is described by Laland (2004) where it
is suggested that the simple act of “copying” positively contributes to the well-being of
individuals of a species. Benefits of copying range from learning the location of safe food and
water, to leaning how to spatially navigate through life and avoid predators (Laland, 2004).
Therefore, it would be reasonable to think that copying is an evolutionarily adaptive trait that is
passed through generations. However, if copying was an adaptive trait, it would not make sense
that all members of a species are “copiers”, and none are the individuals sampling the
information to begin with. There must be some other social mechanisms involved so animals can
rule out what behaviors are adaptive and beneficial to copy, and what behaviors produced
negative outcomes and should be avoided. Indeed, researchers have determined that simply
copying other conspecifics is not adaptive and has no benefit to individual fitness (Boyd &
Richerson, 1985; Giraldeau et al., 2002; Rogers, 1988). Thus, it appears that the social
transmission of information strongly contributes to the determination of what makes certain
behaviors adaptive to copy.
The “Familiarity Hypothesis” of social learning is another theory proposed to explain
how a food preference for novel foods may be transferred between conspecifics. Specifically,
this hypothesis revolves around the idea that an animal is hesitant to consume unfamiliar foods
(Barnett, 1958). When using this hypothesis to explain the STFP, an observer mouse would
prefer the demonstrator food, not because of a social transfer of odor cues/information about the
food, but because the food has acquired a sense of familiarity (Barnett, 1958). If this were the
case, the transfer of a food preference between conspecifics could no longer be considered
4

socially acquired as it would just be attributed to the demonstrator food being more familiar than
the other novel flavored diet. However, many researchers have established that a diet preference
in mice and rats can only be transferred following social interactions between conspecifics, and
mere olfactory exposure to a food diet, or familiarity of that diet, is simply not enough to acquire
a food preference (Galef, 1990; Galef, Kennett, & Stein, 1985; Galef et al., 1985; Choleris et al.,
2011). Furthermore, in gerbils, a food preference can be transferred following social interactions
by either familiarity or kinship of a conspecific but not between unfamiliar and unrelated animal
pairs (Valsecchi et al., 1996). In this case, a social context was necessary to produce a food
preference, and again, mere exposure to a particular diet was insufficient (Valsecchi et al., 1996).
It was found that gerbils (Valsecchi et al., 1996) and mice (Choleris et al., 2011) that were
exposed to a specific diet with social context, did not later prefer that diet. Thus, many plausible
theories have been proposed that aim to explain the various evolutionary benefits of social
learning. In addition, other discrete biological explanations of the underlying neurobiological
mechanisms of social learning also exist that are summarized below.
1.3 Brain Regions Involved in the STFP
One way to test social learning in animal models is by using STFP paradigms. During a
typical STFP paradigm, rodents are separated into either demonstrators (DEM) or observers
(OBS). First a DEM animal is presented with one of two novel flavored food diets (Galef et al.,
1988). The food is removed and then the OBS and DEM animals undergo a social interaction
(Galef et al., 1988). Information about the food the DEM animal had previously consumed is
transferred to the OBS animal, via odor cues during the social interaction (Galef et al., 1988).
The OBS animal is then given free access to two novel flavored food diets, one of which its
respective DEM animal had previously consumed (Galef et al., 1988). Typically, if social
5

learning has occurred, the OBS animal prefers the DEM diet over the other novel flavored food
diet (Galef et al., 1997).
Different brain regions have been implicated in the STFP. Bewrger-Sweeney and
colleagues (2000) found that lesions to either the cholinergic projections from the medial
septum/diagonal band to the HPC, or the projections from the nucleus basalis
magnocellularis/substantia, each inhibited a socially acquired food preference in rats (Bewrger et
al., 2000). Thus, the cholinergic basal forebrain and its acetylcholine (ACh) projections to the
HPC are involved in the acquisition and/or retrieval of a socially transmitted food preference
(Bewrger et al., 2000).
A network of other brain regions is also implicated in the mediation of socially
transmitted food preferences. These include, for example, regions of the dorsal and ventral HPC
including in the subiculum and dentate gyrus (Bunsey & Eichenbaum, 1995; Clark, Broadbent,
Zola & Squire, 2002; Countryman, & Gold, 2007; Ross & Eichenbaum, 2006). In addition, both
the dorsal and ventral subiculum are necessary for the acquisition (Clark et al., 2002) and recall
(Ross & Eichenbaum, 2006) of a food preference. Thus, the memory of a food preference is
dependent on both the dorsal and ventral HPC (Ross & Eichenbaum, 2006). Other studies
looking at Fos expression have found that the medial prefrontal cortex (mPFC) was activated
following remote memory recall and the acquisition of socially acquired food preferences (Smith
et al., 2007). The same study also found that during the recall of a STFP memory, the
orbitofrontal cortex (OFC) was active, suggesting a role of the prefrontal cortex (PFC) and
orbitofrontal cortex in the storage of a socially acquired food preference (Smith et al., 2007).
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In view of these findings, a network of brain regions including the PFC, piriform,
orbitofrontal cortex (Ross, & Eichenbaum, 2006; Ross, & McGaughy, Eichenbaum, 2005; Smith
et al., 2007; Winocur, & Moscovitch, 1999), regions of the ventral and dorsal HPC including the
dentate gyrus and subiculum (Bunsey & Eichenbaum, 1995; Clark et al., 2002; Countryman, &
Gold, 2007), and the basal forebrain (Berger-Sweeney et al., 2000) are all directly involved in
the mediation of the STFP.
The HPC has been directly implicated in the STFP. In rats both complete (Clark et al.,
2002), and dorsal (Winocur, 1990) HPC lesions blocked the STFP. Furthermore, dorsal HPC
lesions prior to training of a food preference left short term memory of a socially acquired food
preference intact while impairing the long-term memory of that food preference (Winocur 1990;
Bunsey & Eichenbaum 1995; Winocur, McDonald & Moscovitch, 2001). Similar HPC lesions
following training of a social food preference lead to temporally graded retrograde amnesia of a
food preference (Winocur 1990; Winocur et al., 2001). This suggests that the dorsal HPC is
necessary for the long-term, not short term, retention of a food preference. Moreover, Alvaraz,
Wendelken & Eichenbaum (2002) demonstrated that the acquisition of a food preference
persisted when testing took place in both the same and different spatial environment as training.
In addition, they found that retention impairments following HPC and subiculum lesions were
the same in both test environments, suggesting that the expression of non-spatial memories relies
on the HPC system even when the spatial context that the memory was acquired in is not
necessary for retrieval (Alvaraz et al., 2002). Thus, the memory for a socially acquired food
preference is non-spatial.
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1.4 Dorsal and Ventral Hippocampus and Feeding Behavior
The HPC also plays an important role in feeding behaviors. Milgram (1969) discovered
that feeding in rats increased following electrical stimulation of the dorsolateral HPC. In this
same study, rats receiving HPC electrical stimulation also learned to bar press for food,
indicating a motivational role of the dorsolateral HPC in feeding behavior (Milgram, 1969).
More recent findings show that there are hormones in the HPC, for example insulin and ghrelin,
that are involved in neurohormonal signalling of meal termination, meal initiation, and signalling
of the status of body energy stores (Lathe, 2001; McNay, 2007). Later lesion studies in male rats
found that food intake and weight gain were significantly greater in rats that received both
complete and ventral pole HPC lesions (Davison et al., 2009). Though the Davison et al., (2009)
study did not consider female rats, research by Forloni and colleagues (1986) noted that dorsal
and ventral HPC lesions in female rats, but not in male rats, led to increased food intake and
weight gain. This suggests a possible involvement of female sex hormones in the regulation of
feeding behavior by the HPC in rodents. However, it should be considered that the lesions used
in the previously mentioned study were non-selective and may have produced damage to extraHPC fibers and structures (Forloni, Fisone, Guaitani, Ladiksky & Consola, 1986).
In human studies, functional magnetic resonance imaging (fMRI) showed greatest activation
of the HPC and PFC in obese people after gastric stimulation that was similar to natural
stimulation following a large meal (Wang et al., 2006). In addition, memory processing in the
HPC was enhanced with both insulin and ghrelin (McNay, 2007). Insulin receptors and insulinregulated glucose transporter GluT4 are expressed in the HPC while few are expressed in other
brain regions, and changes to the expression of these receptors are seen following spatial
memory training (McNay, 2007; Zhao & Alkon, 2001). Levels of both endocannabinoids, 28

arachidonoyl glycerol (2-AG) and anandamide, were significantly increased in the cornu
ammonis 1 (CA1) and cornu ammonis 3 CA3 regions of the HPC in diet induced obese mice
(Massa et al., 2010), suggesting that endocannabinoid system changes that follow diet induced
obesity in mice are involved in both the hedonic value of eating that influences the cognitive
desire to eat, as well as the metabolic regulation of food intake (Massa et al., 2010). Thus, both
the dorsal and ventral HPC are involved in the mediation of feeding behavior. However, it
should also be noted that D1-type and D2-type DA receptors in the dorsal HPC are not involved
in the mediation of feeding behavior within the STFP (Matta et al., 2017). Thus, even though the
dorsal HPC is involved in feeding it appears that this function is not mediated by DA action.
1.5 Neurochemicals and Social Learning/ STFP
Several neurochemicals including oxytocin (OT), vasopressin (AVP), ACh, DA, and
glutamate via the N-methyl-D-aspartate (NMDA) receptor, are also implicated. Both OT and
AVP play an essential role in social cognition and social learning (Bielsky & Yong, 2004;
Choleris, Clipperon-Allen, Phan, Valsecchi, & Kavaliers, 2012). As previously mentioned, in
rodents, social information may be transferred to conspecifics via olfactory cues. In the central
nervous system, OT and AVP are primarily produced in the paraventricular nucleus of the
hypothalamus via parvocelluar cells (Bielsky & Yong, 2004). OT and AVP are both necessary
for the neural processing of olfactory information in mammals (Bielsky & Yong, 2004).
Both NMDA and glutamate significantly contribute to the encoding and the
modulation/recall of a memory (Riedel, Platt & Micheau, 2002). In a mouse study that was
intended to model the autism spectrum disorder (ASD), a disorder of which hallmark deficits
include impairments in social interactions, by depleting the SHANK2 gene, researchers
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significantly decreased NMDA glutamate receptor function (Won et al., 2012). Indeed,
enhancing NMDA receptor function in the same SHANK2 -/- mouse model, returned previously
decreased NMDA receptor function back to normal and enhanced social interactions (Won et al.,
2012). Thus, OT, AVP, and glutamate via the NMDA receptor, are neurochemicals that also
provide a significant contribution to the modulation of social learning. Other neurochemicals that
significantly contribute to the modulation of social learning include galanin, opioids, CREB
(Countryman, Orlowski, Brightwell, Oskowitz & Colombo, 2005; Brigtwell et al., 2005), c-Fos
(Countryman, Kaban & Colombo, 2007), and ACh (Ross, McGaughy & Eichenbaum, 2005).
Following a typical STFP paradigm, increases in CREB phosphorylation in the HPC
were detected in trained rats in comparison to control rats (Countryman et al., 2005). In addition,
following inhibition of CREB function in the HPC with herpes simplex viral for 3 days before
STFP training, rats maintained the short-term memory of a socially acquired food preference,
while long-term memory was inhibited (Brightwell et al., 2005). Overall, these results suggest a
necessary role in HPC CREB in the long-term, but not short-term memory, of a socially
transferred food preference (Brigtwell et al., 2005).
HPC c-Fos is also necessary for the long-term memory of a socially acquired food
preference. Countryman and colleagues (2005) discovered that the expression of the c-Fos
protein increases in both the dorsal and ventral HPC in rats immediately following training of
STFP. Similarly, these researchers found that infusing a c-Fos antisense into the dorsal HPC to
inhibit the production of c-Fos protein, blocked the long-term, but not short-term memory of a
socially acquired food preference in rats (Countryman et al., 2007). These results suggest that cFos is necessary for the consolidation of the long-term memory of a socially acquired food
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preference (Countryman et al., 2007). Thus, both c-Fos and CREB in the dorsal and ventral HPC
contribute to the mediation of a socially acquired food preference.
ACh is another neurochemical that plays an important functional role in social learning
and is critical for the acquisition of a food preference following social situations in rodent (Ross
et al., 2005). The OFC receives and processes olfactory information and plays a significant role
in odor guided learning (Ross et al., 2005). By depleting cholinergic receptors in the OFC,
researchers impaired the expression of a socially acquired food preference in rats (Ross et al.,
2005). Indeed, previous research has established the involvement of ACh in olfactory and
learning and memory tasks, but the interpretation of research on its specific role in memory
consolidation is still relatively ambiguous (Carballo-Marquez, Vale-Martinez, Guillazo-Blanch
& Marti-Nicolovius, 2009). Moreover, a muscarinic cholinergic receptor antagonist in the ventral
HPC significantly reduced a socially acquired food preference when infused prior to the social
interaction phase of STFP, while the same drug infused into the prelimbic cortex blocked a
socially acquired food preference altogether (Carballo-Marquez et al., 2009). Overall, these
findings suggest that muscarinic receptors in the ventral HPC also contribute to the mediation of
a socially acquired food preference (Carballo-Marquez et al., 2009). DA is vastly involved in the
STFP and is the focus of this thesis, this is discussed below in section 1.6 and throughout.
1.6 Dopamine
DA is a catecholamine that functions as a neurotransmitter and its actions are mediated
by its G-protein coupled receptors (Gingrich et al, 1993; McFarland & Ettenberg, 1995).
Though DA producing neurons make up less than 1% of the neurons in the central nervous
system, DA plays an essential functional role in many types of cognition and behaviors including
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feeding, reward, learning and social behavior (Marsden, 2006). The five DA receptors are
divided up into 2 subfamilies: D1-type DA receptors which include D1 and D5 receptors, and
D2-type DA receptors which include D2, D3, and D4 receptors (Beaulieu & Gainetdinov, 2011;
Andersen et al., 1990; Niznik and Van Tol, 1992; Sibley and Monsma, 1992; Sokoloff et al.,
1992; Civelli et al., 1993; Vallone et al., 2000). These receptors were divided into their
subfamilies based on their pharmacology and their ability to couple to and modulate second
messenger, adenylyl cyclase (AC; Marsden, 2006; Kebabian & Calne, 1979). When activated,
D1-type DA receptors increase the synthesis of AC, subsequently increasing the synthesis of
cyclic adenosine monophosphate (cAMP) and protein kinase A (PKA) which increases DA
levels (Beauliru & Gainetdinov, 2011; Kebabian and Calne, 1979). Conversely, when D2-type
DA receptors are activated, they inhibit the synthesis of AC, subsequently inhibiting the
production of cAMP and PKA leading to a decrease in DA synthesis and release (Beauliru &
Gainetdinov, 2011; Kebabian and Calne, 1979).
It is thought that D1-type DA receptors are found exclusively on post-synaptic dopaminereceptive cells (Beauliru & Gainetdinoc, 2011). In contrast, D2-type DA receptors are expressed
on both pre and post synaptic dopamine-receptive cells (Beauliru & Gainetdinoc, 2011; Sokoloff
et al., 2006; Rankin et al., 2010; Rondou et al., 2010), meaning that their role in social learning
may occur either pre- or post- synaptically, or both. In terms of DA action, this means that when
D2-type DA receptors are agonised, DA levels will decrease along with the synthesis and release
of DA either pre- or post- synaptically. Pre-synaptically, a D2-type DA receptor antagonist
would prevent DA from acting on pre-synaptic autoreceptors thereby elevating levels of DA. An
antagonist acting on post- synaptic D2-type DA receptors would prevent the inhibitory action of
DA on that cell, thereby increasing the activity of that cell. The role of DA and its receptors has
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been proven to be crucial to survival as concurrent D1- and D2- type DA receptor knockout mice
all died in the second and third week after birth (Kobayashi et al., 2004). Overall, DA receptors
are divided into their respective subfamilies based on their structural, pharmacological, and
biochemical properties which can have important implications for their function, for example
whether DA release increases or decreases (Andersen et al., 1990; Niznik and Van Tol, 1992;
Sibley & Monsma, 1992; Sokoloff et al., 1992; Civelli et al., 1993; Vallone et al., 2000).
Dopamine synthesizing neurons are densely concentrated in the ventral tegmental area
(VTA) and substantia niagra (Cheramy, Leviel & Glowinski, 1981). Among many other brain
regions, the VTA has dopaminergic projections via the mesocortical DA pathway to the PFC,
HPC, and nucleus accumbens (NAcc; Feduccia et al, 2012; Federoff, Burke, Fahn & Fiskum,
2003; Wise, 2004; Zigmond & Stricker, 1972). In the HPC, DA concentrations are most dense
in the dorsal region (Ishikawa, Ott, & McGaugh, 1982; Packard & White, 1991), and both D1
and D2 type DA receptors are expressed in the CA1 and CA3 sub-regions (Boyson, McGonigle,
& Molinoff, 1986; Camps, Kelly & Palacios, 1990; Dubois, Savasta, Curet, & Scatton, 1986;
Richfield, Young, & Penney, 1987). Indeed, the VTA-HPC DA projection is believed to mediate
DA modulation of learning and memory (Bernabeu et al., 1997).
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Figure 1. The dopaminergic system including dopamine pathways from the ventral tegmental
area (VTA) to the hippocampus, prefrontal cortex (PFC), nucleus accumbens (NAc) and
amygdala. From Feduccia, Chatterjee and Bartlett (2012).

1.7 Dopamine and Social Learning
The STFP is mediated by the DA system (Choleris et al., 2011). To investigate the
specific differential roles of D1- and D2-type DA receptors in the STFP, Choleris and colleagues
(2011) systemically administered a D1-type DA receptor antagonist, SCH23390, and a D2-type
DA receptor antagonist, raclopride, to adult female mice prior to a typical STFP paradigm. The
results showed that the D1-type DA receptor antagonist dose-dependently inhibited a socially
transferred food preference but had no effects on feeding (Choleris et al., 2011). Opposite results
were seen following systemic administration of the D2-type DA receptor antagonist, raclopride,
which had no effect on social learning but reduced feeding at all doses (Choleris et al., 2011).
Since these results demonstrated that D1- and D2-type DA receptors play different roles in the
mediation of social learning, later researchers investigated potential brain regions that may be
involved in STFP that also express D1- and D2-type DA receptors.
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The HPC has been directly implicated in the STFP and non-spatial memory, such as
social memory, as well as learning and memory in general (O’Carroll et al., 2006; Bernabeu,
Bevilaqua, Ardenghi, Bromberg, Schmitz, Bianchin, Izquierdo & Medina, 1997). Though DA
receptors in the HPC are not especially dense, both D1- and D2-type DA receptors are expressed
there and mediate learning (Boyson, McGonigle, & Molinoff, 1986; Camps, Kelly & Palacios,
1990; Dubois et al., 1986; Richfield, Young & Penney, 1987). Thus, Matta and colleagues (2017,
2018) infused either a D1-type DA receptor antagonist, SCH23390, or a D2-type DA antagonist,
raclopride, directly into the dorsal HPC of male and female mice to assess the effects on social
learning. The results showed a double dissociation, the D1-type DA receptor antagonist blocked
social learning in both male and female mice, however lower doses and a larger range of doses
blocked social learning in male mice in comparison to females (Matta et al., 2017; Matta et al.,
2018). Opposite effects were seen following HPC-infusions of the D2-type DA receptor
antagonist, showing that social learning was blocked in female mice but not males (Matta et al.,
2018). These results contradict previous systemic findings that suggested that D2-type DA
receptors only affect feeding behavior and not social learning (Choleris et al., 2011), and suggest
a potential interplay between sex hormones and DA receptors during STFP.
1.8 Dopamine and Feeding Behavior
The dopaminergic system has been implicated in the mediation of feeding behavior, in
addition to its prominent role in social interactions and social learning (Ball et al., 2011; Sun &
Rebec, 2005). The functional role that DA plays in the reward system may be the driving factor
in its role in feeding behavior (Schneider, 1989; Smith, 1995), and may also influence DA’s role
in food intake and reinforcement (Berridge & Robinson, 1998; Ikemoto & Panksepp, 1999;
Salamone et al., 1997). Specifically, midbrain DA may play a role in the rewarding/motivational
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factors underlying feeding behavior (Palmiter, 2007). Indeed, nucleus accumbens (NAcc) DA
depletion caused a significant decrease in food seeking behaviors, such as feeding (Salamone et
al., 2007), and NAcc DA release increased during feeding in food deprived rats (Hernandez &
Hoebel, 1988; Radhakishun et al., 1988; Westerink et al., 1994). Furthermore, a bidirectional
effect was seen when increasing or decreasing DA signalling in the NAcc, such that regular
feeding behavior increased when DA signalling increased, and decreased when DA signalling
decreased, in rodent models (Palmiter, 2007).
In other studies, the role of DA in feeding behavior was found to be so robust, that rats
whose DA pool had been completely depleted via researcher manipulation, died of starvation
(Palmiter, 2007; Szczypka et al, 1999). Furthermore, following both D1- and D2- type DA
receptor knockout, mice consumed significantly less nutritious food than their wildtype
littermates (Kobayashi et al., 2004). More specifically, the ingestion of palatable food in rats is
significantly decreased following the use of D1-type DA receptor antagonists (Cooper & Barber,
1990).
Pharmacologically agonising D1- and D2-type DA receptors has been shown to have
different effects on a rat’s choice to consume highly palatable food. A D1 receptor agonist
enhanced a rat’s preference for an already highly palatable food, whereas the D2/D3 agonist
eliminated it (Cooper & Naser, 2006). Systemically, both D1-type DA receptor antagonist
SCH23390, and D2-type DA receptor antagonist raclopride, blocked a previously acquired
preference of an 8% fructose drink in rats attenuating the expression of this food preference
(Cooper & Naser, 2006). In the literature, the preference for sweet and normally palatable
solutions has consistently been supressed by dopamine antagonists (Geary & Smith, 1985;
Muscat and Willner, 1989; Xenakis and Sclafani, 1981). Overall, these studies suggest a
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prominent role of DA in both feeding and the development of a socially acquired food
preference, including social learning (as summarized in section 1.7). However, in view of these
findings, it is plausible that DA is playing a larger role in food preferences in comparison to
feeding.
1.9 Dopamine and Social Behavior
The DA system is implicated in many social behaviors. Systemically, D2-type DA
receptor antagonist raclopride reduced social investigatory behaviors (body and oronasal) and
agonistic behaviors in female mice (Choleris et al., 2011) and in the HPC raclopride reduced
social investigatory (body and anogenital) behaviors in female mice, and agonistic behaviors in
male mice (Matta et al., 2018). In addition, systemically, D1-type DA receptor antagonist
SCH23390 did not affect social behaviors in female mice (Choleris et al., 2011), however, in the
NAcc, SCH23390 reduced social investigation and agonistic behaviors in both male and female
mice (Matta et al., 2018), and in the HPC, SCH23390 reduced agonistic behaviors in males and
social investigation in females (Matta et al., 2017). Moreover, following social isolation in rats,
DA levels increased in both the NAcc and caudate-putamen (Jones, Hernandez, Kendall,
Marsden & Robbins, 1992). Similarly, in both male and female mice social defeat lead to
increased DA in the NAcc (Campi, Greenberg, Kapoor, Ziegler & Trainor, 2014). Social
interactions were reduced in female but not male mice following NAcc shell infusions of a D1type DA receptor agonist, while infusions of a D1-type DA receptor antagonist increased social
approach behaviors in females exposed to social defeat (Campi et al., 2014). DA agonists also
facilitated social dominance (Kooij et al., 2018). Thus, DA levels in the NAcc fluctuate in
response to behavioral conditions such as social isolation, social defeat and social dominance.

17

Dopamine was also implicated in other types of social behavior including pair bonds,
maternal care, aggression and defensive behaviors. Partner preference was blocked in prairie
voles, a species that forms long-lasting pair bonds with chosen partners, following NAcc
infusions of a D2 DA receptor antagonist, whereas the respective agonist facilitated partner
preference (Gingrich, Liu, Cascio, Wang & Insel, 2000). Both a D1- and D2- type DA receptor
antagonist attenuated maternal care immediately following birth, whereas 7-days later only
mothers treated with the D2-type DA receptor antagonist continued to display attenuated
maternal care (Byrnes, Rigero & Bridges, 2002). In cats, D2-type DA receptors in the region of
the medial preoptic area and anterior thalamus facilitated defensive behaviors (Sweidan, Edinger
& Siegel, 1991). Lastly, D2-type DA receptor antagonists decreased aggression (Fitzgerald,
1999; Glazer & Dickson, 1998; de Almeida, Ferrari, Parmigiani & Miczek, 2005). Collectively,
these findings implicate DA in numerous social behaviors from affiliative behaviors to
aggression.
1.10 Dopamine and the Dorsal Hippocampus
In the literature, it is well established that HPC DA is important for learning and memory.
By using drugs that increase activity at D1- or D2- type DA receptors in the dorsal HPC and
caudate nucleus following training, working memory retention was increased in a radial arm
maze experiment (Packard & White, 1991). Consistently, D1-type DA receptor antagonists prior
to memory encoding during a delayed-matching-to-place task in a water maze impaired memory
without any impairment to memory retrieval (O’Carroll et al., 2006). This suggests that D1-type
DA receptors in the HPC play a necessary role during memory encoding (O’Carroll et al., 2006).
Interestingly, antagonizing D1-type DA receptors in the HPC significantly impaired the late
phases of long-term potentiation (LTP) and prevented long-term spatial and associative
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memories (Frey, Schroeder & Matthies, 1990; Otmakhova & Lisman, 1996; Smith et al., 1998;
El-Ghundi et al., 1999; Otmakhova & Lisman, 2000; Lemon & Manahan-Vaughan, 2006;
O’Carroll, Martin, Sandin, Frenguelli & Morris, 2006; Granado et al., 2008; Rossato, Bevilaqua,
Izquierdo, Medina & Cammarota, 2009; Ortiz et al., 2010).
HPC dopaminergic receptors are also involved in the processing of non-spatial memory.
Specifically, during an inhibitory avoidance task in rats, memory consolidation was enhanced
following intra-dorsal HPC infusions of a D1-type DA receptor agonist (Bernabeu et al., 1997)
and was abolished by a D1-type DA receptor antagonist (Bernabeu et al., 1997). Intra-HPC
infusions of a D1 type DA receptor antagonist prior to the encoding of flavor-place paired
associate only lead to memory impairments twenty-four hours later, without affecting memory of
previously established paired associates (Bethis, Tse & Morris, 2010). Perhaps these findings can
be elucidated when considering the role of HPC DA in novelty detection. Specifically, following
novelty detection, DA release increased in the HPC which in turn enhances long-term
potentiation and learning (Lisman & Grace, 2005). Thus, not only are DA receptors in the HPC
involved in the learning and memory of both spatial and non-spatial tasks, but the HPC is also
implicated in the acquisition of socially acquired food preferences.
1.11 Sex Differences in Dopamine Receptor Activity and Mechanisms
The possibility that male and/or female sex hormones may modulate dopaminergic
facilitated social learning appears likely when considering the sex differences seen in the DA
receptors involved in socially acquired food preferences in mice (Matta et al., 2016; Matta et al.,
2017). Sex differences are seen in the way steroid hormones interact with DA and its receptors
across species, including social songbirds (Tokarev et al., 2017), and these differences may
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emerge via both genetic and epigenetic mechanisms throughout an individual’s life (McEwen &
Milner 2016). For example, in only female rats, gonadal sex hormones modulate DA activity in
the striatum (Becker, 1990). Striatal DA release was reduced by gonadectomy in females and not
males (Becker, 1990). DA reduction was greater during the estrus phase of the estrus cycle,
when circulating female sex hormones are low (Becker, 1990). Again, in female rats, 17βestradiol and diethylstilbesterol treatments increased striatal DA release, while the same
treatments had no effect in gonadally intact males (Becker, 1990).
Sex differences in dopaminergic responses are also seen in non-mammalian species. For
example, striatal D2-type DA activity increased in unmated male zebra finches, a monogamous
social species, after hearing a female song, but not in mated males or females (Tokarev et al.,
2017). In comparison to listening to a non-mate’s song, when listening to a mate’s song D2-type
dopaminergic activity increased in females (Tokarev et al., 2017). Overall, these results suggest a
sexual dimorphism in dopaminergic responses in sexual reinforcement in zebra finches. Thus,
male and female sex hormones may differentially interact with dopaminergic receptors making
the understanding of steroid hormone mechanisms and their interaction with DA significant to
the current discussion.
Other evidence of sex differences in the mechanisms of action of estrogens on
dopaminergic-dependent cognition stems from sex differences seen in some dopaminedependent cognitive disorders, such as Parkinson’s disease. The prevalence of Parkinson’s
disease is greater in men (Shulman & Bhat, 2006) and post menopausal women with
significantly decreased gonadal hormone levels (Ragonese et al., 2004). Overall these findings
suggest a neuroprotective effect of ovarian steroid hormones in dopamine-dependent cognitive
disorders including Parkinson’s disease.
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1.12 Gonadal Steroid Hormones in the Hippocampus and Related Sex Differences
Sex difference are seen in the effects and localization of estrogen and androgen receptors
in the HPC. In both males and females, estrogen receptors and androgen receptors have been
localized in the CA1 region of the HPC, however, in the CA3 region of males, androgen
receptors have been specifically localized to postsynaptic dendritic spine pyramidal neurons
(Tabori et al., 2005).
1.12 1. Estrogens
The role of estrogens in social learning is far more researched in comparison to the role
of androgens. This remains true for the role of estrogens in many cognitive functions, perhaps
because of the significant decline in cognitive function and memory during and proceeding
menopause (Sherwin 1997; Sherwin 2003; Morrison, Brinton, Schmidt & Gore, 2006). In
comparison to men, the decline in circulating estrogens and progesterone in women is far greater
than the decline in circulating androgens in aging men (Morley et al., 1997).
Nuclear estrogen receptors in the HPC have been identified in inhibitory interneurons
(Loy, Gerlach & McEwen, 1988; Nakamura & McEwen, 2005; Ledoux et al., 2009). Notably, in
the CA1 region of the HPC, gonadal steroid hormones modulate dendritic spine density (Gould
et al. 1990; Woolley et al. 1990) and synapses (Leranth, Petnehazy & MacLusky, 2003; Leranth,
Hajszan & MacLusky, 2004) differentially in males and females. In female rats, dendritic spine
density and neurogenesis of pyramidal neurons increased during the proestrus phase of the estrus
cycle, when circulating estrogen levels are greatest (MacLusky, Luine, Hajszan & Leranth, 2005,
Gould, Woodley, Frankfurt & McEwen, 1990; Woodley, Gould, Frankfurt & McEwen, 1990). In
addition, dendritic spine density of pyramidal neurons increased following estrogen treatment in
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intact (MacLusky et al., 2005, Gould et al., 1990; Woodley et al., 1990) and ovariectomized rats
(Woolley & McEwen, 1993) and mice (Phan et al., 2015). Furthermore, in the CA1 dorsal
region, the production of both pre and post synaptic proteins is increased by estrogens (Brake et
al., 2001). Thus, in the female brain steroid hormones modulate dendritic spine density and
synapses.
1.12 2. Progesterone
Both circulating progesterone and estradiol mediate dendritic spine density in the CA1
region of the HPC in female rats (Woolley & McEwen, 1993). Spine density fluctuates during
the estrous cycle in rats (Woolley & McEwen, 1993). The fluctuations of dendritic spines during
the estrus cycle were accompanied by fluctuations of synapses on the spines in the CA1 region
(McEwen & Woolley, 1994). In proestrus, during the decline in estradiol, progesterone treatment
increased the rate of the decline of synaptic density whereas blocking progesterone using
antiprogestin blocked this decline (McEwen & Woolley, 1994).
Ovariectomy decreased dendritic spine density in the CA1 region of rats whereas this was
prevented in rats treated with estradiol (Woolley, Gould, Frankfurt & McEwen, 1990).
Interestingly, these effects were augmented with treatment of both estradiol and progesterone
(Woolley et al., 1990). Following estradiol treatment, progesterone initially increased dendritic
spine density for two to six hours then dramatically decreased it to levels lower than seen
following estradiol treatment alone (Woolley & McEwen, 1993). After eighteen hours,
progesterone decreased dendritic spine density to levels similar to that of six days following
ovariectomy in rats (Woolley & McEwen, 1993). In addition, progesterone decreased the
magnitude of basal synaptic transmission as measured by long-term potentiation (LTP) but had
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no effect on long-term depression in the HPC of ovariectomized rats (Foy, Akopian &
Thompson, 2008). Collectively, these findings suggest that progesterone may interplay with
estrogens in modulating regular morphologic changes in the adult rat brain (Woolley &
McEwen, 1993) and influences LTP in the HPC (Foy, Akopian & Thompson, 2008).
1.12 3. Androgens
Like estrogens in women, in men androgens decline with age but at a much slower rate.
During the decline in androgens in aging men, it appears likely that it is a results of secondary
hypogonadism, an issue with the hypothalamus or pituitary signalling the testes to produce
testosterone, because during this decline, luteinizing hormone (LH) levels remain unaffected
(Morley et al., 1997, Kaiser et al., 1988 ,Korenman et al., 1990, Vermeulen, Deslypere &
DeMeirleir, 1989, Tennekoon & Karunanayake, 1993, Deslypere et al., 1987, Kaufman et al.,
1990). In males, dehydroepiandrosterone (DHEA), produced by the adrenal glands, also declines
with age (Labrie et al., 1997; Beck and Handa, 2004). Androgen receptors are abundant in the
HPC (Clancy, Bonsall & Michael, 1992; Brown, Sharma & MacLusky, 1995; Kerr, Allore, Beck
& Handa, 1995; DonCarlos et al., 2003; Tabori et al., 2005; Sarkey et al., 2008), strongly
suggesting that they play a role in regulating HPC functions. Indeed, metabolites of
dihydrotestosterone (DHT), including 5α-androstane-3β, 17β-diol, enhanced performance during
HPC-based cognitive tasks in only male rats (Edinger & Frye, 2004; Edinger, Lee & Frye, 2004;
Frye & Edinger, 2004; Edinger and Frye, 2005; Edinger and Frye, 2007; Frye, Edinger &
Sumiga, 2007; Babanejad, Naghdi & Rohani, 2012). Thus, it appears likely that the underlying
neurobiological mechanisms that mediate HPC-based cognitive function are different in males
and females.
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Interestingly, testosterone, and not estradiol, increased dendritic spine synapses in the
HPC of gonadally intact male and female rats, but not castrated males at birth (Lewis, McEwen
& Frankfurt, 1995; Leranth, Petnehazy & MacLucky, 2003; MacLusky et al., 2006). Similarly,
castration resulted in a reduction in CA1 dendritic spine density (Li et al., 2012), which was
reversed with DHEA treatment (Leranth, Petnehazy & MacLusky, 2003; MacLusky, Hajszan &
Leranth, 2004). In males, this effect cannot be attributed to an indirect effect of estradiol via the
conversion of androgens to estrogens in the male brain, because letrozole, an aromatase inhibitor,
when paired with DHEA, did not affect dendritic spines (MacLusky, Hajszan & Leranth, 2004).
DHEA treatment also increased dendritic spine density in ovariectomized female rats to levels
comparable to males (MacLusky, Hajszan & Leranth, 2004). Interestingly, in this case,
aromatase inhibitor letrozole completely abolished this effect (Hajszan, MacLusky & Leranth,
2004). Thus, since androgen treatment increased dendritic spine density both in gonadectomized
males and females, but letrozole only blocks this effect in ovariectomized females, this suggests
that only androgens play a role in the modulation of dendritic spine density in the CA1 region of
males, but both androgens and estrogens are necessary in females.
In other regions of the HPC, including the CA3 region, steroid hormones also
differentially modulate dendritic spines in males and females. As previously mentioned, in
addition to estrogen receptors, throughout the male HPC androgen receptors are localized to
astrocyte processes, neuronal dendritic spines, axon terminals and dendritic stalks (Tabori et al.,
2005; Sarkey et al., 2008). Mendell and colleagues (2017) examined both the apical dendritic
length and dendritic spine density in the CA1 and CA3 regions of the HPC in both gonadally
intact and gonadectomized male rats compared to intact females or ovariectomized females two
months after ovariectomy. In castrated males, they found significant increases in apical dendritic
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arborization, robust enhancements to dendritic structure, and increases in the length of apical
dendrites in the CA3 region, but not in the CA1 (Mendell et al., 2017). Furthermore,
gonadectomy of both sexes decreased dendritic spine density in the CA3 region of the HPC,
while minimally affecting dendritic structure in females (Mendell et al., 2017). In conclusion,
steroid hormones in the HPC may differentially influence dendritic spine density and synapses in
the male and female brain.
1.13 Ovarian Sex Hormones- Estrogens
Arguably, one of the best-known roles of estrogens are their importance in the female
reproductive system due their well-established feedback-signalling role in the hypothalamicpituitary- axis (Brann, Dhandapani, Wakade, Mahesh & Khan, 2007). However, there are also
many other important non-reproductive roles of estrogens, such as in cognition, emotions and
various types of social behavior, including social learning (Choleris et al., 2011; Ervin et al.,
2015; Clipperton-Allen et al., 2008; Clipperton-Allen, Almey, Melichercik, Allen & Choleris,
2011; Clipperton-Allen, Cragg, Wood, Pfaff & Choleris, 2010).
The most abundant naturally circulating estrogen in pre-menopausal human females as
well as female mice is 17β-estradiol (Heldring et al., 2007; Nilsson et al., 2001). Estrogens exert
their effects by binding to their receptors in cytosol and/or cell membranes. The most commonly
studied estrogen receptors (ER) include ER alpha (ERα), ER beta (ERβ), and G-protein-coupled
ER 1 (GPER1; Brailoiu et al., 2007; Laflamme, Nappi, Drolet, Labrie, & Rivest, 1998).
1.13 1. Estrogens and STFP
Previous research has shown that systemic treatments of 17β-estradiol and a G-proteincoupled ER agonist, rapidly enhanced social learning (Ervin et al., 2015). In ovariectomized
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female mice, treatments of an ERα agonist blocked a socially acquired food preference fortyeight hours later while treatments with an ERβ agonist prolonged a food preference acquired
from a demonstrator mouse seventy-two hours later (Clipperton, Spinato, Chernets, Pfaff &
Choleris, 2008). Overall, these findings suggest a differential role of ERs in the mediation of a
socially acquired food preference and that this effect is dependent on the timing, treatment, and
mechanisms of estrogen action, genomic or non-genomic.
The estrus cycle may also influence social learning. Female mice in the estrus phase of
their cycle have low levels of circulating estrogens that are similar to the levels in
ovariectomized mice (Walmer et al, 1992). In addition, levels of estrogens are high in both the
diestrus and proestrus phase of the cycle (Walmer et al, 1992). In comparison to ovariectomized
mice, and mice in the estrus phase of their cycle, those in the proestrus phase demonstrated a
prolonged food preference during STFP (Choleris et al., 2011). Similarly, only female OBS mice
in proestrus maintained a food preference twenty-four hours after interacting with a DEM mouse
during STFP (Sa´nchez-Andrade, James & Kendrick, 2005). Cumulatively, these findings
suggest a role for estrogens and the estrus cycle in STFP. Though the role of estrogens during
STFP is known, to the best of our knowledge, nothing is known about the role male sex
hormones may play in STFP.
1.13 3. Estrogens and Dopamine
In the rat striatum, sex hormones have been implicated in DA receptor activity in a
variety of different studies using a variety of methodologies (Clopton & Gordon, 1985,1986; Di
Paolo, Daigle & Labrie, 1984; Di Paolo, Poyet & Labrie, 1981, 1982a, 1982b; Gordon & Perry,
1983; Hruska, 1986; Hruska & Silbergeld 1980; Miller, 1983; Levesque & Di Paolo, 1993;
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Tonnaer, Leinders & van Delft, 1989 ). Early in vitro studies using [3H]spiroperidol, an
antagonist that labels DA receptors non-specifically (no specific group of DA receptors were
mentioned in the study), showed that estrogen treatment increased striatal DA receptor sites in
male rats (Hruska & Silbergeld, 1980) and that this effect may be dependent on the timing and
dose of treatment (Clopton & Gordon, 1985, Gordon & Perry, 1983). Decreased affinity for DA
receptor binding was seen twenty-four hours after the last administration of three days of a
relatively high dose of estrogen treatment in the striatum of ovariectomized rats, while increases
in D2-type DA receptors were seen two to three days after the last treatment (Clopton & Gordon,
1985, Gordon & Perry, 1983). In addition, thirty minutes after an injection of a low dose of
estradiol benzoate (EB), striatal D2-type DA receptor binding decreased in ovariectomized, but
not castrated rats (Bazzett & Becker, 1993). However, four hours after the same injection of EB,
an increase in striatal D2-type DA receptor binding was seen in only castrated rats (Bazzett &
Becker, 1993). Furthermore, the phase of the estrus cycle may also influence D2-type DA
receptor binding. Specifically, in diestrus, during a time of low circulating estrogens, the affinity
for striatal D2-type DA receptors is greater than in proestrus, during a time of high circulating
estrogens, in rodents (Di Paolo, Falardeau & Morissette, 1988).
Estrogens also have neuroprotective effects over dopaminergic neurons. Specifically, in
both humans and animals, neurological injuries are less severe in females in comparison to
males, likely due to female sex hormones (Roofedward & Hall, 2009). Moreover, in
ovariectomized mice, estradiol treatment prevented nigrostriatal DA depletion following a
dopaminergic neurotoxin (Dluzen, Dermott & Liu. 1996).
By affecting DA availability, DA receptor density, and affinity of DA transporters,
estrogens can influence DA function at different stages of neurotransmission (Almey, Milner &
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Brake, 2015). Xiao and Becker (1994) found that when estrogen levels are high, DA availability
rapidly increased in the striatum. Specifically, following estradiol treatment thirty minutes before
testing, and twelve hours before testing, DA activity rapidly increased in the striatum (Becker
and Rudick, 1999). The mechanism of action responsible for this increase in DA availability may
be elucidated from Disshon, Boja and Dluzen’s (1998) study that showed that by decreasing DA
receptor transporter affinity, DA uptake rapidly decreased.
The estrogen-DA interplay has important implications for social behavior. Estrogen
treatment led to enduring changes in social behavior in rats by influencing gene expression of an
estrogen receptor regulated gene and by altering DA activity (Olesen et al., 2005). Specifically,
in ovariectomized female rats, long-term estradiol treatment decreased gene expression of D2
DA receptors, 5-hydroxytryptamine (serotonin) receptor, glutamate receptor, NMDA, and
GABBA receptor 1 in the paraventricular nucleus, in the bed of the stria terminalis and in the
medial amygdala, areas that are responsible for regulating social interactions (Garcia, Bezner,
Depena, Yin & Core, 2017).
The brain regions that modulate dopamine-dependent cognition including the striatum,
NAcc, HPC, and PFC, express membrane-associated nuclear ERs (Milner et al., 2001; Mitra et
al., 2003; Shughrue, Scrimo & Merchenthaler, 1998; Weiland, Orikasa, Hayashi & McEwen
1997). The HPC also expresses GPER1 (Almey, Milner & Brake, 2015). This suggests that
dopaminergic-dependent cognition may be modulated by estrogens both genomically via nuclear
ERs (Korol and Kolo, 2002; Luine, Richards, Wu & Beck, 1998; Quinlan et al., 2010) and
rapidly via membrane-associated steroid receptors, since some of the effects of this dopaminedependent cognition happen too fast to occur via nuclear ER binding (Almey et al., 2014; Becker
and Rudick, 1999; Thompson & Moss, 1994). Though much less is known about male sex
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hormones and dopamine-dependent learning such as STFP, the effect of androgen receptors
should also be considered as they are expressed in the HPC of both males and females.
1. 14 Ovarian Sex Hormones- Progesterone
Progestogens are a class of sex hormones that exert their effects by binding to
progesterone receptors (PR; Compagnone & Mellon, 2000) and are physiologically important in
the uterus, ovaries, mammillary glands and the brain (Graham & Clarke, 1997). Of the
progestogens, progesterone is the most abundant and its effects are induced by estrogens.
In mammals, the ovaries synthesize and secrete most of the body’s circulating
progesterone, and circulating levels fluctuate as a means of the menstrual or estrus cycle
(Norman & Litwack, 1987). In rats, progesterone peaked during the proestrus phase of the
estrous cycle and was elevated nine hours into metestrus until nine hours into diestrus (Butcher,
Collins & Fugo, 1974). This pattern was different than the pattern of estradiol which began to
rise during late metestrus and peaked during proestrus (Butcher, Collins & Fugo, 1974).
1.14 1. Progesterone and Social Behavior
Little is known about the role of progesterone during the STFP. However, unpublished
work by Elena Choleris (2018) has shown that progesterone receptor knockout mice are impaired
in the STFP. In early behavioral studies, Beach and Merari (1970) examined the role of estradiol
and progesterone in dogs and found that three estradiol treatments followed by one progesterone
treatment in females increased the intensity, frequency and completeness of a male’s copulatory
reactions to the female. Notably, perinatal treatments of progesterone impaired copulatory and
aggressive behaviors, and performance during the Lashey III maze task in adulthood in male rats
(Hull, Franz, Snyder & Nishita, 1980).
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Social recognition was impaired in male rats following three days of progesterone
treatment (Bychowski & Augur, 2012). Conversely, during a time of elevated progesterone
accompanied by elevations of estradiol, mice in the proestrus phase of their cycle showed
enhanced social recognition (Choleris, Clipperton-Allen, Phan & Kavaliers, 2009). Thus, social
recognition was impaired by progesterone in males, but was enhanced by elevated levels of
progesterone and/or estradiol in female mice.
Progesterone also appears to play a role in affiliative behaviors. Specifically,
progesterone levels were greater in women exposed to a closeness task with a partner than those
exposed to a neutral task (Brown et al., 2009). Interestingly, increased progesterone levels were
seen in women following both social inclusion and social rejection (Seidel et al., 2013). Perhaps
this is related to an increase in progesterone in relation to a general affiliative response.
1.14 2. Progesterone and Dopamine
Though it is known that the estrous cycle and estrogens interact with DA, the role of
progesterone in the DA system is less known. In isolation of estradiol, progesterone increased
striatal DA release in both ovariectomized female and intact male rats (Petitclerc, Bedard, Di
Paolo, 1995). Both estradiol and progesterone treatment alone and together increased DA release
to the same extent in the striatum and substantia nigra but not the NAcc in ovariectomized rats
(Motissette & Di Paolo, 1993). Interestingly, estradiol and not progesterone increased DA uptake
in the striatum of ovariectomized rats (Morissette, Biron & Di Paolo, 1990). Thus, DA and
progesterone may interact in the striatum and substantia nigra.
During neonatal development in rodents, nuclear PRs are expressed in the VTA and PFC
(Willing & Wagner, 2015). Tyrosine hydroxylase immunoreactivity (TH-ir), a precursor to DA
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production, is expressed in PR-immunoreactive cells in the VTA and in projections from the
VTA to the mPFC (Willing & Wagner, 2015). By antagonizing PR during the neonatal period,
TH-ir fiber density was reduced in the mPFC at postnatal day twenty-five, and in the VTA of
adult rats (Willing & Wagner, 2015). Thus, PR receptors regulate TH-ri density in the VTA
which subsequently influences DA production.
1.15 Testicular Sex Hormones
Androgens are synthesized from cholesterol and in males act as the primary gonadal
steroid hormone. Testosterone, the most abundant androgen, is the primary circulating sex
hormone in males and is produced following stimulation by LH in testicular Leydig cells, but
like estrogens, testosterone is also produced by other organs, including the brain (Mooradian,
Morley & Korenman, 1987). Testosterone plays a critical role in masculinization during
development and the development and preservation of secondary sexual characteristics during an
individual’s life (Crews, Traina, Wetzel & Muller, 1978; Hews & Moore, 1995). In males, the
CA1 region of the HPC expresses nuclear androgen receptors (Kerr, Allore, Beck &
Handa, 1995; Tabori et al., 2005) which play an important role in the formation of spine
synapses (Romeo et al., 2005a, 2005b), and in membrane-associated androgen receptors located
in HPC dendrites, spines, and glial processes (Tabori et al., 2005).
It would not be completely accurate to deem testosterone as solely a “male sex hormone”.
In women, androgens are produced in smaller quantities by the adrenal glands via the conversion
of DHEA (Booth, Granger, Mazur & Kivlighan, 2006) and in the ovaries (Snyder, 2001). In
humans the ovaries produce 20% of the total circulating DHEA, 25% of total circulating
testosterone, and 60% of the total circulating androstenedione in comparison to the adrenal
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glands (Staub & Beer, 1997, Longcope, 1986). Thus, it appears likely that ovariectomy would
not only lead to a significant decrease in circulating estrogens but may also lead to a decrease in
the total amount of circulating androgens. Though the specific functional role of androgens in
females is not well understood, some studies suggest that androgens may play a role in a
women’s sexual drive, bone mineral density, muscle mass, and strength (Snyder, 2001).
1.15 1. Androgens and Social Behavior
Previous research suggests that androgens may be involved in the mediation of social
behaviors that are relevant for STFP. Testosterone plays a prominent role in male aggression in
non-human and human animal models via action in the brain (Monaghan & Glickman, 1992).
Plasma testosterone levels were significantly greater in chronically aggressive male prisoners in
comparison to males that were socially dominant but not aggressive, and males that were not
socially dominant or aggressive (Ehrenkranz, Bliss & Sheard, 1974). Moreover, testosterone was
associated with antisocial behaviors in male military veterans (Dabbs & Morris, 1990) and
greater levels of testosterone were thought to be associated with types of male dominance that
subsequently lead to aggression (Booth et al., 2006). Even in preschool-aged boys, testosterone
was positively correlated with aggression in a social context (Sanchez-Martin, Fano, Ahedo,
Cardas, Brain & Azpiroz, 2000). In mice, aggression was significantly reduced following
castration and was restored using androgen treatment (Beeman, 1947; Edwards, 1969). These
findings suggest that the effects of testosterone on aggressive behavior may arise
developmentally or activationally.
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1.15 2. Androgens and Dopamine
The specific role of male sex hormones in DA mediated social learning is unknown.
However, in rats DA release increased in the HPC following systemic administrations of
stanozolol, an anabolic androgenic steroid (Tucci et al., 2011). Other studies looked at the effects
of the expression of mRNA DA receptors in the male rat HPC and found that nandrolone, a
different anabolic androgenic steroid, decreased D1 receptor transcript in the HPC (Birgner,
Kindlundh-Hogberd, Alsio, Lindblom, Schioth & Bergstrom, 2008).
In rodent models, a conditioned place preference induced by testosterone was reversed
following either systemic injections (Schroeder & Packard, 2000) or intra- NAcc infusions of a
DA receptor antagonist (Packard, Schroeder & Alexander, 1998). However, in healthy male
humans and rodents, both androstenedione, an endogenous androgen hormone, and testosterone,
may be converted to estrone and estradiol (Longoope, Kato & Horton, 1969). Thus, perhaps the
behavioral effects seen in these summarized studies using androgen treatments were mediated by
their estrogen metabolites. However, it is important to note that not all androgens can be
aromatized to estrogens. Unfortunately, until now, the role of androgens in STFP has not been
explored.
1.16 Current Study
Because previous research demonstrated a prominent and robust sex difference following
dorsal HPC infusions of a D2-type DA receptor antagonist raclopride (Matta et al., 2018), the
purpose of this research was to explore the interplay between dorsal HPC D2-type DA receptors
and male and female gonadal steroid hormones in the modulation of social learning. Specifically,
we predicted that gonadectomy of both sexes would influence performance during the STFP in a
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way that would eliminate/reduce the observed sex difference following dorsal HPC infusions of
a D2-type DA receptor antagonist.
To assess this, we bilaterally infused D2-type DA receptor antagonist raclopride (18
μg/μL, 20 μg/μL, or saline) into the dorsal HPC (0.5 μL per hemisphere) of gonadally intact and
gonadectomized male and female “observer” (OBS) CD1 mice prior to a 30-minute social
interaction with a recently fed same-sex familiar “demonstrator” (DEM) during a typical STFP
paradigm. Doses were chosen because they showed a sex difference in STFP effects in the Matta
et al., (2018) study which utilized infusions into the same brain region.
Firstly, it is predicted that raclopride will block social learning in both ovariectomized
and gonadally intact females. The Matta et al., (2018) study demonstrated that intrahippocampal
raclopride blocked social learning in gonadally intact females and not males, suggesting that in
females the interaction between female sex hormones and D2-type DA receptors is necessary for
social learning to persist. Because of the known neuroprotective effects of estrogens over
dopaminergic neurons and the apparent interaction between D2-type DA receptors and estrogens
in social interactions, it is likely that eliminating the primary source of circulating gonadal
steroid hormones via ovariectomy would only further hinder social learning following
intrahippocampal raclopride (as explained in the introduction above).
Since the effects of androgens during dopamine-dependent social learning have never
been investigated, specifically during STFP, in this study it is difficult to predict the effects of
castration concurrent with intrahippocampal raclopride. However, since androgen receptors are
abundant in the HPC (Clancy, Bonsall & Michael, 1992; Brown, Sharma & MacLusky, 1995;
Kerr, Allore, Beck & Handa, 1995; DonCarlos et al., 2003; Tabori et al., 2005; Sarkey et al.,

34

2008), since castration led to a decrease in cell survival in the HPC (Spritzer & Galea, 2007), and
because androgen treatment lead to an increase in HPC DA release (Tucci et al., 2011), it is
predicted that raclopride will block social learning in castrated but not gonadally intact SHAM
males.
To summarize, it is hypothesized that dorsal HPC D2-type DA receptors interplay with
gonadal steroid hormones to mediate social learning in male and female mice, and it is predicted
that raclopride will block social learning in castrated males, ovariectomized females, and
gonadally intact SHAM females, but not gonadally intact SHAM males. Unlike other studies that
strictly investigated the involvement of estrogens in DA mediated social learning, this research
considers the possibility that both male and female gonadal hormones are involved in the
mediation of DA facilitated social learning in mice.
2. Methods
2.1 Subjects and Housing
Both male and female, experimentally naïve, 2-3 month old CD1 mice (Mus musculus)
were used for the present study (Charles Rivers, St. Constant, QC, Canada). Upon arrival, samesex mice were tripled housed in clear polyethylene cages (26 x 16 x12 cm) stocked with corncob
bedding, and ad libitum access to food (Teklad Global 14% Protein Rodent Maintenance Diet,
Harlan Teklad, WI) and water. Mice were single-housed in new, clean cages, for the 7 days
following surgery, and were pair-housed with the same-sex demonstrator three days before
experiment. The colony room was kept at a consistent temperature of 21 ± 1°C, with 40 – 50%
humidity, on a reversed 12-hour light-dark cycle with lights off at 8 am. All procedures followed

35

the guidelines of the Canadian Council on Animal Care and were approved by the Animal Care
Committee on the University of Guelph prior to the start of any experiments.
2.2 Surgeries
To avoid any effects of the estrus cycle of the DEM on the OBS mouse, all DEM mice
were gonadectomized (Choleris et al., 2011). Half of the OBS mice, both male and female,
received gonadectomies while the other half received SHAM gonadectomies. During the same
surgical session, all OBS mice also underwent stereotaxic surgery to implant bilateral cannulae
into the dorsal HPC.
At least 1 hour before any surgical procedures, mice received 50mg/kg of the
analgesic/anti-inflammatory drug, carprofen (Rimadyl, Pfizer Canada Inc, Kirkland, QC,
Canada), via subcutaneous injections (s.c.). All mice were subsequently anesthetized with
isoflurane gas (Baxter Corporation, Inc., Mississauga, ON, Canada). Ophthalmic liquid tear gel
(Bausch and Lomb) was then administered to both eyes. The surface area around each surgical
site was shaved and cleaned with germi-stat soap, isopropyl alcohol and then savlon antiseptic
tincture.
One minute prior to the surgical incision, 2-3 drops of a local anaesthetic, a mixture of
0.17% lidocaine (Alveda Pharmaceuticals, Toronto, ON, Canada), 0.33% bupivacaine (Hospira,
Inc., Montreal, QC, Canada), and 0.50% saline solution (0.9% NaCl) were s.c. injected into the
incision site. Excluding head incisions which were closed using dental cement, wounds were
closed using MikRon Autoclip 9mm wound clips (MikRon Precision Inc., Gardena, CA). At the
end of all surgeries, mice received intraperitoneal (i.p.) injections of a warm saline solution
(0.9% NaCl) to assist with rehydration. Following surgery, a minimum of 7 days was allowed for
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mice to recover in individual cages before pair-housing same sex OBS-DEM mice prior to the
STFP paradigm.
2.2 1. Castration Surgery and SHAM Castration Surgery
First, a vertical midline incision was made into the scrotum (1 cm) to expose the tunica.
Single bilateral incisions (0.5 cm) were made to each side of the tunica to expose the testes,
which one at a time were pulled out. Next, the spermatic cord was ligated with sterile hemostatic
clamps just under the testes, the ligated area was resected, and the testes were removed. The
exposed blood vessels and tubules were subsequently placed back into the tunica. A couple of
drops of the lidocaine-bupivacaine solution were then administered onto the tunica incisions and
the incision in the scrotum was then stapled using 1-2 wound clips. Mice that received SHAM
castration surgery underwent the same procedures except for the removal of the testes.
Specifically, first a vertical midline incision was made to the scrotum, the tunica was cut to
expose the testes, lidocaine-bupivacaine solution was administered, and then the incision in the
scrotum was stapled shut.
2.2 2. Ovariectomy Surgery and SHAM Ovariectomy Surgery
A small dorsal incision (2 cm) was made and the skin was subsequently separated from
the muscle layer. Next, smaller bilateral lumbar incisions (1 cm each) were made through the
overlying muscle layer to expose the ovaries. One by one, the uterus and ovaries were pulled out,
the uteri were clamped for one minute, then the ovaries were removed. The remaining uteri were
placed back through the incision and then a couple of drops of the lidocaine-bupivacaine solution
was administered. The skin incision was then stapled shut using 1-2 would clips. Female mice
that received SHAM ovariectomy surgery underwent the same procedures except that their
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ovaries were not removed. Specifically, a dorsal incision was made, the skin from the muscle
layer was separated, the muscle layer was cut to expose the ovaries, lidocaine-bupivacaine
solution was administered, then the incision was stapled shut.
2.2 3. Stereotaxic Surgery
All OBS mice underwent bilateral stereotaxic surgery to the dorsal HPC. Anesthetized
mice were placed into the stereotaxic frame using atraumatic ear bars (David Kopf instruments,
CA). The dorsal area of their heads was shaved and cleaned. The skin overlaying the dorsal
surface of the skull was removed, and the underlying membrane was dissolved using 3%
hydrogen peroxide (H2O2) in saline solution (0.9% NaCl). Each guide cannula site was marked
using the following coordinates from a flat skull position: -1.7 mm anterior/posterior and +/- 1.5
mm medial/ lateral from bregma. Holes were drilled into these 2 spots to allow for the insertion
of the 26-gauge bilateral guide canula (Plastics One, HRS Scientific, Anjou, QC, Canada). Three
adjacent holes were drilled into which jeweller screws (1.6mm; Plastics One, HRS Scientific,
Anjou, QC, Canada) were inserted to help secure the dental cement cap that was later used to
hold the cannulae in place. Once the screws were in place, the cannula was lowered into the
holes, and dental cement was poured over the screws and cannula. When dried, dummy cannulae
(Plastics One, HRS Scientific, Anjou, QC, Canada), were inserted to decrease the risk of
infection and/or cannulae blockage. When the infusers were attached to the cannulae for drug
delivery, they reached 1 mm past the end of the guide cannulae with a final dorsal/ventral
coordinate of 2.3mm.
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2.3 Materials and Apparatus
Three days prior to an experiment, same-sex OBS and DEM mice were pair housed in
new clean, bedded, cages, and were separated using perforated aluminum cage dividers (25.8 x
.2 x 10.8 cm3; 0.3cm diameter holes; 0.1cm between each hole; approximately 1500 holes per
divider; as in Mattaa et al., 2017). Cage dividers were designed to ensure optimal familiarity via
sensory contact between same-sex DEM and OBS mice while preventing the mice from fighting
or chewing off the OBS mouse head-caps. Mice were moved from the colony room to the
experimentation room and kept on the same light cycle the day before testing to acclimatize.
Mice were food deprived 15 hours before the start of an experiment to facilitate food
consumption.
During the DEM feeding phase of the STFP paradigm, DEM mice were transferred into
new, empty, clear, polyethylene cages (26 x 16 x 12 cm3) which contained the flavored food diet
in glass jars that were 5cm high and 7.5cm wide (Dyets, Bethlehem, PA). On top of the food,
perforated steel disks were placed to minimize the amount of the powdered food that was spilt
during feeding. The jars had collared, stainless steel lids with access holes that were 2.5cm in
diameter.
Nesting material and cage dividers were removed from the original home cages where the
OBS and DEM mice were initially pair-housed, and the cages were used for the social interaction
phase. Clear Plexiglas lids were placed on top of these cages to record the social interactions
using overhead JVC camcorder full HD (model number: GZ-E300BU; JVC, USA).
For the choice test, OBS mice were transferred to larger polyethylene cages (42.5 x 26.5
x 18.5cm3) stocked with corncob bedding, stainless steel wired lids, and water bottles. The cages
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also contained 2 different flavored food diets at the end of 2 (11cm high, 8cm wide) openings
which lead to 2 stainless steel tunnels (4.5 x 2.5 x 2.5cm3; 2 centimeters apart) that protruded out
of the front of the cage. At the end of each tunnel was a spill-proof feeding tray (See Figure
1,Tecniplast, Varese, Italy; Valsecchi, Mainardi, Sgoifo & Taticchi, 1989) that were accessible
through small 1.5cm long and 1.3 cm wide holes. A scale accurate to .0.01g (Sartorius Analytical
Balance, Sartorius Inc., United Kingdom) was used to weigh the food jars before and during the
choice test. At the end of the experiment, all materials/equipment were cleaned using odorless
detergent (Sparkleen, Fisherbrand) and baking soda and was subsequently air-dried.

Figure 2. A diagram of the spill-proof feeding tray. The tray includes a food compartment in the
front, and a compartment in the back to collect spillage. Figure reproduced from Valsecchi,
Mainardi, Sgoifo and Taticchi (1989).

2.4 Flavored Food Diets
Equally palatable and metabolically similar flavored diets were used based on previous
tests in CD1 mice that were also ordered from Charles Rivers (St. Constant, QC, Canada;
Choleris et al., 2011; Clipperton et al., 2008). A 1% ground cinnamon (CIN; McCormick Ground
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Cinnamon, McCormick Canada, London, Canada) or 2% powdered cocoa (COC; Fry’s Premium
Cocoa, Cadbury Ltd., Mississauga, Canada) flavored food diet mixed with ground rodent chow
were used for the STFP paradigm.
2.5 Drugs
Using a microinfusion pump (PHD 2000 injector, Harvard Apparatus, QC, Canada), OBS
mice received bilateral intra-dorsal HPC infusions of either a saline solution (0.9% NaCl), or the
D2 type DA receptor antagonist, raclopride tartrate salt (Sigma-Aldrich Canada Ltd., Oakville,
ON) dissolved in saline solution (0.9% NaCl), prior to the social interaction phase of the STFP
paradigm. Raclopride was infused at either 18 or 20 μg/μL. These doses were chosen based on
the Matta et al., (2017) paper where researchers found a sex difference in the STFP following
dorsal HPC infusions. Volumes of 0.5 μL were infused bilaterally at a rate of 0.2 μL/min.
Researchers were blind to the drug/doses which were counterbalanced across mice.
2.6 Estrous Cycle Testing
To assess the phase of the estrous cycle of gonadally intact female OBS mice, and to
ensure that the OBS and DEM gonadectomies were successful, vaginal smears were taken from
all female mice following experimentation. This was done by gently restraining female mice and
inserting cotton coated swabs dipped into a saline solution (0.9% NaCl) into the vagina, and
gently rolling the swabs against the vaginal wall. The swabs were subsequently smeared onto
microscope slides to transfer cells. The slides were left to dry for at least 24 hours; then they
were stained with Giemsa (Sigma-Aldrich, Oakville, ON, Canada) for later analysis using a light
microscope under x100 magnification. The presence of cornified epithelial cells with some
nucleated epithelial cells determined estrous. Few cornified epithelial cells, few to no leukocytes,
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and many nucleated epithelial cells determined proestrus. Lastly, many leukocytes along with
few nucleated or cornified epithelial cells determined diestrus (Byers, Wiles, Dunn & Taft, 2012;
Caligioni, 2009; Clipperton et al, 2008).
2.7 STFP Paradigm
At least 7 days after surgery and 3 days before the experimental procedure, same-sex
OBS mice were pair-housed with their respective DEM mouse using perforated cage dividers (as
in Matta et al., 2017). Food was removed from the cages 15 hours prior to the start of the
experiment. The experiment started at 8:00 am, the beginning of the dark-cycle. DEM mice were
placed into new, clean and empty DEM-feeding cages for 1 hour, that were stocked with either
the 1% CIN or 2% COC flavored food diets. Initial and final food weights was recorded to
determine DEM food consumption. Only mice that consumed at least 0.10 grams of their predetermined flavored diet, proceeded to the social interaction phase.
Ten minutes prior to the social interaction phase of the STFP paradigm, OBS mice
received intra-HPC infusions of either the saline solution or 18 μg/μL, or 20 μg/μL of raclopride,
the D2 type DA receptor antagonist (Matta et al., 2017). OBS and DEM mice were then returned
to their home cage and were free to interact for 30-minutes without cage dividers. This
interaction was video recorded for later analysis.
Following this social interaction, OBS mice were placed into new individual choice cages
that were stocked with the 1% CIN or 2% COC flavored food diets, one of which its respective
DEM mouse had previously consumed. Both flavored food diets were novel to the OBS mice. If
social learning occurred from the DEM to the OBS mouse during the social interaction period,
then the OBS mouse would prefer the DEM food (Galef et al., 1997; Valsecchi & Galef, 1989).
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The choice test lasted 8 hours and both foods were weighed at 2, 4, 6 and 8 hours. Following the
OBS choice test, vaginal smears were taken from female OBS and DEM mice.
Observer dorsal HPC
infusion of raclopride
or saline
10-min Delay
1-hr Demonstrator Feeding

30-min
ObserverDemonstrator
Interaction

8-hr Observer
Choice Test

Figure 3. Timeline of social transmission of food preference paradigm. DEM mice were free to
consume either a CIN or COC flavored diet for 1 hour. OBS mice were infused with either
saline, 18 or 20 μg/μL of the D2 type DA receptor antagonist raclopride 10 minutes before the
30-minute social interaction phase. During the final choice phase, OBS mice were then free to
consume the CIN or COC flavored food for 8 hours.
2.8 Video Scoring
The OBS social interactions during the 30-minute social interaction phase of the STFP
paradigm were video coded (The Observer Video Software, Noldus Information Technology,
Wageningen, Netherlands). Researchers were blind to OBS treatment and surgery type. Both
single and grouped behaviors were examined to determine whether raclopride alone and/or in
combination with gonadectomy influenced the OBS-DEM social interactions in comparison to
the saline control. Single behaviors that were scored were social and non-social and included
behaviors such as the OBS following the DEM, dominant/submissive behavior, oronasal, body
and anogenital investigation, solitary inactivity and social inactivity (See Table 1 and 2 for full
lists and descriptions; Blanchard, Yudka, Rodgers & Blanchard, 1993; Choleris et al., 2003;
Clipperton et al., 2008). In addition, grouped behaviors that included a combination of single
behaviors were examined to determine whether raclopride alone and/or in combination with
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gonadectomy influenced overall activity and social hierarchies (See Table 3 for full list and
descriptions).
Table 1. Observer single social behaviors scored from the 30-minute social interactions with
DEM during the STFP paradigm (table summarized from Clipperton et al., 2008 based on Grant
& Mackintosh, 1963).
Social Behaviors
Following the
DEM
Dominant
Behavior
Attack
Delivered
Boxing
Open
Aggression
Avoidance of
DEM
Submissive
Behavior
Attack
Received
Social
Inactivity
Oronasal
Investigation
Body
Investigation
Anogenital
Investigation
Stretched
Approach
Approaching
and/or
Attending to
the DEM

The OBS actively follows or pursues and chases the DEM; reciprocal to
avoid.
OBS engages in controlling behavior over DEM; includes pinning,
aggressive grooming, mounting attempt and crawling over or on top.
OBS attacks DEM; includes physical attacks, dorsal/ventral bites.
Measured by frequency of attacks.
Physical attacks; includes box/wrestle, offensive and defensive postures,
lateral sideways threats and tail rattles.
Physical attacks with a locked fight; includes tumbling, kick-away and
counterattack where the attacker cannot be identified.
OBS withdraws and runs from DEM while DEM follows.
DEM is in control; includes crawl under, supine posture (ventral side
exposed), prolonged crouch, any other time the DEM is dominant (ex. See
dominant behavior description).
Physical attacks; includes bites to dorsal/ventral regions. Measured by
frequency of attacks.
OBS and DEM sit/lie/sleep together.
OBS actively sniffs DEM’s oronasal area.
OBS actively sniffs DEM’s body.
OBS actively sniffs DEM’s anogenital region.
Risk assessment behavior; back feet do not move and front feet approach
demonstrator. Measured by frequency of stretched approaches.
OBS attention is focussed on DEM, head tilted towards DEM and
movements towards DEM often from across the cage. This becomes
‘Following the DEM’ once along the tail or sniff.
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Table 2. Observer single non-social behaviors scored from the 30-minute social interactions with
DEM during the STFP paradigm (table summarized from Clipperton et al., 2008 based on Grant
& Mackintosh, 1963).
Non-social Behaviors
Horizontal
Movement around cage; includes active sniffing of air and ground.
Exploration
Vertical
Movement to investigate upwards with both front feet on the ground;
Exploration
includes sniffing, wall leans and lid chews (less than 3).
Digging
Rapid stereotypical movement of forepaws in the bedding.
Abnormal
‘Strange’ behaviors; includes spin-turns, repeated jumps/lid chews/head
Stereotypies
shake (more than 3).
Solitary
No movement; includes sit, lie down, and sleep.
Inactivity
Self-grooming Rapid movement of forepays over facial area and along body.
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Table 3. Observer grouped behaviors scored from the 30- minute social interactions with DEM
during the STFP paradigm (table from Clipperton et al., 2008).
Grouped Behaviors
Total Activity All behaviors involving activity, both social and non-social. Excluded from
this group are ‘Solitary Inactivity’, ‘Social Inactivity’ and ‘Self-grooming’.
Total Social
Includes: ‘Following the DEM’, ‘Dominant Behavior’, ‘Attack Delivered’,
Behavior
‘Boxing’, ‘Open Aggression’, ‘Avoidance of DEM’, ‘Submissive
Behavior, ‘Attack Received’, ‘Attack delivered’, ‘Social Inactivity’,
‘Oronasal Investigation’, ‘Body Investigation’, ‘Anogenital investigation’,
‘Stretched Approach’, and ‘Approaching and/or Attending to the DEM’.
This composite behavior does not indicate whether the social interactions
are affiliative or agonistic.
Agonistic
Includes: ‘Following the DEM’, ‘Dominant Behavior’, and ‘Attack
Behavior
Delivered’.
Delivered
Agonistic
Includes: ‘Avoidance of DEM’, ‘Submissive Behavior’, and ‘Attack
Behavior
Received’.
Received
Total Agonistic Includes: ‘Agonistic Behavior Delivered’ and ‘Agonistic Behavior
Behaviors
Received’ plus ‘Open Aggression’, and ‘Boxing’. This composite behavior
does not indicate the direction of the agonistic behavior (ex. whether
agonistic behavior is directed toward OBS or toward DEM).
Dominance
Total Agonistic Behavior delivered minus total agonistic behavior received.
Score
A negative score indicates that the OBS was the submissive animal in the
pair, while a positive score signifies that the OBS was the dominant animal.
Social
Includes: ‘Oronasal Investigation’, ‘Body Investigation’, ‘Anogenital
Investigation
Investigation’, ‘Stretched Approach’, and ‘Approaching and/or Attending
to the DEM’.
Non-social
Includes: ‘Horizontal Exploration’, ‘Vertical Exploration’,’ Digging’,
Behaviors
‘Abnormal Stereotypies’, ‘Solitary Inactivity’, and ‘Self-grooming’.
Non-social
Includes: ‘Horizontal Exploration’, ‘Vertical Exploration’, and ‘Digging’.
Locomotor
Behaviors
Non-social
Includes: ‘Solitary Inactivity’ and ‘Self-grooming’.
Non-locomotor
Behaviors
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2.9 Histology
Following each trial of the experiment, OBS mice received bilateral infusions of 1%
Chicago blue dye diluted with phosphate buffered saline (PBS) using the same volume and
infusion rate as in the STFP. A 45-minute delay was given to coincide with the start of the choice
test in the STFP paradigm. After this delay, the mice were sacrificed using carbon dioxide.
Brains were then extracted and postfixed in 4% paraformaldehyde for 1.5 to 2 weeks, stored at
4°C, then transferred into 30% sucrose in PBS for approximately 3-5 days (or until they sank).
The brains were then frozen at -80 degrees Celsius and subsequently sliced using a cryostat
microtome (Leica CM 1850, Leica Microsystems, Richmond Hill, ON). Coronal sections of the
brain were taken at 30 µm and mounted on gelatin-coated microscope slides. The slides were left
overnight to dry in a fume hood, then were cover-slipped using DPX mountant. Afterwards,
slides were analyzed to determine the placement of the cannulae using a light microscope under
x100 magnification and a mouse brain atlas (Paxinos & Franklin, 2001).
2.10 Data Handling
To assess if social learning had occurred for each point in time an OBS CIN preference
ratio was calculated using the following formula: CIN/ (CIN + COC) x 100. For each point in
time of the choice test (2, 4, 6 and 8), the CIN preference rations were only calculated for OBS
mice who consumed at least 0.1g of food in total. Percentages of 100 would be indicative of a
complete preference for the CIN flavored food diet, percentage of 50 indicate chance, and a
percentage of 0 means the OBS preferred the COC flavored food diet.
To compare the food preferences of OBS mice across treatments groups, and to assess
whether social learning has occurred, a DEM preference ration was calculated using the
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following formula: DEM food consumed by OBS/ (CIN + COC) x 100. These percentages were
calculated at each point in time: 2, 4, 6 and 8 hours into the choice test. Again 50% would be
indicative of the OBS mouse consuming both foods at levels of chance, suggesting social
learning did not occur. A percentage of 0 would mean that the OBS mouse consumed none of the
DEM food. If an OBS mouse scored significantly higher 50%, this would mean that the OBS
preferred the DEM food, thus, social learning would have occurred. Total food intake, CIN diet
consumed + COC diet consumed by the OBS, was also calculated for each point in time.
Since the percentages described above violated the assumption of homogeneity of
variance, all CIN and DEM preference ratios were arcin-transformed prior to being analyzed.
However, to make the results easier to interpret, the graphs depict the original ratios.
In this study, we used both the CIN and DEM preference ratio analyses because they
addressed different experimental questions. For example, the CIN preference ratio is a common
way to analyze STFP data by showing the OBS preference for the CIN diet over the total food
consumed (CIN + COC). Using this method, one can determine social learning between each
experimental group. Thus, the CIN preference ratio determined whether social learning had
occurred. However, the DEM preference ratio analyzed data by comparing the strength of the
socially acquired food preference within experimental groups. It showed the OBS preference for
the DEM diet, regardless of whether the DEM consumed the CIN or COC diet. Thus, this
method does not directly determine whether social learning had occurred, however, it
complements and adds to the information we gained from the CIN preference ratio analyses.
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2.11 Statistical Analysis
Using SPSS, mixed-design analyses of variance (ANOVA) were run separately to assess
treatment effects on the strength of the socially acquired food preference by analysing 1) the %
of CIN diet consumed to analyze whether social learning occurred, 2) the % of DEM diet
consumed to analyze whether social learning occurred, and 3) the total food intake, to observe if
any effects of treatment on food preferences were due to generalized effects on feeding behavior.
When using the mixed-design ANOVA to analyze the % of CIN diet and total food intake, the
between groups factors were the DEM food (CIN or COC), gonadal condition (gonadectomy or
SHAM), treatments (saline, 18 or 20 µg/µL of raclopride), and the repeated measures factor was
time (2, 4, 6 and 8 hours). A mixed design ANOVA was also conducted to analyze the % of
DEM food consumed by OBS mice during the choice phase, with the between factors groups
being DEM food, gonadal condition (gonadectomized or SHAM), and treatments (saline, 18 or
20 µg/µL of raclopride) and the repeated measures factor was time (2, 4, 6 and 8 hours).
In all 3 models described above, data from the OBS choice test was not used if the OBS
mice did not consume at least 0.1 g of food between each pre-established time point (2, 4, 6 and
8 hours). Because of this, when calculating the % of DEM food consumed and the % CIN diet,
data from some time points (for example, if less than 0.1 g of food was consumed between 2 to 4
hours) resulted in empty cells on the SPSS input sheet. When running mixed-design ANOVA’s
using SPSS, SPSS eliminates data for the entire animal if empty cells exist resulting in missing
data for certain animals. Thus, both the % of CIN diet and % of DEM food consumed were
subsequently analyzed separately at each time point. For each gonadal condition and treatment, a
priori mean comparisons with independent samples t-tests were conducted to compare CIN
percentage ratios from the OBS whose respective DEM mouse consumed the CIN flavored diet
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with OBS whose respective DEM mouse consumed the COC flavored diet. Planning only
specific comparisons was done to reduce the risk of type I errors. Similarly, independent samples
t-tests were run to assess if social learning had occurred by comparing the percent of DEM diet
for each OBS under each drug treatment and gonadal condition separately to saline.
Behavioral data from the social interactions were collected and analysed using mixed
design ANOVA’s on duration, latency and frequency data of both individual and grouped
behaviors (See Table 1-3 for specific individual and grouped behaviors). In addition, separate
between groups ANOVAs were run using data from only gonadally intact females to assess the
effect of the phase of the estrus cycle on behaviors during the social interactions and
performance during the STFP paradigm.
For all statistical analyses, alpha was set to 0.05 using SPSS (v.25; IBM, Armonk, NY),
and the Greenhouse-Geisser correction was used when applicable.
3. Results
3.1 Mouse Brain Cannula Placements
Cannula injectors were all found to be in the anterior dorsal HPC (between 1.70mm and
1.82mm). These locations did not seem to differ between treatment groups for all surgery types
(See Figure 4).
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Figure 4. Dorsal hippocampal cannula placements for all mice per surgery and treatment group
(saline, 18 µg/µL or 20 µg/µL raclopride). The location of the injector tip in the mouse brain is
represented by open circles in reference to Bregma and the distance is represented on the side (in
mm). All cannula placements fell within -1.70mm and -1.82mm of Bregma in the anterior dorsal
HPC and did not appear to differ between groups. The images were adapted from Paxinos &
Franklin, 2001.
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3.2 STFP: Effects of raclopride on social learning
The statistical anaylsis conducted on the CIN preference ratio across 2, 4, 6, and 8 hours
of the STFP choice test revealed that raclopride at 20 µg/µL blocked the socially acquired food
preference in castrated (CAS) observers (OBS) while slightly prolonging it in gonadally intake
(SHAM) males. Raclopride at 18 µg/µL blocked the socially acquired food preference in
ovariectomized (OVX) OBS whereas this dose did not affect social learning in SHAM female
OBS. In addition, raclopride at 18 µg/µL slightly prolonged the duration of the socially aquired
food preference in SHAM males whereas it did not affect social learning following castration.
Interestingly, 20 µg/µL significantly shortened the duration of the socially aquired food
preference in SHAM female OBS whereas it slightly prolonged the duration following
ovariectomy. The estrus cycle unlikely influenced the STFP due to the small sample size of
SHAM female OBS per treatment, per phase of the cycle. Overall, raclopride influenced total
food intake when comparing the 2 doses (18 and 20 µg/µL) to each other in SHAM female and
male OBS. However, since raclopride at both doses did not influence total food intake when
compared to the saline control, it is unlikly that this effect influenced the STFP.
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3.3 CIN Preference Ratio Analyses- Arcsine Transformed
The repeated measures ANOVA analyzing the CIN preference ratio for all gonadal
conditions and all 8 hours during the STFP choice test revealed a significant time x DEM food
interaction [F(2.49, 508.46) = 30.35 , p = .000], a significant main effect of DEM food [F(1, 204)
= 30.04 , p = .000], a significant main effect of HPC treatment [F(2, 204) = 3.03 , p = .051], and
a trend towards a main effect of surgery type [F(3, 204) = 2.33 , p = .076].
Separate ANOVAs revealed a significant main effect of DEM food at 2 hours [F(1, 294)
= 126.1 , p = .000], 4 hours [F(1, 302) = 53.078 , p = .000], 6 hours [F(1, 294) = 12.462 , p =
.000] and 8 hours [F(1, 250) = 1.509 , p = .044] for all OBS mice. The main effect of HPC
treatment, HPC treatment x DEM food, gonadal condition x DEM food and gonadal condition x
treatment interactions were all non-significant at each time point. Thus, the CIN preference ratios
for all OBS mice were affected in a time and DEM food dependent manner.
Separate ANOVAs examining each gonadal condition individually revealed no
significant main effects of DEM food for the full 8 hours. However, the analysis revealed a
significant time x DEM food interaction for SHAM female OBS [F(2.294, 114.921) = 7.464 , p =
.000], OVX OBS [F(2.348, 112.693) = 11.048 , p = .000], SHAM male OBS [F(2.366, 132.505)
= 15.116 , p = .000], and CAS OBS [F(2.613, 135.864) = 2.995 , p = .042] for the full 8 hours of
the STFP choice test. Specifically, the ANOVA revealed a significant main effect of DEM food
for SHAM female OBS at 2 hours [F(1, 49) = 23.842 , p = .000] and 6 hours [F(1, 49) = 6.12 , p
= .017], for OVX OBS at 2 hours [F(1, 49) = 17.849, p = .000], 6 hours [F(1, 49) = 3.752 , p =
.059] and 8 hours [F(1, 49) = 08.895, p = .004], for SHAM male OBS at 2 hours [F(1, 57) =
9.415 , p = .003], 6 hours [F(1, 57) = 4.002, p = .05] and 8 hours [F(1, 57) = 10.712 , p = .002],
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and for CAS OBS at 2 hours [F(1, 53) = 9.554 , p = .003]. Interestingly, the ANOVA revealed
that there were no significant main effects of HPC treatment for any OBS at any time points.
Thus, CIN preference ratios were influenced by intra-HPC infusions of raclopride as a function
of the DEM flavored food diet across different time points for all gonadal conditions (see Figure
5).
A priori independent samples t-tests were conducted to assess the CIN preference ratios.
The analysis revealed that social learning was blocked in OVX OBS that received intra-dorsal
HPC infusions of raclopride at 18 µg/µL and in CAS OBS that received infusions of raclopride
at 20 µg/µL (see Figure 5D and 5L). Specifically, socially acquired food preferences were
represented by a significant difference between the preference for the CIN diet by OBSs that
interacted with CIN fed DEMs versus OBS that interacted with COC fed DEMs was present at 2
hours for SHAM female OBS [t(19.047) = 4.06, p = .001], OVX OBS [t(22) = 6.014, p = .000],
SHAM male OBS [t(21) = 3.368, p = .003] and CAS OBS [t(23) = 2.643, p = .015] infused with
saline, for SHAM female OBS [t(20) = 4.265, p = .000], SHAM male OBS [t(25) = 3.159, p =
.004] and CAS OBS [t(30) = 3.369, p = .002] infused with raclopride at 18 µg/µL while OVX
female OBS [t(16.012) = 1.77, p = .095] showed a trend towards significance at this time point,
and lastly for SHAM female OBS [t(21) = 3.297, p = .003], OVX OBS [t(22) = 4.631, p = .000],
and SHAM male OBS [t(23) = 2.554, p = .018] infused with raclopride at 20 µg/µL. In addition,
at 4 hours a socially aquired food preference was present for SHAM female OBS [t(23) = 4.037,
p = .001] and OVX OBS [t(23) = 2.431, p = .023] infused with saline while SHAM male OBS
[t(21) = 1.803, p = .086] and CAS OBS [t(18.598) = 1.888, p = .067] showed a trend towards
significance at this time point, for SHAM female OBS [t(23) = 2.363, p = .027] and SHAM male
OBS [t(25) = 2.177, p = .039] infused with raclopride at 18 µg/µL, for OVX OBS [t(22) = 4.419,
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p = 0.000] and SHAM male OBS [t(23) = 2.876, p = 0.009] infused with raclopride at 20 µg/µL.
Futhermore, at 6 hours a socially aquired food preference was present for SHAM female OBS
[t(22) = 2.179, p = 0.04] infused with saline and a trend towards significance was seen for
SHAM female OBS [t(22) = 1.803, p = .085] infused with raclopride at 18 µg/µL, and for OVX
OBS [t(22) = 3.483, p = .002] infused with raclopride at 20 µg/µL. Interestingly, at 8 hours a
socially aquired food preference was present for SHAM male OBS [t(21) = -2.098, p = .048]
infused with raclopride at 18 µg/µL while there was a trend towards significance for OVX OBS
[t(15) = -2.019, p = .062]. Following infusions of raclopride at 18 µg/µL for OVX OBS and 20
µg/µL for CAS OBS there were no significant differences between the CIN diet consumed by
OBSs that interacted with CIN fed DEMs versus OBS that interacted with COC fed DEMs at any
time points during the STFP choice test indicating that social learning was blocked at these doses
(see Figure 5D and 5L).
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Figure 5. Cinnamon (CIN) preference ratios (total cinnamon flavored diet consumed divided by
total food intake) for SHAM female observers (OBS; A, C, E), ovareictomized (OVX) OBS (B,
D, F), SHAM male OBS (G, I, K) and castrated (CAS) OBS (H, J, K) that received dorsal
hippocampus infusions of saline ( A, B, G, H), D2-type dopamine receptor antagonist raclorpide
at 18 µg/µL (C, D, I, J) and raclopride at 20 µg/µL (E, F, K, L) 10 minutes prior to the 30 minute
social interaction with a same-sex demonstrator (DEM) that consumed either a 1% cinnamon
(CIN; solid black lines) or 2% cocoa (COC; dotted lines) flavored food diet. The n’s represent
sample size per group. CIN preference ratios are displayed for 2, 4, 6 and 8 hours of the OBS
choice test. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, T = 0.05 <
p < 0.1 comparing CIN pref ratios for OBS that interacted with a DEM that consumed a CIN
versus OBS that interacted with a DEM that consumed COC.
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3.4 Effects of the Estrous Cycle on Social Learning- CIN Preference Ratio
Interestingly, the repeated measures ANOVA analyzing the CIN preference ratio for
SHAM female OBS did not reveal a significant main effect of the estrous cycle. However, the
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analysis showed a significant main effect of DEM food [F(1, 38) = 5.001, p = .031], a significant
treatment x DEM food interaction [F(2, 38) = 3.197, p = .052] and a significant treatment x
estrus phase interaction [F(4, 38) = 2.757, p = .042]. Furthermore, the time x DEM food
interaction [F(2.223, 84.486) = 2.589, p = .057] and DEM food x estrus phase interaction [F(2,
38) = 3.126, p = .055] showed a trend towards significance. Separate ANOVAs revealed a
significant estrus phase x HPC treatment interaction at 2 hours [F(4, 62) = 3.175, p = .019] and 4
hours [F(4, 67) = 2.874, p = 0.029] and showed a trend towards significance at 6 hours [F(4, 75)
= 2.461, p = .054]. Thus, it is probable that the estrus phase had an influence on the CIN
preference ratio as a function of treatment and DEM food. However, post-hoc mean comparisons
revealed no significant effects, likely a result of the small sample size of OBS estrus phase per
treatment group (see Table 4).
Table 4. Sample sizes (n’s) for SHAM female observers per estrus phase, per treatment group
during the social transmission of food preference (STFP).
Social Transmission of Food Preference (STFP)
Diestrus I & II

Estrus

Proestrus

Saline

n=8

n = 13

n=5

Raclopride at
18 µg/µL
Raclopride at
20 µg/µL

n = 15

n=7

n=3

n = 11

n = 10

n=4

3.5 DEM Preference Ratio Analyses- Arcsine Transformed
The RM ANOVA analysing the DEM preference ratio revealed a significant main effect
of time for all OBS mice [F(2.483, 538.844) = 33.474, p = .000], and the time x gonadal
condition interaction showed a trend towards significance [F(7.449, 538.844) = 1.94, p = .057]
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for the full 8 hours of the STFP choice test. Separate ANOVAs analyzing the DEM preference
ratios of OBS each gonadal condition revealed a trend towards a significant main effect of HPC
treatment for SHAM female OBS [F(2.355, 120.121) = 8.404, p = .000], OVX OBS [F(2.383,
123.916) = 12.513, p = .000], SHAM male OBS [F(2.385, 140.687) = 16.917, p = .000] and CAS
OBS [F(2.561, 140.844) = 3.052, p = .038] for the full 8 hours. Furthermore, the ANOVAs
revealed a significant main effect of HPC treatment for CAS OBS at 2 hours [F(1, 57) = 6.528, p
= .013] and a trend towards significance at 4 hours [F(1, 57) = 3.889, p = 0.053]. For OVX OBS
there was a trend towards a significant main effect of time for the full 8 hours [F(2, 52) = 2.836,
p = .068]. At all time points and for all gonadal conditions, the ANOVAs did not yield any
significant time x HPC treatment interactions. A priori independent samples t-tests were
conducted to compare the DEM preference ratios of OBS infused with the saline control versus
raclopride at both doses for each gonadal condition. The t-tests revealed a trend towards
significance when comparing OBS infused with saline and raclopride such that the DEM
preference ratios were greater for those infused with saline versus raclopride at 18 µg/µL at 2
hours for OVX OBS [t(43) = 1.737, p = .089] and DEM preference ratios were greater for
SHAM female OBS when infused with raclopride at 20 µg/µL at 4 hours [t(49) = 1.684, p =
0.099] and raclopride at 18 µg/µL at 8 hours [t(39) = -1.695, p = .098]. Interestingly, DEM
preference ratios were significantly greater in OVX OBS infused with raclopride at 18 µg/µL
versus 20 µg/µL at 6 hours [t(46) = -2.153, p = .037] and a trend towards significance was seen
at 8 hours [t(40) = -1.697, p = .097] of the STFP choice test.
One-sample t-tests conducted to compare the DEM preference ratios to 50% (chance)
revealed that SHAM female OBS [t(25) = 4.091, p = .000], OVX OBS [t(23) = 6.342, p = .000],
SHAM male OBS [t(22) = 3.58, p = .002], and CAS OBS [t(24) = 3.429, p = .002] infused with
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saline, SHAM female OBS [t(21) = 3.396, p = .001], SHAM male OBS [t(25) = 3.407, p = .002],
and CAS OBS [t(31) = 3.258, p = .003] infused raclopride at 18 µg/µL while OVX OBS showed
a trended towards significance at this dose [t(22) = 1.778, p = .088], for SHAM female OBS
[t(22) = 2.881, p = .009], OVX OBS [t(23) = 4.152, p = .000], and SHAM male OBS [t(24) =
2.484, p = .02] infused with raclopride at 20 µg/µL, had DEM preference ratios that were
significantly above levels of chance (50%) at 2 hours of the STFP choice test. Notably, at 4
hours of the STFP choice test SHAM female OBS [t(26) = 2.868, p = .008] and OVX OBS [t(24)
= 2.291, p = .031] infused with saline, SHAM female OBS [t(24) = 2.493, p = .02] and SHAM
male OBS [t(25) = 2.17, p = .04] infused with raclopride at 18 µg/µL, OVX OBS [t(23) = 3.796,
p = .001] and SHAM male OBS [t(24) = 2.748, p = .011] infused with raclopride at 20 µg/µL
had DEM preference ratios that were significantly above levels of chance (50%). At 6 hours of
the STFP choice test, SHAM female OBS showed a trend towards significance [t(25) = 1.984, p
= .058] when infused with saline, SHAM female OBS [t(23) = 2.137, p = .043] infused with
raclopride at 18 µg/µL, and OVX OBS [t(23) = 3.633, p = .001] infused with raclopride at 20
µg/µL had DEM preference ratios that were significantly above levels of chance (50%).
Interestingly, at 8 hours of the STFP choice test, CAS OBS [t(21) = -2.678, p = .014] infused
with raclopride at 18 µg/µL had DEM preference ratios that were significantly above levels of
chance (50%) while OVX OBS [t(16) = -2.07, p = 0.055] showed a trend towards significance at
this dose. Notably, CAS OBS infused with raclopride at 20 µg/µL had DEM preference ratios
that were not significantly different than that of chance (50%) at any time points during the STFP
choice test indicating that social learning was blocked.
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Figure 6. Demonstrator (DEM) preference ratios (total DEM diet consumed by observer (OBS)
divided by total food intake) for SHAM female OBS (A, C, E), ovareictomized (OVX) OBS (B,
D, F), SHAM male OBS (G, I, K) and castrated (CAS) OBS (H, J, K) that received dorsal
hippocampus infusions of saline (solid lines, open triangle; A, B, G, H), D2-type dopamine
receptor antagonist raclorpide at 18 µg/µL (tighyly dotted lines, open circles; C, D, I, J) and
raclopride at 20 µg/µL (loosely dotteds line, open rectangles ;E, F, K, L) 10 minutes prior to the
30 minute social interaction with a same-sex DEM that consumed either a 1% cinnamon or 2%
cocoa flavored food diet. The n’s represent sample size per group. DEM preference ratios are
displayed for 2, 4, 6 and 8 hours of the OBS choice test. Data are presented as mean ± SEM. *p
< 0.05, **p < 0.01, ***p < 0.001, T = 0.05 < p < 0.1 comparing the DEM preference ratios to
50% (chance), and #p < 0.05, ##p < 0.01, ###p < 0.001, T = 0.05 < p < 0.1 comparing OBS mice
that received dorsal hippocampal infusions of saline versus raclorpide.
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3.6 Effects of the Estrous Cycle on Social Learning- DEM Preference Ratio
The RM ANOVA conducted to assess the effect of the estrus cycle on DEM preference
ratios for SHAM female OBS revealed a significant main effect of time [F(2.232, 102.686) =
4.734, p = .008] for the full 8 hours. Independent samples t-tests revelaed that at 2 hours OBS in
the estrus phase had significantly greater DEM preference ratio than those in diestrus [t(19) = 2.158, p = .044] and proestrus [t(17) = 2.552, p = .021] when infused with saline, and at 4 hours
OBS in the estrus phase had significantly greater DEM preference ratios that those is diestrus
[t(20) = -2.377, p = .028]. One-sample t-tests conducted to compare the DEM preference ratios
to 50% (chance) revealed that at 2 hours SHAM female OBS in diestrus infused with raclopride
at 18 µg/µL [t(14) = 3.152, p =0.007] and 20 µg/µL [t(10) = 2.199, p = 0.052], in estrus infused
with saline [t(13) = 6.368, p = 0.000] and raclopride at 18 µg/µL [t(3) = 3.465, p = 0.04] , at 4
hours OBS in estrus infused with saline [t(13) = 3.313, p = 0.006] and raclopride at 18 µg/µL
[t(6) = 5.382, p = 0.002], and at 6 hours in proestrus infused with raclopride 20 µg/µL [t(3) =
3.146, p = 0.051] had DEM preference ratios that were significantly above levels of chance
(50%). Notably, at 6 hours OBS in estrous infused with saline [t(12) = 1.818, p = 0.094] and at 8
hours OBS in diestrus infused with raclopride at 18 µg/µL [t(11) = 2.073, p = 0.062] showed a
trend towards significance. Thus, the estrous cycle may have influenced the DEM preference
ratios, however, it is important to consider the small quantity of SHAM female OBS in each
phase of the cycle, in each treatment group, when interpreting these findings (See Figure 7).
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Figure 7. Demonstrator (DEM) preference ratios (total DEM diet consumed by observer (OBS)
divided by total food intake) for SHAM female during the estrus cycle in diestrus (solid lines,
open squares, estrus (tightly dotted lines, open diamond) and proestrus (loosely dotted lines,
open circles) that received dorsal hippocampus infusions of saline (A), D2-type dopamine
receptor antagonist raclorpide at 18 µg/µL (B) and raclopride at 20 µg/µL (C) 10 minutes prior
to the 30 minute social interaction with a same-sex DEM that consumed either a 1% cinnamon or
2% cocoa flavored food diet. The n’s represent sample size per group. DEM preference ratios are
displayed for 2, 4, 6 and 8 hours of the OBS choice test. Data are presented as mean ± SEM. *p
< 0.05, **p < 0.01, ***p < 0.001, T = 0.05 < p < 0.1 comparing the DEM preference ratios to
50% (chance).

3.7 Total Food Intake
The RM ANOVA for the total food intakes of all OBS mice revealed a significant main
effect of time [F(2.895, 613.832) = 66.345, p = .000], a significant main effect of gonadal
condition for the full 8 hours [F(3, 212) = 2.734, p = .045], a significant time x gonadal condition
65

interaction [F(8.686, 613.832) = 1.995, p = .04], a significant gonadal condition x HPC treatment
interaction [F(6, 212) = 2.52, p = .022], and a trend towards a significant time x HPC treatment
interaction [F(5.791, 613.832) = 2.09, p = .055], however, the main effect of HPC treatment was
non-significant. Separate ANOVAs revealed a main effect of time for SHAM female OBS
[F(2.615, 125.508) = 13.578, p = .000], OVX OBS [F(2.785, 139.232) = 9.619, p = .000],
SHAM male OBS [F(2.826, 166.738) = 15.518, p = .000], and CAS OBS [F(2.845, 156.502) =
33.569, p = .000] for the full 8 hours. Interestingly, there was a significant main effect of HPC
treatment for SHAM female [F(2, 48) = 4.383, p = .018] and CAS [F(2, 55) = 5.075, p = .009]
OBS. Specifically, independent samples t-tests for total food intake between HPC treatment
groups revealed that at 2 hours there was a trend towards a significant difference between saline
and raclopride at 20 µg/µL for CAS OBS, and that CAS OBS that received raclopride at 20
µg/µL consumed significantly more that those who received raclopride at 18 µg/µL [t(54) = 2.683, p = .01] while there was a trend towards significance in the opposite direction for SHAM
male OBS [t(49) = 1.815, p = .076]. At 4 hours, SHAM female OBS infused with raclopride at
20 µg/µL consumed significantly more that those who received raclopride at 18 µg/µL [t(47) = 2.406, p = .02] and SHAM male OBS infused with raclopride at 20 µg/µL consumed
significantly more that those who received saline infusions [t(46) = -2.028, p = 0.048] while
there was a trend towards a significant difference between total amount of food consumed for
SHAM female OBS following infusions of saline and raclopride at 18 µg/µL [t(50) = 1.8, p =
.078]. Moreover, at 6 hours, OVX OBS that received infusions of saline consumed significantly
more that those who received raclopride at 20 µg/µL [t(48) = 2.125, p = .039]. Lastly, at 8 hours
CAS OBS that received infusions of raclopride at 20 µg/µL [t(42) = -1.696, p = .097] consumed
significantly more that those who received raclopride at 18 µg/µL. Hence, these findings suggest
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that social learning impairments found in the study may be secondary to the effect of the drug on
total food intake for SHAM female and CAS OBS which main effects of HPC treatment were
significant. However, since for SHAM female and CAS OBS follow-up t-test only showed a
significant difference between the 2 doses of raclopride (not between the saline control and
raclopride), it appears unlikely that the differences in total food intake were influencing the
results of the STFP (See Figure 8).
Figure 8. Total food intakes (1% cinnamon (CIN) + 2% cocoa (COC) flavored diet) for
gonadally intact (SHAM) female observers (OBS; A), ovariectomized OBS (B), SHAM male
OBS (C) and castrated OBS (D) that received intra dorsal hippocampus infusions of saline (solid
lines), D2-type dopamine receptor antagonist raclopride at 18 µg/µL (tightly dotted lines) and
raclopride at 20 µg/µL (loosely dotted lines) 10 minutes prior to the 30 minute social interaction
with a same-sex demonstrator that consumed either a CIN or COC flavored diet. The n’s
represent sample size per group. Total food intakes are displayed for 2, 4, 6 and 8 hours of the
OBS choice test. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, T =
0.05 < p < 0.1 comparing total food intake of OBS mice that received dorsal hippocampal
infusions of saline versus raclorpide and #p < 0.05, ##p < 0.01, ###p < 0.001, T = 0.05 < p < 0.1
comparing total intakes of OBS mice between dorsal hippocampal treatments.
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3.8 Total Food Intake- Effects of the Estrus Cycle
The RM ANOVA conducted on total food intake for SHAM female OBS revealed a
significant main effect of time [F(2.566, 110.320) = 8.229, p = .000] and a trend towards a
significant time x HPC treatment interaction [F(5.131, 110.320) = 1.897, p = .099]. The main
effect of treatment, estrus phase, time x estrus phase, time x estrus phase x HPC treatment and
time x HPC treatment interaction were all non-significant. Independent samples t-tests
comparing the phases of the estrus cycle revealed a trend towards a significant difference of total
food intake for those infused with raclopride at 18 µg/µL in estrus versus diestrus at 2 hours
[t(16) = 1.966, p = .063] and at 4 hours [t(20) = 2.06, p = .053], and a trend towards significance
for those in estrus versus proestrus at 8 hours. Interestingly, those in estrus consumed
significantly more than those in proestrus following infusions of saline at 6 hours [t(16) = 3.01, p
= .008]. Due to a very small sample size of OBS per estrous phase, per HPC treatment, and no
significant differences found in additional mean comparisons, these findings should be
interpreted with caution (see Table 4).
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3.9 Effects of Intra-Dorsal Hippocampal Raclopride on Behaviors During the Social
Interactions of the STFP
Overall, intrahippocampal raclopride reduced total activity for SHAM male OBS but not
for any other group of mice. Interestingly, raclopride reduced total social behaviors in all OBS
except SHAM males. For all groups of mice, raclopride reduced social investigation which was
reflected by a reduction in oronasal investigation and body investigation in SHAM male and
female OBS. In addition, raclopride reduced body investigation following ovariectomy and
reduced anogenital investigation in all OBS. Notably, drug treatment reduced total agonistic
behaviors in all OBS except SHAM females. Furthermore, raclopride only reduced agonistic
behaviors delivered in SHAM males which was reflected in a reduction in dominant behavior
(also reduced in OVX OBS), frequency of attacks delivered, and ultimately, dominance score.
Raclopride increased non-social behaviors in SHAM female and CAS OBS which was
reflected by an increase in non-social locomotor behaviors in only SHAM female OBS.
Interestingly, raclopride increased horizontal exploration in SHAM female OBS but decreased it
in SHAM males. Raclopride also increased digging in only SHAM female and OVX OBS.
Moreover, raclopride increased non-social non-locomotor behaviors in SHAM male OBS and
decreased solitary inactivity in all OBS. See tables 5-7 for a summary of these findings.
3.10 Overall Activity
Separate ANOVAs examining OBS in each gonadal condition revealed a significant main
effect of HPC treatment for SHAM female OBS for total activity [F(2, 68) = 3.843 , p = .026]
(See Figure 9A). Specifically, there was a trend towards a decrease of total activity by raclopride
at 18 µg/µL [t(49) = 1.918, p = .061]. Notably, raclopride at 18 µg/µL decreased total activity
significantly more than raclopride at 20 µg/µL [t(41) = -2.859, p = .007]. Perhaps this can be
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explained by the finding that total social behavior was significantly reduced [F(2, 68) = 5.552 , p
= .006] by raclopride at 18 µg/µL [t(49) = 2.139, p = .037] and 20 µg/µL [t(46) = 3.688, p =
.001] for SHAM female OBS (see Figure 9E).
Interestingly, there were no effects of raclopride on total activity following ovariectomy
(see Figure 9B) suggesting a possible interaction between ovarian steroid hormones and D2-type
DA receptors. Instead, total social behavior for OVX OBS was significantly reduced [F (2, 73) =
6.125, p = .003] by raclopride at both doses [18 µg/µL: t(47) = 3.707, p = .001; 20 µg/µL: t(51) =
2.094, p = .041] (see Figure 9F). Thus, it appears that HPC D2-type DA receptors regulate total
activity and total social behaviors in female mice.
Total activity was significantly decreased [F(2, 66) = 6.285 , p = .003] by raclopride at
both doses [18 µg/µL: t(46) = 2.377, p = .022; 20 µg/µL: t(41) = 3.336, p = .002] for SHAM
male OBS (see Figure 9C) and had no effect on total social behavior (see Figure 9G).
Like the effects seen in OVX OBS, there were no effects of raclopride on total activity
following castration (see Figure 9D). Instead, total social behaviors were significantly reduced
[F(2, 79) = 3.59 , p = .032] by raclopride at both doses [18 µg/µL: t(54) = 2.269, p = .027; 20
µg/µL: t(49) = 2.379, p = .021] for CAS OBS (see Figure 9H). This suggests an interaction
between testicular steroid hormones and HPC D2-type DA receptors in total activity and total
social behaviors.
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Figure 9. Total duration of active and total social behaviors (in sec) for SHAM female observers
(OBS; A, E), OVX OBS ( B, F), SHAM male OBS (C, G) and CAS OBS (D, H) that received
intra-dorsal hippocampus (HPC) infusions of either the saline (SHAM female n = 28, OVX n =
26, SHAM male n = 22, CAS n = 25) or the D2-type dopamine receptor antagonist raclopride at
18 µg/µL (SHAM female n = 23, OVX n = 23, SHAM male n = 26, CAS n = 31) or 20 µg/µL
(SHAM female n = 20, OVX n = 27, SHAM male n = 21, CAS n = 26). Infusions were
administered 10-minutes prior to the 30-minute social interaction with a same-sex demonstrator
that consumed either a 1% cinnamon or 2% cocoa flavored diet. Intra-dorsal HPC raclopride
effects for total activity for SHAM female OBS (A), OVX OBS (B), SHAM male OBS (C), and
CAS OBS (D) and for total social behavior SHAM female OBS (E), OVX OBS (F), SHAM male
OBS (G), and CAS OBS (H) are displayed. DATA are presented as mean + SEM. * p < 0.05, **
p < 0.01, *** p < 0.001, in comparison to OBS infused with the saline vehicle.
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3.11 Social Behaviors
Overall ANOVAs revealed a trend towards a significant gonadal condition x HPC
treatment interaction [F(6, 286) = 1.876 , p = .085] and a significant main effect of HPC
treatment [F(2, 286) = 10.376 , p = .000] for total social behavior. The overall ANOVA for
social investigation revealed a main effect of HPC treatment [F(2, 286) = 24.563 , p = .000]. This
effect may be partly explained by the significant main effect of HPC treatment for oronasal
investigation [F( =2, 286) = 13.574 , p = .000], body investigation [F(2, 286) = 13.685 , p = .000]
and anogenital investigation [F(2, 286) = 21.628 , p = .000]. Furthermore, there was a main
effect of HPC treatment for frequency of stretched approach [F(2, 286) = 4.796 , p = .009]. Thus,
raclopride influenced social investigatory behaviors for all OBS. Notably, to begin with, saline
treated SHAM male OBS spent more time engaging in oronasal investigation than SHAM
female OBS, and CAS OBS spend more time approaching and/or attending to the DEM than
OVX OBS (see the baseline sex-difference analysis conducted on only saline treated OBS for
more detail in section 3.13 and Figure 15). It is important to note that baseline levels of stretched
approach behavior and approaching and/or attending to the DEM were too low for these findings
to be meaningful.
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Raclopride influenced many social investigatory behaviors for SHAM female OBS.
Specifically, SHAM female OBS social investigation was significantly reduced [F(2, 68) = 9.179
, p = .000] by raclopride at both doses [18 µg/µL: t(39.111) = 3.986, p = .000; 20 µg/µL:
t(37.023) = 2.536, p = .016], and social investigation was significantly lowered by raclopride at
18 µg/µL versus 20 µg/µL [t(41) = -2.449, p = .019] (see Figure 10B). This may be accounted
for the significant decrease [F(2, 68) = 6.138 , p = .004] in oronasal investigation by raclopride at
both doses [18 µg/µL: t(33.474) = 3.398, p = .002; 20 µg/µL: t(42.099) = 2.053, p = .046] .There
was also a trend towards oronasal investigation being significantly lowered by raclopride at 18
µg/µL compared to 20 µg/µL [t(31.224) = -1.745, p = .091] (see Figure 10E). In addition,
SHAM female OBS body investigation was significant reduced [F(2, 68) = 6.444 , p = .003] by
raclopride at 18 µg/µL [t(39.899) = 3.542, p = .001], and was significantly lowered by raclopride
at 18 µg/µL in comparison to 20 µg/µL [t(41) = -2.337, p = .024] (See Figure 8I). Furthermore,
SHAM female OBS anogenital investigation was significantly reduced [F(2, 68) = 5.754 , p =
.005] by raclopride at both doses [18 µg/µL: t(49) = 2.923, p = .005; 20 µg/µL: t(46) = 2.385, p =
.021] (see Figure 10M). Interestingly, even though SHAM female oronasal investigation was
significantly lowered by raclopride, it is important to note that social learning was not affected
by raclopride at both doses (as reported below). Drug treatment did not affect social
investigatory behaviors such as stretched approach, approaching and/or attending to the DEM
and social inactivity or SHAM female OBS (see Figure 10U, 10Q and 10Y, respectively). Hence,
intra-dorsal HPC raclopride reduced social investigation for SHAM female OBS including
oronasal, body and anogenital investigation.
Raclopride also influenced social investigatory behaviors in OVX OBS. Social
investigation was significantly reduced [F(2, 73) = 3.86 , p = .025] by raclopride at both doses
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[18 µg/µL: t(47) = 2.458, p = .018; 20 µg/µL; t(51) = 2.132, p = .038] for OVX OBS (see Figure
10B). This may be explained by the trend towards a significant decrease [F(2, 76) = 2.396 , p =
.098] in OVX OBS oronasal investigation by raclopride at both doses [18 µg/µL: t(39.491) =
1.701, p = .097; 20 µg/µL: t(39.872) = 1.769, p = .084] (see Figure 10F). The trend towards a
significant decrease of OVX OBS oronasal investigation at 18 µg/µL may contribute to the block
of social learning reported during the STFP. In addition, OVX OBS body investigation was
significantly reduced [F(2, 76) = 3.527 , p = .034] by raclopride at 18 µg/µL [t(41.009) = 2.589,
p = .013] and there was a trend towards a significant reduction by raclopride at 20 µg/µL [t(51) =
1.769, p = .083] (see Figure 10J). Furthermore, OVX OBS anogenital investigation was
significantly reduced [F(2, 76) = 3.449 , p = .037] by raclopride at 18 µg/µL [t(47) = 2.451, p =
.018] and there was a trend towards a significant reduction by raclopride at 20 µg/µL [t(51) =
1.881, p = .066] (see Figure 10N). Social investigatory behaviors such as approaching and/or
attending to the DEM, stretched approach behaviors and social inactivity were not influenced by
raclopride for OVX OBS (see Figure 10R, 10V and 10Z, respectively). Thus, intra-dorsal HPC
raclopride reduced many social investigatory behaviors for OVX OBS.
Raclopride influenced many social investigatory behaviors in SHAM male OBS.
Specifically, in SHAM male OBS social investigation was significantly reduced [F(2, 66) =
10.508 , p = .000] by raclopride at 20 µg/µL [t(31.666) = 4.716 , p = .000] and there was a trend
towards a significant reduction at 18 µg/µL [t(46) = 1.908, p = .063] (see Figure 10C). Notably,
social investigation was significantly lowered by 20 µg/µL in comparison to 18 µg/µL of
raclopride [t(45) = 3.031, p = .004]. This can be partly explained by the finding that SHAM male
OBS oronasal investigation was significantly reduced [F(2, 69) = 6.437 , p = .003] by raclopride
at 20 µg/µL [t(30.966) = 4.271, p = .000] (see Figure 10G). Oronasal investigation was also
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significantly lowered by 20 µg/µL in comparison to 18 µg/µL of raclopride [t(35.412) = 2.639, p
= .012]. In addition, SHAM male OBS body investigation was significantly reduced [F(2, 69) =
4.704 , p = .012] by raclopride at 20 µg/µL [t(31.582) = 2.986, p = .005] (see Figure 10K). Body
investigation showed a trend towards being significantly lowered by raclopride at 20 µg/µL in
comparison to 18 µg/µL [t(45) = 1.785, p = .081]. Furthermore, SHAM male OBS anogenital
investigation was significantly reduced [F(2, 69) = 7.286 , p = .001] by raclopride at both doses
[18 µg/µL: t(46) = 2.338, p = .024; 20 µg/µL: t(29.168) = 3.872, p = .001] (see Figure 10Q).
Social investigatory behaviors such as approaching and/or attending to DEM and stretched
approach behavior were not influenced by raclopride for SHAM male OBS (see Figure 10S and
10W, respectively) likely due to baseline floor effects. It is important to note that even though
oronasal investigation was significantly reduced by raclopride at 20 µg/µL, social learning was
not blocked at this dose for SHAM male OBS. Hence, overall the reduction in oronasal
investigation by intrahippocampal raclopride does not explain the effects on social learning.
Lastly, social inactivity was significantly increased [F(2,66) = 4.712 , p = .012] by raclopride at
20 µg/µL [t(41) = -3.171, p = .003] and there was a trend towards a significant increase at 18
µg/µL [t(46) = -1.788, p = .08] for SHAM male OBS (see Figure 8AA). Thus, intra-dorsal HPC
raclopride reduced many social investigatory behaviors in SHAM male OBS.
Raclopride also influenced many social investigatory behaviors in CAS OBS. Raclopride
significantly reduced CAS OBS social investigation [F(2, 79) = 5.829 , p = .004] at both doses
[18 µg/µL: t(54) = 2.598, p = .012; 20 µg/µL: t(49) = 3.044, p = .004] (see Figure 10D).
Specifically, this can be explained by a significant reduction [F(2, 82) = 6.898 , p = .002] in CAS
OBS anogenital investigatory behavior by raclopride at both doses [18 µg/µL : t(54) = 2.401, p =
.02; 20 µg/µL: t(27.661) = 3.174, p = .004] (see Figure 10P). Interestingly, social learning was
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blocked in CAS OBS by 20 µg/µL while this dose had no effect on oronasal investigation (see
Figure 10H). Other social investigatory behaviors such as body investigation, approaching and/or
attending to the DEM, and social inactivity were not affected by raclopride in CAS OBS (see
Figure 10L, 10T and 10AB, respectively). Interestingly, CAS OBS stretched approach behavior
was significantly increased [F(2, 82) = 3.342 , p = .04] by raclopride at both doses [18 µg/µL:
t(47.13) = -2.851, p = .006; 20 µg/µL: t(36.539) = -2.224, p = .032] (see Figure 10X). However,
stretched approach behavior was very minimal to begin with for CAS OBS as seen in saline
treated mice, hence that finding should be interpreted with caution. Thus, intra-dorsal HPC
raclopride reduced CAS OBS total social investigatory behaviors as indicated by a reduction in
anogenital investigation. Interestingly, raclopride influenced social behaviors such as social
inactivity, oronasal investigation and body investigation in SHAM male OBS but not following
castration suggesting an interaction between testicular steroid hormones and HPC D2-type DA
receptors in the modulation of these behaviors in males.
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Figure 10. Social investigatory behaviors for SHAM female, OVX, SHAM male and CAS
observers (OBS) that received intra-dorsal hippocampus (HPC) infusions of either the saline
(SHAM female n = 28, OVX n = 26, SHAM male n = 22, CAS n = 25) or the D2-type dopamine
receptor antagonist raclopride at 18 µg/µL (SHAM female n = 23, OVX n = 23, SHAM male n =
26, CAS n = 31) raclopride at 20 µg/µL (SHAM female n = 20, OVX n = 27, SHAM male n =
21, CAS n = 26). Infusions were administered 10-minutes prior to the 30-minute social
interaction with a same-sex demonstrator that consumed either a 1% cinnamon or 2% cocoa
flavored diet. Intra-dorsal HPC raclopride effects on SHAM male OBS for SHAM female (A),
OVX (B), SHAM male (C) and CAS (D) social investigation, SHAM female (E), OVX (F),
SHAM male (G) and CAS (H) oronasal investigation, SHAM female (I), OVX (J), SHAM male
(K) and CAS (L) body investigation, SHAM female (M), OVX (N), SHAM male (O) and CAS
(P) anogenital investigation, SHAM female (Q), OVX (R), SHAM male (S) and CAS (T)
approaching and/or attending to the DEM, and SHAM female (U), OVX (V), SHAM male (W)
and CAS (X) frequency of stretched approach, SHAM female (Y), OVX (Z), SHAM male (AA)
and CAS (AB) social inactivity are displayed. Data are presented as mean + SEM. * p < 0.05, **
p < 0.01, *** p < 0.001, in comparison to OBS infused with the saline vehicle.
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ANOVAs revealed a significant main effect of gonadal condition for the frequency of
total agonistic behaviors [F(34, 263) = 2.347 , p = .000] suggesting that agonistic behaviors were
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regulated by sex and/or gonadectomy. These effects may be explained by the significant main
effect of gonadal condition [F(3, 286) = 10.314 , p = .000], HPC treatment [F(2, 286) = 8.846 , p
= .000] and gonadal condition x HPC treatment interaction [F(6, 286) = 5.642 , p = .000] for
agonistic behaviors delivered. Specifically, there was a significant main effect of gonadal
condition [F(3, 286) = 10.484 , p = .000], HPC treatment [F(2, 286) = 14.028 , p = .000] and
gonadal condition x HPC treatment interaction [F(6, 286) = 6.404 , p = .000] for following the
DEM. ANOVAs revealed a significant main effect of gonadal condition [F(3,286) = 8.576 , p =
.000], HPC treatment [F(2, 286) = 8.576 , p = .001], and a gonadal condition x HPC treatment
interaction [F(6, 286) = 4.587 , p = .000] for dominant behavior suggesting that these behaviors
were also regulated by sex, HPC treatment and/or gonadectomy. Notably, there was also a
significant main effect of gonadal condition [F(3,286) = 11.708 , p = .000], HPC treatment [F(2,
286) = 3.147 , p = .044] and gonadal condition x HPC treatment interaction [F(6, 286) = 2.362 ,
p = .03] for attacks delivered. Moreover, the analyses revealed a significant main effect of
gonadal condition for boxing [F(3, 286) = 13.571 , p = .000] and open aggression [F(3, 286) =
5.555 , p = .001]. In addition, the main effect of gonadal condition, HPC treatment and gonadal
condition x HPC treatment interaction for agonistic behavior received were non-significant
including the main effects and interactions for avoidance of DEM and submissive behavior.
Specifically, in parallel with these effects there was a trend towards a significant main effect of
gonadal condition for attack received [F(3, 286) = 2.379 , p = .07]. Collectively, these effects led
to a significant main effect of gonadal condition [F(3, 286) = 10.105 , p = .000], gonadal
condition x HPC treatment interaction [F(6, 286) = 4.025 , p = .001] and a trend towards a
significant main effect of HPC treatment [F(2, 286) = 2.624 , p = .074] for dominance score.
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Total agonistic behaviors for SHAM female OBS were not influenced by intra-dorsal
HPC raclopride (see Figure 11A). Specifically, agonistic behaviors such as agonistic behaviors
delivered including following the DEM, dominant behavior, attacks delivered (see Figure 11C,
11E, 11G), agonistic behaviors received including avoiding the DEM, submissive behavior and
attacks received (see Figure 11I and 11K) and other agonistic behaviors including boxing and
open aggression (see Figure 11M) were not influenced by raclopride for SHAM female OBS.
Collectively, this led to no effects of raclopride on dominance score for SHAM female OBS (see
Figure 11O).
In contrast to SHAM female OBS, raclopride influenced many agonistic behaviors
following ovariectomy. Specifically, there was a trend towards a significant decrease [F(2, 73) =
2.563 , p = .084] of the frequency of total agonistic behaviors for OVX OBS by raclopride at 20
µg/µL [t(42.166) = 2.058, p = .046] (see Figure 11B). OVX OBS agonistic behaviors delivered
were trending towards a significant decrease [F(2, 73) = 3.071 , p = .052] by raclopride at both
doses [18 µg/µL: t(25.437) = 1.802, p = .083; 20 µg/µL: t(25.534) = 1.791, p = .085] (see Figure
11D). This was reflected by a significant reduction in dominant behavior [F(2,73) = 3.666 , p =
.03] by raclopride at 18 µg/µL [t(25) = 2.085, p = .047] and was trending at 20 µg/µL [t(26.741)
= 1.866, p = .073] for OVX OBS (see Figure 11H). In contrast, raclopride did not influence
agonistic behaviors delivered such as following the DEM or attacks delivered (see Figure 11F).
Moreover, intrahippocampal raclopride did not affect OVX OBS agonistic behaviors received
including avoiding the DEM, submissive behavior or attacks received (see Figure 11J and 11L).
Other agonistic behaviors such as boxing and open aggression were also not influenced by
raclopride for OVX OBS (see Figure 11N). Notably, OVX OBS dominance score was not
influenced by raclopride (see Figure 11P). Thus, intra dorsal-HPC raclopride did not affect
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agonistic behaviors in SHAM female OBS but reduced many agonistic behaviors following
ovariectomy suggesting an interaction between ovarian steroid hormones and D2-type DA
receptors in the regulation of those behaviors.
Figure 11. Agonistic behaviors for SHAM female and OVX observers (OBS) that received intradorsal hippocampus (HPC) infusions of either the saline (SHAM female n = 28, OVX n = 26) or
the D2-type dopamine receptor antagonist raclopride at 18 µg/µL (SHAM female n = 23, OVX n
= 23) or raclopride at 20 µg/µL (SHAM female n = 20, OVX n = 27). Infusions were
administered 10-minutes prior to the 30-minute social interaction with a same-sex demonstrator
that consumed either a 1% cinnamon or 2% cocoa flavored diet. Intra-dorsal HPC raclopride
effects on SHAM female (A) and OVX (B) for total agonistic behavior, SHAM female (C) and
OVX (D) agonistic behavior delivered, SHAM female (E) and OVX (F) following the DEM,
SHAM female (G) and OVX (H) for dominant behavior, SHAM female (I) and OVX (J)
agonistic behavior received, SHAM female (K) and OVX (L) submissive behavior, SHAM
female (M) and OVX (N) boxing, and SHAM female (O) and OVX (P) dominance score are
displayed. Data are presented as mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, in
comparison to OBS infused with the saline vehicle.
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Total agonistic behaviors for SHAM male OBS were significantly reduced [F(2, 66) =
3.193 , p = .047] by raclopride at 20 µg/µL [t(29.539) = 3.445, p = .002] (see Figure 12A). In
line with this finding, agonistic behaviors delivered by SHAM male OBS was significantly
reduced [F(2, 66) = 10.324 , p = .000] by raclopride at both doses [18 µg/µL: t(22.759) = 3.072,
p = .005; 20 µg/µL: t(22.103) = 3.296, p = .003] (see Figure 12C). Specifically, SHAM male
OBS following the DEM was significantly reduced [F(2, 66) = 9.808 , p = .000] by raclopride at
both doses [18 µg/µL: t(23.523) = 2.943, p = .007; 20 µg/µL: t(21.974) = 3.308, p = .003] see
Figure 12E). In addition, dominant behavior was significantly reduced [F(2, 69) = 8.605 , p =
.000] by raclopride at both doses [18 µg/µL: t(22.895) = 2.823, p = .01; 20 µg/µL: t(22.309) =
3.003, p = .006] in SHAM male OBS (see Figure 12G). Moreover, the frequency of attacks
delivered only showed a trend towards a significant main effect of treatment [F(2, 69) = 2.406 , p
= .098] for SHAM male OBS, however follow up t-tests revealed that this behavior was
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significantly lowered by 20 µg/µL [t(23.498) = 2.252, p = .034] (see Figure 12I). Moreover,
there was a trend towards a significant reduction in the frequency of attacks delivered between
raclopride at 20 µg/µL compared to 18 µg/µL [t(31.069) = 1.814, p = .079] in SHAM male OBS
(see Figure 12I). Notably, agonistic behaviors such as boxing and open aggressing (see Figure
12O and 12Q) and agonistic behaviors received including submissive behaviors, avoiding the
DEM and attacks received (see Figure 12F and 12M) were not influenced by raclopride for
SHAM male OBS. In line with these findings, the dominance score for SHAM male OBS was
significantly reduced [F(2, 66) = 10.49 , p = .000] by raclopride at both doses [18 µg/µL:
t(22.778) = 3.081, p = .005; 20 µg/µL: t(22.461) = 3.348, p = .003] (see Figure 12S). Thus, intradorsal HPC raclopride reduced total agonistic behaviors, agonistic behaviors delivered and
dominant behavior, which collectively resulted in a reduced dominance score in SHAM male
OBS.
Total agonistic behaviors for CAS OBS showed a trend towards being significantly
reduced [F(2, 79) = 2.454 , p = .092] by raclopride at 20 µg/µL [t(29.511) = 2.141 , p = .041],
whereby total agonistic behaviors were significantly lowered by raclopride at 20 µg/µL in
comparison to 18 µg/µL [t(31.533) = 2.146, p = .04] (see Figure 12B). Agonistic behaviors
delivered including following the DEM, dominant behavior and attacks delivered were not
influenced by raclopride following castration (see Figure 12D, 12 F, 12H and 12J, respectively)
whereby all these behaviors were significantly reduced by raclopride in SHAM males. Moreover,
other agonistic behaviors including boxing and open aggression (see Figure 12P and 12R),
agonistic behaviors received including avoiding the DEM, submissive behaviors and attacks
received were not influenced by raclopride for CAS OBS (see Figure 12L and 12N). Moreover,
the ANOVA revealed a trend towards a significant main effect of HPC treatment [F(2, 286) =
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2.624 , p = .074] for CAS OBS dominance score but follow up t-tests did not yield any
significant comparisons (see Figure 12T). Hence, intra-dorsal HPC raclopride may have reduced
a couple agonistic behaviors in CAS males as indicated by the trending results, but the effects, if
any, were not likely strong enough to influence social learning. Due to differences in the effects
of raclopride between CAS and SHAM male OBS on certain behaviors such as agonistic
behaviors delivered including following the DEM, dominant behavior and arracks delivered,
there appears to be an interaction between testicular steroid hormones and HPC D2-type DA
receptors in the regulation of these behaviors in males.
Figure 12. Agonistic behaviors for SHAM male and CAS observers (OBS) that received intradorsal hippocampus (HPC) infusions of either the saline (SHAM male n = 22, CAS n = 25) or
the D2-type dopamine receptor antagonist raclopride at 18 µg/µL (SHAM male n = 26, CAS n =
31) raclopride at 20 µg/µL (SHAM male n = 21, CAS n = 26). Infusions were administered 10minutes prior to the 30-minute social interaction with a same-sex demonstrator that consumed
either a 1% cinnamon or 2% cocoa flavored diet. Intra-dorsal HPC raclopride effects on SHAM
male (A) and CAS (B) for total agonistic behavior, SHAM male (C) and CAS (D) for agonistic
behavior delivered, SHAM male (E) and CAS (F) SHAM male following the DEM, SHAM male
(G) and CAS (H) dominant behavior, SHAM male (I) and CAS (J) attacks delivered, SHAM
male (K) and CAS (L) agonistic behaviors received, SHAM male (M) and CAS (N) submissive
behavior, SHAM male (O) and CAS (P) boxing, SHAM male (Q) and CAS (R) open aggression,
SHAM male (S) and CAS (T) dominance score are displayed. Data are presented as mean +
SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, in comparison to OBS infused with the saline
vehicle.
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3.12 Non-Social Behaviors
The overall ANOVA revealed a significant main effect of HPC treatment for non-social
behaviors [F(2, 286) = 9.607 , p = .000] for all OBS. When examining the effects of raclopride
on non-social locomotor behavior, the ANOVAs revealed a trend towards a significant gonadal
condition x HPC treatment interaction [F(6, 286) = 2.109 , p = .052]. This effect may be
explained by the significant gonadal condition x HPC treatment interaction for horizontal
exploration [F(6, 298) = 2.377 , p = .029]. Interestingly, this may also be explained by the
significant main effect of HPC treatment for digging [F(2, 286) = 6.832 , p = .001]. However, the
overall ANOVA revealed no significant effects of vertical exploration.
The trending decrease in SHAM female OBS total activity by raclopride at 18 µg/µL was
reflected by a significant increase in non-social behaviors [F(2, 68) = 5.246 , p = .008] by
raclopride at both doses [18 µg/µL: t(49) = -2.117, p = .039; 20 µg/µL: t(46) = -3.485, p = .001]
(see Figure 13A). Thus, both non-social and social behaviors contributed to the decrease in
SHAM female OBS total activity by raclopride. Interestingly, raclopride significantly increased
SHAM female OBS non-social locomotor behaviors [F(2, 68) = 4.941 , p = .01] at 20 µg/µL
[t(46) = -2.98, p = .005] (see Figure 13E), whereby raclopride at 20 µg/µL increased SHAM
female OBS non-social locomotor behaviors significantly more than raclopride at 18 µg/µL
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[t(41) = -2.479, p = .017]. This increase in non-social locomotor behaviors may partially be
accounted for by the significant increase in horizontal exploration [F(2, 68) = 3.215 , p = .046]
by raclopride at 20 µg/µL [t(46) = -2.397, p = .021] (see Figure 13M). Moreover, for SHAM
female OBS horizontal exploration, there was a trend towards a significant increase by raclopride
at 20 µg/µL compared to 18 µg/µL [t(41) = -1.893, p = .065] (see Figure 13M). Raclopride had
no effect on vertical exploration for SHAM female OBS (see Figure 13I). Interestingly, SHAM
female OBS digging behavior was significantly increased [F(2, 68) = 7.702 , p = .001] by
raclopride at both doses [18 µg/µL: t(49) = -2.191, p = .033; 20 µg/µL: t(22.508) = -3.43, p =
.002] (see Figure 13Q). There was a trend towards greater digging behavior in SHAM female
OBS that received raclopride at 20 µg/µL in comparison to 18 µg/µL [t(41) = -1.812, p = .077]
(see Figure 13Q). Thus, intra-dorsal HPC raclopride decreased total social behaviors (as reported
earlier) in SHAM female OBS but increased non-social active behaviors.
Raclopride did not influence OVX OBS total activity (as reported above) and this was
reflected by the finding that it also did not influence non-social behaviors for that group of mice
(see Figure 13B). However, there was a significant main effect of HPC treatment for non-social
locomotor behaviors [F(2, 73) = 5.49 , p = .006] that only revealed a trend towards a significant
decrease of this behavior by raclopride at 18 µg/µL [t(47) = -1.997, p = .052] (see Figure 13F).
This reduction cannot be explained by an effect of raclopride on vertical or horizontal
exploration for OVX OBS (see Figure 13J and 13M). Rather, raclopride decreased digging
behavior in OVX OBS [F(2, 76) = 3.613 , p = .032] at 18 µg/µL [t(24.093) = -2.578, p = .016]
and there was a trend towards a significant decrease by raclopride at 20 µg/µL [t(31.299) = 1.868, p = .071] (see Figure 13R). Hence, intra-dorsal HPC raclopride decreased total social and
digging behaviors in OVX OBS but had no effect on other non-social active behaviors. Overall,
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raclopride increased non-social behaviors including horizontal exploration in SHAM female
OBS but had no effect following ovariectomy. This suggests an interaction between ovarian
steroid hormones and D2-type DA receptors in the HPC in the regulation of those behaviors in
females.
The overall decrease in SHAM male OBS total activity by raclopride contrasted the
finding that raclopride had no effect on non-social behaviors (see Figure 13C). Thus, the
decrease by raclopride in SHAM male OBS total activity was likely due to both social and nonsocial behaviors collectively, since individually, neither these behaviors influenced total activity.
Raclopride had no effect on non-social locomotor behaviors for SHAM male OBS (see Figure
13E). However, similar to the SHAM female OBS findings, the ANOVA revealed that horizontal
exploration was significantly increased [F(2, 69) = 3.553 , p = .034] by raclopride at 20 µg/µL
[t(41) = 2.492, p = .017] (see Figure 13O). Whereas vertical exploration and digging were
unaffected by drug treatment (see Figure 13R and 13M). Thus, intra-dorsal HPC raclopride had
no effect on total social behaviors or non-social active behaviors for SHAM male OBS.
Interestingly, raclopride did not influence CAS OBS total activity, however, non-social
behaviors were significantly increased [F(2, 79) = 3.128 , p = .049] by raclopride at both doses
[18 µg/µL: t(54) = -2.007, p = .05; 20 µg/µL: t(49) = -2.296, p = .026] (see Figure 13D). Similar
to the effects of raclopride on CAS OBS total activity (see above), there were also no significant
effects of raclopride on non-social locomotor behaviors, horizontal exploration, vertical
exploration or digging (see Figure 13H, 13P, 13L and 13T). Thus, as expected raclopride
reduced total social behaviors and increased non-social active behaviors in CAS OBS.
Interestingly, raclopride had no effect on non-social behaviors in SHAM males but increased
them following castration and reduced horizontal exploration in SHAM males but had no effect
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following castration. Thus, it appears that testicular steroid hormones and HPC D2-type DA
receptors are interacting to regulate non-social behaviors and horizontal exploration in male
mice.
Figure 13. Total duration of non-social active behaviors (in sec) for SHAM female observers
(OBS; A, E, I, M), OVX OBS (B, F, J, N), SHAM male OBS (C, G, K, O) and CAS OBS (D, H,
L, P) that received intra-dorsal hippocampus (HPC) infusions of either the saline (SHAM female
n = 28, OVX n = 26, SHAM male n = 22, CAS n = 25) or the D2-type dopamine receptor
antagonist raclopride at 18 µg/µL (SHAM female n = 23, OVX n = 23, SHAM male n = 26,
CAS n = 31) raclopride at 20 µg/µL (SHAM female n = 20, OVX n = 27, SHAM male n = 21,
CAS n = 26). Infusions were administered 10-minutes prior to the 30-minute social interaction
with a same-sex demonstrator that consumed either a 1% cinnamon or 2% cocoa flavored diet.
Intra-dorsal HPC raclopride effects on non-social behaviors for SHAM female OBS (A), OVX
OBS (B), SHAM male OBS (C), and CAS OBS (D), for non-social locomotor behaviors on
SHAM female OBS (E), OVX OBS (F), SHAM male OBS (G), and CAS OBS (H), for vertical
exploration for SHAM female OBS (I), OVX OBS (J), SHAM male OBS (K), and CAS OBS
(L), for horizontal exploration on SHAM female OBS (M), OVX OBS (N), SHAM male OBS
(O), and CAS OBS (P), and for digging on SHAM female OBS (Q), OVX OBS (R), SHAM
male OBS (S), and CAS OBS (T) are displayed. Data are presented as mean + SEM. * p < 0.05,
** p < 0.01, *** p < 0.001, in comparison to OBS infused with the saline vehicle.

93

94

ANOVAs examining non-social non-locomotor behaviors revealed a significant main
effect of HPC treatment [F(2, 286) = 9.72 , p = .000]. Specifically, there was a significant main
effect of HPC treatment for solitary inactivity [F(2, 286) = 13.822 , p = .000]. Interestingly,
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there was a trend towards a significant main effect of HPC treatment for abnormal stereotypies
[F(2, 286) = 2.512 , p = .083] whereby there were no significant effects for self-grooming. Thus,
overall, it appears that raclopride influenced non-social non-locomotor behaviors when
examining all OBS.
There were no effects of raclopride on SHAM female OBS non-social non-locomotor
behavior, abnormal stereotypies and self grooming (see Figure 14A and 14I). However, the
ANOVA revealed a significant increase [F(2, 68) = 4.184 , p = .019] in SHAM female OBS
solitary inactivity by raclopride at 18 µg/µL [t(49) = -2.697, p = .01] (see Figure 14E).
Intra-dorsal HPC raclopride had no effect on OVX OBS non-social non-locomotor
behaviors, abnormal stereotypies and self-grooming (see Figure 14B and 14J). However, there
was a trend towards a significant increase [F(2, 76) = 3.078 , p = .052] in OVX OBS solitary
inactivity by raclopride at both doses [18 µg/µL: t(47) = -2.433, p = .019; 20 µg/µL: t(51) = 2.042, p = .046] (see Figure 14F). Thus, it appears that HPC D2-type DA receptors may not be
involved in the regulation of non-social non-locomotor behaviors other than solitary inactivity in
female mice.
There were no significant effects of raclopride on SHAM male OBS non-social nonlocomotor, abnormal stereotypies and self grooming behaviors (see Figure 14C and 14K).
However, there was a trend towards a significant increase [F(2, 69) = 2.828 , p = .066] in solitary
inactivity by raclopride at 20 µg/µL [t(41) = -2.273, p = .028] (see Figure 14G).
Non-social non-locomotor behaviors were significantly increased for CAS OBS [F(2, 79)
= 6.406 , p = .003] by raclopride at both doses [18 µg/µL: t(54) = -3.395, p = .001; 20 µg/µL
t(49) = -2.611, p = .012] (see Figure 14D). Similarly, CAS OBS solitary inactivity was
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significantly increased [F(2, 82) = 5.764 , p = .005] by raclopride at both doses [18 µg/µL:
t(51.32) = -3.478, p = .001; 20 µg/µL: t(49) = -2.511, p = .015] (see Figure 14H). However, there
were no effects of raclopride on CAS OBS abnormal stereotypies or self grooming (see Figure
14L). Interestingly, raclopride had no effect on non-social non-locomotor behaviors for SHAM
male OBS whereby these behaviors were increased following castration. This suggests an
interaction between testicular steroid hormones and HPC D2-type DA receptors in the regulation
of these behaviors.
Figure 14. Non-social non-active behaviors (in sec) for SHAM female, OVX, SHAM male and
CAS observers OVX observers (OBS) that received intra-dorsal hippocampus (HPC) infusions
of either the saline (SHAM female n = 28, OVX n = 26) or the D2-type dopamine receptor
antagonist raclopride at 18 µg/µL (SHAM female n = 23, OVX n = 23) or raclopride at 20
µg/µL (SHAM female n = 20, OVX n = 27). Infusions were administered 10-minutes prior to the
30-minute social interaction with a same-sex demonstrator that consumed either a 1% cinnamon
or 2% cocoa flavored diet. Intra-dorsal HPC raclopride effects on non-social non-locomotor
behaviors for SHAM female (A), OVX OBS (B), SHAM male OBS (C) and CAS OBS (D), on
solitary inactivity for SHAM female OBS (E), OVX OBS (F), SHAM male OBS (G) and CAS
OBS (H) and on self-grooming for SHAM female OBS (I), OVX OBS (J), SHAM male OBS (K)
and CAS OBS (L).
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3.13 Baseline Differences in Social Interactions between Gonadal Conditions during the
STFP
Baseline sex differences and the effects of gonadectomy on the social interactions were
examined by analyzing social interaction behaviors of saline treated OBS separately. From these
analyses, expected sex differences were found: SHAM male OBS engaged in more total
agonistic behaviors, had a higher dominance score (following the DEM, agonistic behaviors
delivered, dominant behavior and frequency of attacks delivered) and more total activity (nonsocial, boxing, digging, horizontal exploration, vertical exploration, oronasal investigation) than
SHAM female OBS. On the other hand, saline treated SHAM male OBS engaged in less total
social behavior and social inactivity than SHAM female OBS.
As expected, castration reduced numerous male-typical behaviors including total
agonistic behaviors (following the DEM, boxing, dominant behavior, agonistic behaviors
delivered, dominance score and frequency of attacks delivered), and total non-social behaviors.
Notably, castration increased total social behavior and social inactivity.
Interestingly, CAS OBS spent more time engaging in total activity and approaching
and/or attending to the DEM, and had a higher dominance score than OVX OBS, whereby the
frequency of agonistic behaviors received was greater for OVX than CAS OBS. Notably,
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comparisons between SHAM female and OVX OBS revealed no differences in any social or
non-social behaviors.
3.13 1. SHAM Male versus SHAM Female Observers
The frequency of total activity was significantly greater for SHAM male OBS compared
to SHAM female OBS [t(48) = -2.748, p = .008]. In parallel to this finding, total social behavior
was significantly greater in SHAM female versus SHAM male OBS [t(48) = 3.488, p = .001].
Specifically, SHAM male OBS engaged in oronasal investigation significantly more frequently
than SHAM female OBS [t(48) = -2.208, p = .032].
SHAM male OBS engaged in significantly more total agonistic behaviors than SHAM
female OBS [t(26.998) = -3.962, p = .000] including agonistic behaviors delivered [t(21.127) = 3.616, p = .002]. Specifically, SHAM male OBS spent significantly more time following the
DEM [t(-3.396) = 21.183, p = .003], engaging in dominant behavior [t(21.155) = -3.444, p =
.003], and delivered attacks more frequently [t(21) = -2.593, p = .017] than SHAM female OBS.
Moreover, there were no significant sex differences in agonistic behaviors received between
SHAM animals likely due to floor effects, however, there was a trend towards SHAM female
OBS engaging in more frequent submissive behaviors than SHAM male OBS [t(36.696) = 1.779,
p = .084]. Collectively, these sex differences led to SHAM male OBS having a significantly
higher dominance score than SHAM female OBS [t(29.999) = -4.009, p = .000]. This can be
partly accounted for by the findings that SHAM male OBS spent significantly more time boxing
[t(21.014) = -3.174, p = .005] and engaging in more open aggression than SHAM female OBS
[t(21) = -2.005, p = .058]. Moreover, SHAM female OBS engaged in significantly more social
inactivity than SHAM male OBS [t(48) = 4.441, p = .000].
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SHAM male OBS spent significantly more time engaging in non-social behaviors than
SHAM female [t(48) = -3.164, p = .003] including non-social locomotor behaviors [t(48) = 3.454, p = .001]. This was reflected in the finding that SHAM male OBS engaged in
significantly more horizontal exploration [t(48) = -3.14, p = .003], vertical exploration [t(48) = 2.426 , p = .019], and digging [t(27.204) = -2.734, p = .011] than SHAM female OBS.
Thus, saline treated SHAM male OBS engaged in more total activity than SHAM female
OBS including non-social behaviors. There were no sex differences between SHAM male and
female OBS for any of the behaviors during the social interactions that were not mentioned
above.
3.13 2. SHAM Male versus Castrated Observers
Although there were no significant differences between SHAM male and CAS OBS in
overall total activity, total social behaviors were significantly greater for CAS versus SHAM
male OBS [t(42.977) = 2.88, p = .006].
As expected, SHAM male OBS engaged in significantly more total agonistic behaviors
than CAS OBS [t(29.922) = -3.252, p = .003], including agonistic behavior delivered [t(28.724)
= -2.559, p = .016]. This can be partly accounted for by the findings that SHAM male OBS spent
significantly more time following the DEM [t(31.28) = -2.371, p = .024], engaged in
significantly more dominant behaviors [t(27.773) = -2.386 , p = .024], engaged in significantly
more boxing [t(22.75) = -2.803, p = .01], and delivered attacks more frequently [t(21.49) = 2.399, p = .026] than CAS OBS. In addition, CAS OBS engaged in significantly more social
inactivity than SHAM male OBS [t(45) = 3.333, p = .002]. Thus, SHAM male OBS had a
significantly higher dominance score than CAS OBS [t(33.084) = -9.917, p = .006].
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SHAM male OBS spent significantly more time engaging in non-social behaviors than
CAS OBS [t(45) = -.261, p = .016]. Specifically, there was a trend towards SHAM male OBS
spending significantly more time engaging in non-social locomotor behaviors than CAS OBS
[t(45) = -1.685, p = .099] including horizontal exploration [t(45) = -1.702, p = .096]. Moreover,
of the non-social non-locomotor behaviors assessed during the social interactions, SHAM male
OBS engaged in more frequent abnormal stereotypies [t(26.038) = -2.007, p = .055] and self
grooming [t(45) = -1.879, p = .067] than CAS OBS.
Thus, saline treated SHAM male OBS engaged in more total activity and non-social
behaviors than CAS OBS, whereby total social behaviors were greater in CAS versus SHAM
male OBS. Interestingly, there we no significant differences in any social or non-social behaviors
when comparing SHAM female to OVX OBS.
3.13 3. Castrated versus Ovariectomized Observers
The frequency of total activity was significantly greater for CAS OBS compared to OVX
OBS [t(38.527) = -2.15, p = .038]. In line with this finding, total social behavior was trending
towards being significantly greater in CAS versus OVX OBS [t(49) = -1.696, p = .096]. There
were no significant differences in total social investigatory behaviors amongst gonadectomized
OBS, however, there was a trend towards CAS OBS engaging in social investigation more
frequently than OVX OBS [t(49) = -1.744, p = .087] and CAS OBS spent significantly more
time approaching and/or attending to the DEM than OVX OBS [t(37.459) = -2.234, p = .032].
There were no significant sex differences in total agonistic behaviors between
gonadectomized OBS, however, there was a trend towards CAS OBS agonistic behavior
delivered being significantly greater than OVX OBS [t(24.682) = -1.95, p = .063], including
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dominant behavior [t(24.294) = -2.026, p = .054]. This was partly reflected by the frequency of
agonistic behaviors received being significantly greater for OVX OBS in comparison to CAS
OBS [t(34.021) = 2.524, p = .016]. Moreover, this was reflected by a trend towards CAS OBS
engaging in more frequent submissive behavior than OVX OBS [t(36.066) = 1.849, p = .073]
and the frequency of CAS OBS dominance score was significantly greater than OVX OBS [t(49)
= -2.707, p = .009]. See Figure 15.
These findings represent sex differences in behaviors during the social interactions of the
STFP that persist even after the activational effects of gonadal steroid hormones were removed.
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Figure 15. Baseline difference between SHAM female, OVX, SHAM male and CAS observers
(OBS) that received intra-dorsal hippocampus (HPC) infusions saline (SHAM female n = 28,
OVX n = 26, SHAM male n = 22, CAS n = 25) Infusions were administered 10-minutes prior to
the 30-minute social interaction with a same-sex demonstrator that consumed either a 1%
cinnamon or 2% cocoa flavored diet. Intra-dorsal HPC raclopride effects on total duration of
dominant behavior (“dom behav”), boxing, open aggression, agonistic behaviors delivered (“ago
behave del”), agonistic behaviors received (“ago behave rec”), dominance score (“dom score”)
and following the DEM (“follow DEM”) between SHAM male and female OBS (A), total social
behavior and social inactivity between SHAM male and female OBS (B), frequency of attacks
delivered, submissive behavior, oronasal investigation and total activity between SHAM male
and female OBS (C), digging, horizontal exploration, vertical exploration, non-social locomotor
behavior and non-social behavior between SHAM male and female OBS (D), total agonistic
behavior (“tot ago behave”), boxing, dominant behavior, agonistic behavior delivered,
dominance score and following the DEM between SHAM male and CAS OBS (E), total social
behavior between SHAM male and castrated OBS (F), non-social behavior, social inactivity,
horizontal exploration and non-social locomotor behavior between SHAM male and CAS OBS
(G), frequency of attacks delivered, abnormal stereotypies and self grooming between SHAM
male and CAS OBS (H), dominance score, submissive behavior and agonistic behavior delivered
between OVX and CAS OBS (I), frequency of social investigation, total activity, non-social
behaviors and non-social locomotor behaviors between OVX and CAS OBS (J) and frequency of
dominance score, submissive behavior and agonistic behaviors received between OVX and CAS
OBS (K).
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Table 5. Summarized effect of intra-dorsal hippocampus raclopride on grouped behaviors during
the 30-minute social interactions of the STFP experiments.
SHAM
Female

OVX
Females

SHAM
Males

Total Activity
Total Social
Behavior
Agonistic Behavior
Delivered
Agonistic Behavior
Received
Total Agonistic
Behaviors
Dominance Score

[F]

decrease;

Saline Treated Baseline
Gonadal Condition
Differences
[F]
SHAM M > SHAM F
[F]
CAS> OVX
SHAM F > SHAM M
[T] [F]
CAS > SHAM M
SHAM M > SHAM F = CAS
[T]
CAS > OVX
[T]
SHAM F> SHAM M
[F]
OVX > CAS
SHAM M > SHAM F = CAS
SHAM M > SHAM F = CAS
[F]
CAS > OVX
[F]
CAS > OVX

Social Investigation
Non-Social
Behaviors
Non-social
Locomotor
Behaviors
Non-social Nonlocomotor
Behaviors
no significant drug effect;

CAS
Males

SHAM M > SHAM F = CAS
[F] [T]
CAS > OVX
SHAM M > SHAM F
[T]
SHAM M > CAS
[F]
CAS> OVX

significant decrease;

significant increase;

trend

trend increase. “T” indicated a statistical trend (.05 < p < .01). All effects are on

duration except when displayed with an “F” which indicated frequency. “SHAM F” = gonadally
intact SHAM females, “OVX” = ovariectomized, “SHAM M” = gonadally intact SHAM males,
“CAS” = castrated.
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Table 6. Summarized effect of intra-dorsal hippocampus raclopride on single social behaviors
during the 30-minute social interactions of the STFP experiments.
SHAM
OVX
SHAM CAS
Females Females Males Males
Following the
DEM
Dominant
Behavior
Attack Delivered

[F]

Boxing

SHAM M > SHAM F = CAS
[T]

Opening
Aggression
Avoidance of
DEM
Submissive
Behavior
Attacks Received

decrease;

SHAM M > SHAM F

[F] [T]

SHAM M > SHAM F
CAS > OVX

[F] [T]

Social Inactivity
Oronasal
Investigation
Body
Investigation
Anogenital
Investigation
Stretched
Approach
Approaching
and/or Attending
to the DEM
no significant drug effect;

Saline Treated Baseline
Gonadal Condition
Differences
SHAM M > SHAM F
SHAM M > CAS
SHAM M > SHAM F = CAS
[T]
CAS > OVX
[F]
SHAM M > SHAM F = CAS

SHAM F > SHAM M
CAS > SHAM M
[F]
SHAM M > SHAM F

[F]

CAS > OVX
significant decrease;

significant increase;

trend

trend increase. “T” indicated a statistical trend (.05 < p < .01). All effects are on

duration except when displayed with an “F” which indicated frequency.
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Table 7. Summarized effect of intra-dorsal hippocampus raclopride on single non-social
behaviors during the 30-minute social interactions of the STFP experiments.
SHAM
OVX
Females Females

SHAM
Males

CAS
Males

Horizontal
Exploration
Vertical
Exploration
Digging

Saline Treated Baseline
Gonadal Condition
Differences
SHAM M > SHAM F
[T]
SHAM M > CAS
SHAM M > SHAM F
[F] [T]
CAS > OVX
SHAM M > SHAM F

Abnormal
Stereotypies
Solitary Inactivity

[F] [T]

SHAM M > CAS

Self Grooming

[F] [T]

SHAM M > CAS

no significant drug effect;
decrease;

significant decrease;

significant increase;

trend

trend increase. “T” indicated a statistical trend (.05 < p < .01). All effects are on

duration except when displayed with an “F” which indicated frequency.
3.14 Effects of the Estrous Cycle on Behaviors During the Social Interactions of the STFP
on Gonadally Intact SHAM Female Observers
The effects of the estrus cycle on all behaviors during the social interactions for SHAM
female OBS were non-significant except for the frequency of avoiding the DEM. Here, the
ANOVA revealed a trend towards a significant main effect of estrus phase [F(2, 58) = 2.568, p =
.085] such that SHAM female OBS in diestrus avoiding the DEM significantly more frequently
than those in proestrus [t(29) = 2.567, p = .016]. However, these effects should be interpreted
with caution due to the small sample size of SHAM female OBS per estrus phase (see Table 4).
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4. Discussion
4.1 Effects of Intrahippocampal Raclopride on Social Learning and Total Food Intake
As per our initial predictions, findings from this study revealed that intra-dorsal HPC
infusions of the D2-type DA receptor antagonist raclopride blocked social learning in OVX (at
18 µg/µL) and CAS (at 20 µg/µL; see Figure 5D and 5L, respectively) mice. However, unlike
our predictions, social learning was not blocked in gonadally intact SHAM females.
Interestingly, in gonadally intact, SHAM-operated, mice, the duration of the socially acquired
food preference was dose dependently reduced by raclopride at 20 µg/µL in SHAM females (see
Figure 5E) whereas it was prolonged by raclopride at both doses in SHAM males (see Figure 5I
and 5K). Comparably, raclopride (at 20 µg/µL) significantly shortened the duration of the
socially acquired food preference in gonadally intact SHAM females, whereas it prolonged the
duration in gonadally SHAM intact males. See Table 8 for a summary of the effects of raclopride
on social learning.
Table 8. Summary table of effects of intrahippocampal raclopride treatment on social learning
during the choice test of the STFP experiment. “
” = treatment had no effect; “ ” =
treatment significantly reduced the duration of the socially acquired food preference; “ ” =
treatment significantly increased the duration of the socially acquired food preference; “X” =
treatment blocked the socially acquired food preference.
Gonadally
Intact SHAM
Females
Raclopride
at 18 µg/µL
Raclopride
at 20 µg/µL

Ovariectomized
Females

Gonadally
Intact SHAM
Males

Castrated
Males

X
X
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These findings are in line with the Choleris et al., (2011) study that found that systemic
raclopride did not block social learning in gonadally intact females, but contrast Matta et al.,
(2018) findings that intrahippocampal raclopride blocked social learning in gonadally intact
females but not males. Like in the Matta et al., (2018) study, we found that intrahippocampal
raclopride did not impair social learning in gonadally intact males. However, even though we did
not see a complete block of social learning by intrahippocampal raclopride in gonadally intact
females, the duration of the socially acquired food preference was significantly shortened, hence
the effects found for SHAM females here were in the same direction as the female mice in the
Matta et al., (2018) study. Female mice in the proestrus phase of the estrus cycle demonstrated a
prolonged duration of the STFP in comparison to females in diestrus or estrus (Choleris et al.,
2011). There were four mice in proestrus at the dose of raclopride that significantly shortened the
STFP in SHAM females in our study and four mice in proestrus at the dose that blocked the
STFP in female mice in the Matta et al., (2018) study. Thus, the differences in our experiments
cannot be explained by the number of mice in proestrus. However, the differences may be
explained by different number of mice in estrus (low circulating estrogens), for example in our
study there were ten mice in estrus but only five in estrus in the Matta et al., (2018) study.
Notably, in both study’s there were a similar number of mice in diestrus (n = 11 in our study; n =
15 in the Matta et al., (2018) study). Thus, perhaps the differences in our experiments can be
explained by the different number of mice in estrus. Hence, maybe this can explain why the
female mice in the Matta et al., (2018) study were more responsive to raclopride. This difference
may also be explained by the added stress of SHAM surgeries; however, this is unlikely since the
gonads remained completely intact and all mice underwent stress from cannulation surgery.
Notably, findings in rodent research may be vary from study to study, for example, because of
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differences in researchers and animal variability (Klein, Doyen, Leys, Magalhaes, da Gama,
Miller, Questienne & Cleeremans, 2012). Thus, it appears that raclopride does not block social
learning when it is administered systemically whereas it either blocks or reduces the duration of
the STFP when administered in the dorsal HPC in gonadally intact females.
Total food intake was not affected by raclopride in SHAM male or OVX mice and only
minor effects between doses were observed in SHAM female and CAS mice. In both SHAM
female and CAS mice, those infused with raclopride at 20 µg/µL had greater total food intake
than those infused with raclopride at 18 µg/µL. These findings are inconsistent with previous
work showing that systemic raclopride reduced total food intake in CD1 female mice without
affecting social learning (Choleris et al., 2011). Interestingly, other findings also reported that
systemic raclopride decreased the intake of both feeding and drinking of sucrose solutions in rats
(Scheider, Davis, Watson & Smith 1990). However, findings from our study agree with the
findings that neither intrahippocampal raclopride nor the D1-type DA receptor antagonist
SCH23390 affected feeding behavior in gonadally intact male or female mice (Matta et al., 2017,
2018). Thus, it appears that dorsal HPC raclopride does not mediate the inhibitory effects of
raclopride on feeding behavior. Thus, it is unlikely that the effects of raclopride on social
learning were secondary to the effects on total food intake.
Previous research has implicated raclopride in learned taste preferences. Intra-medial
mPFC, intra-amygdala (Malkusz, Banakos, Mohamed et al., 2012), intra-NAcc shell (Bernal,
Dostova, Kest et al., 2008) and intra-medial orbitofrontal cortex (Malkusz, Yenko, Rotella et al.,
2015) raclopride impaired a fructose-conditioned flavor preference in male rats suggesting a link
between these brain regions and learned food preferences in rodents. Thus, the present finding
that intrahippocampal raclopride differentially influenced the socially acquired food preference
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in gonadally intact mice and following gonadectomy of both sexes adds the HPC as a possible
brain region mediating the development of learned taste preferences and points at an interplay
with the gonadal hormones.
4.2 Effects of Dopamine on Olfaction
It could be hypothesised that the block in social learning by intrahippocampal raclopride
in CAS and OVX OBS may be explained by a block in the OBS capability in distinguishing the
COC and CIN flavored diets via olfaction. Olfaction is a significant component of the STFP, and
previous research suggests that DA transmission is important for olfaction. During the social
interactions of the STFP, information about the DEM diet is transferred to OBS mice via odor
cues excreted from the DEM’s breath. In the olfactory bulb, D2-type DA receptors are most
prominent (Coronas, Srivastava, Liang, Jourdan & Moyse, 1997). Activation of D2-type DA
receptors in the olfactory bulb of rats caused a significant reduction in synaptic transmission
between olfactory receptor neurons and mitral cells which play an important role in relaying
olfactory information to other central nervous system regions, including the HPC (Hsia, Vincent
& Lledo, 1999). Indeed, Kruzich and Grandy (2004) found that D2 receptor deficient mice had
an impaired ability to learn an odor-driven food reward task in comparison to wild-type mice,
however they were capable of olfaction. Moreover, Parkinson’s patients, a condition that
involves DA depletion, tend to be impaired in olfactory discrimination (Hawkes & Shephard,
1998). Thus, DA plays an important role in olfaction in mice and humans. Whether or not the
effects of DA on olfaction are mediated by the dorsal HPC has not been fully elucidated.
Previous work from our laboratory by Matta et al., (2018) demonstrated that gonadally
intact female mice were able to discriminate between the CIN and COC flavored DEM diets
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used in the present study even after intrahippocampal infusions of raclopride at 18 and 20 µg/µL.
Similarly, systemic and intrahippocampal SCH23390, a D1-type receptor antagonist, did not
impair the discrimination between the CIN and COC flavored diets in gonadally intact male or
female mice. Collectively, these findings suggest that DA is important for olfaction, but D1- and
D2-type DA receptors in the dorsal HPC do not seem to be involved in this function of DA.
However, none of these studies examined whether D2-type DA receptors in the dorsal HPC
mediate olfactory discrimination in gonadectomized animals. Thus, it cannot be ruled out that
olfactory impairment could be a contributing factor as to why social learning was blocked by
intrahippocampal raclopride in gonadectomized animals but not SHAM animals.
Raclopride impaired the STFP in gonadectomized, and not SHAM, mice in this study
suggesting a potential role of the sex hormones in olfaction. Indeed, sex hormones have been
implicated in many olfactory functions. The commonality between findings in the literature
support that females have greater olfactory ability than males. Specifically, cross-culturally,
women consistently outperformed men during an odor identification task (Doty, Applebaum,
Zusho & Settle, 1985) and have significantly greater sensitivity to olfactory stimuli than men
(Koelega & Koster, 1974; Corwin, Loury & Gilbert, 1970). Interestingly, pre-pubescent,
pubescent, and post-pubescent females all demonstrated similar thresholds for three odorants
used in the study, suggesting that olfaction in females is regulated by developmental steroid
hormones (Chopra, Baur & Hummel, 2008). Notably, for males, the threshold for the three
odorants was greatest at puberty, meaning at puberty, during the rapid influx of circulating
androgens, olfactory sensitivity was lowest (Chopra, Baur & Hummel, 2008). This is also
consistent with a regulation by developmental steroid hormones in olfaction. Collectively, these
findings demonstrate a sex difference in olfactory ability suggesting that sex hormones may be
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implicated in olfaction. Thus, it would be valuable to determine whether intrahippocampal
raclopride concurrent with gonadectomy influenced olfactory discrimination in mice in this
study.
4.3 Oronasal Investigation Results
Oronasal investigation is a critical component of the STFP. Specifically, exposure to the
DEM’s breath is necessary for social learning to persist during the STFP (Valsecchi & Galef,
1989), however, the amount of exposure is not positively correlated with the strength of a
developed food preference (Clipperton et al., 2008). Indeed, even after only one sniff of the
DEM breath, estradiol treated OVX mice showed the STFP (Ervin et al., 2015). Hence, when
conditions are right, the STFP can occur with just one sniff. Thus, regardless of the time spent
investigating the DEM face/breath, the DEM diet can be detected by the OBS. Notably,
raclopride reduced oronasal investigation in SHAM female and male mice. In gonadally intact
mice, social learning was not affected by raclopride, but following gonadectomy of both sexes,
social learning was blocked. It is interesting that the effects of social learning by raclopride were
paralleled by a reduction of oronasal investigation in SHAM mice. Our findings are consistent
with the Choleris et al., (2011) study that found that systemic raclopride reduced oronasal
investigation in gonadally intact females, here we found that intrahippocampal raclopride also
reduced oronasal investigation in both gonadally intact male and female mice, thus implicating
D2-type DA receptors in the HPC in oronasal investigation. Interestingly, this contrasts with
findings from the Matta et al., (2018) study that revealed that intrahippocampal raclopride had no
effect on oronasal investigation in gonadally intact mice. Thus, our findings suggest that oronasal
investigation is regulated by the interaction between dorsal HPC D2-type DA receptors and
gonadal steroid hormones in male and female mice. Hence, we implicate the interplay between
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dorsal HPC D2-type DA receptors and gonadal steroid hormones in the regulation of olfaction in
mice. However, the effects of raclopride on oronasal investigation cannot explain the blocking
effects of raclopride on social learning in gonadectomized mice. Moreover, since social learning
persisted in SHAM animals even when raclopride reduced oronasal investigation, this reduction
cannot explain the STFP results.
4.4 Hippocampal Dopamine and Non-Social Learning
Hippocampal DA has been implicated in many types of non-social learning. Indeed, D2type DA receptors in the dorsal HPC regulate working memory retention (Packard & White,
1991), D1-type DA receptors in the HPC are involved in memory encoding (O’Carroll et al.,
2006), long-term potentiation, long-term spatial and associative memories (Frey, Schroeder &
Matthies, 1990; Otmakhova & Lisman, 1996; Smith et al., 1998; El-Ghundi et al., 1999;
Otmakhova & Lisman, 2000; Lemon & Manahan-Vaughan, 2006; O’Carroll, Martin, Sandin,
Frenguelli & Morris, 2006; Granado et al., 2008; Rossato, Bevilaqua, Izquierdo, Medina &
Cammarota, 2009; Ortiz et al., 2010). These dopaminergic effects may help with understanding
the clear interactions between HPC D2-type DA receptors and gonadal steroid hormones in the
regulation of social learning found in this study. Perhaps our finding that HPC raclopride
blocked social learning in gonadectomized but not SHAM male or female mice can partly be
explained by the effects of DA antagonism on working memory.
Specifically, D2-type DA receptors in the HPC have been implicated in spatial working
memory performance during the radial arm maze (Wilkerson & Levin, 1999) and the expression
of a conditioned place preference (Haghparast, Esmaeili, Taslimi, Kermani, Yazdi-Ravandi &
Alizadeh, 2013). In humans, D2-type DA receptors in the HPC have been correlated to memory
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performance in patients with Alzheimer’s disease (Kemppainen et al., 2003). Moreover, D1/D5
receptors in the CA1 regions of the HPC were implicated in spatial novelty detection (Li, Cullen,
Anwyl & Rowan, 2003) and in ethanol state dependent memory (Rezayof, Motevasseli,
Rassouli, Zarrindast, 2007). Furthermore, D1-type DA receptors in the CA1 region of the HPC
were found to play an important role in persistent long-term memory storage (Rossata,
Bevilaqua, Izquierdo, Medina & Cammarota, 2009) including the long-term memory storage of
paired associates (Bethus, Tse & Morris, 2010). Thus, HPC DA is implicated in many types of
non-social learning and our findings contribute to this pool of literature by implicating the
interplay between HPC D2-type DA receptors and gonadal steroid hormones in the modulation
of social learning.
4.5 Novelty Detection and the Hippocampus
The familiarity hypothesis suggests that rodents are hesitant to consume unfamiliar foods
(Barnett, 1958). If social learning occurs during the STFP, the OBS will prefer the DEM diet
amongst the two novel flavored food diets. If gonadectomy influenced HPC D2-type DA
receptor mediated novelty detection, it is possible the even when information about the DEM
diet was transferred between conspecifics following oronasal investigation, raclopride interfered
with the determination of which of the two food diets were novel. Hence, during the social
interactions of the STFP, if gonadectomy interfered with the rodent’s ability to process
information about the DEM diet, then both diets would be unfamiliar to the OBS during the
choice test. However, previous research has found that even when both DEM diets were familiar
to the OBS during the STFP, the OBS mice were able to learn to prefer the DEM diet (Galef,
1989). Thus, perhaps the effects of raclopride on social learning for gonadectomized mice were
secondary to the effect of raclopride impairing the threshold for the information about the novel
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flavored diet to reach the HPC via the VTA-HPC loop. On the contrary, maybe information
about the novel flavored diet was able to be detected and processed by the HPC, but then
gonadectomy prevented the activity of the projection to the VTA, a brain region that modulates
social learning, to process this information.
Perhaps in this study the effects of intrahippocampal raclopride on social learning for
gonadectomized mice were a result of an indirect effect on non-social learning. It is possible that
removal of the gonads affected HPC DA activity in a way that influenced novelty detection,
however this has never been investigated. Moreover, the role of sex hormones on novelty
detection has sparsely been investigated. Indeed, the VTA-HPC DA loop mediates novelty
detection by increasing HPC DA release, subsequently enhancing LTP and learning, following
the detection of novel/salient information (Lisman & Grace, 2005; Legault & Wise, 2001).
Notably, D1-type DA receptors in the CA1 region of the HPC have been implicated in behaviors
important for the acquisition of novel information such as object configuration learning, object
exploration and empty space exploration (Lemon & Manahan-Vaughanm 2006). Vetter-O’Hagen
and Spear (2011) found that novelty-directed behavior was the same in pubescent male and
female rats, suggesting that male and female sex hormones do not differentially influence
novelty detection. In contrast, novelty detection was found to be greater in adult male mice in
comparison to females (Palanza, Morley-Fletcher & Laviola, 2001). This was not affected by
intrauterine position in females, whereas males positioned between two males had greater levels
of novelty seeking than those positioned between females (Palanza, Morley-Fletcher & Laviola,
2001). Thus, greater levels of intrauterine androgens have been correlated with greater levels of
novelty seeking in males. Hence, it appears that there may be a sex difference in novelty
detection ability. Specifically, it appears that male sex hormones may positively contribute to the
121

mediation of novelty seeking behaviors in mice. Thus, it is possible that gonadectomy concurrent
with intrahippocampal raclopride influenced novelty detection of the CIN or COC DEM diets in
this study.
4.6 Role of Gonadal Steroid Hormones and their Interaction with Hippocampal Dopamine
4.6 1. Females
Until now, the effect of gonadectomy concurrent with intrahippocampal raclopride on
social learning has not been investigated nor has the effect of gonadectomy concurrent with
raclopride infused into other brain regions involved in social learning such as the dentate gyrus
and subiculum (Bunsey & Eichenbaum, 1995; Clark et al., 2002; Countryman, & Gold, 2007),
basal forebrain (Berger-Sweeney et al., 2000), the PFC, piriform and oribitofrontal cortex (Ross,
& Eichenbaum, 2006; Ross, & McGaughy, Eichenbaum, 2005; Smith et al., 2007; Winocur, &
Moscovitch, 1999). Notably, there are sex differences in the effects of gonadectomy on DA
levels. Specifically, in the striatum, DA release was reduced following gonadectomy of female
rats but not males (Becker, 1990). Furthermore, social behaviors such as social recognition and
investigation are influenced by gonadectomy. For example, social recognition was impaired
following gonadectomy of females but not males (Karlsson, Haziri, Hansson, Kettunen &
Westburg, 2015). Thus, it appears that ovarian steroid hormones may influence DA levels in
brain regions implicated in social learning and certain social behaviors.
Both male and female steroid hormones are known to have neuroprotective effects. In
general, neurological injuries such as cerebral ischemia and traumatic brain injury are typically
less severe in females versus males both clinically and in animal models, likely due to circulating
estrogens and progestins (Roofedward & Hall, 2009). In ovariectomized female mice an estrogen
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receptor alpha (ERα) ligand reduced central nervous system inflammation, and both ERα and
estrogen receptor beta (ERβ) ligands reduced demyelination and preserved axons in white matter
while reducing neuronal abnormalities in grey matter in models of neurological diseases (TiwariWoodruff, Morales & Voskuhl, 2007). Similarly, in the present study, gonadal steroid hormones
played a protective role against HPC D2-type DA receptor antagonism blocking effects on social
learning.
Female sex hormones are known to have neuroprotective effects on dopaminergic
neurons throughout the brain. For example, OVX female mice treated with estradiol followed by
a nigrostriatal dopaminergic neurotoxin showed significantly less DA depletion in comparison to
mice not treated with estradiol (Dluzen, Dermott & Liu. 1996). In addition, treatment with 17βestradiol and the phytoestrogen isoflavone, protected against striatal dopaminergic depletion in
OVX mice in a model of Parkinson’s disease (Liu, Chen, Xie & Wong, 2008). Consistently, even
in male mice, both estradiol and progesterone treatment prevented the decrease of striatal DA
transporter specific binding by 1‐methyl‐4‐phenyl‐1,2,3,6 tetrahydropyridine (MPTP; Callier,
Morissette, Grandbois, Pelaprat & Di Paolo, 2001). Thus, it appears that “female” steroid
hormones play an important role in DA protection in the brain. These findings can help explain
the effects of gonadectomy concurrent with HPC raclopride in this study. In the male brain, most
androgens can be converted to estrogens by the enzyme aromatase (Naftolin, 1994). Thus, in the
male brain, many of the effects of androgens may be secondary to the biosynthesis of estrogens,
hence driven by estrogen receptors. Perhaps “female” steroid hormones played a neuroprotective
role against raclopride on social learning in SHAM male and female mice but following
gonadectomy the beneficial effects of estrogens were removed, and social learning was blocked.
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Both male and female steroid hormones play an important role in dendritic spine
morphology. Intrahippocampal raclopride prolonged the duration of a socially acquired food
preference in gonadally intact male mice whereas it shortened the duration in intact females.
Following ovariectomy, social learning was blocked by intrahippocampal raclopride. Like the
effects in the male brain following castration, previous research has determined that ovariectomy
decreased dendritic spine density in the CA1 region of the rat HPC which was reversed by
systemic estradiol treatment (Woolly et al., 1990). In addition, dendritic spine density increased
in rats (MacLusky, Luine, Hajszan & Leranth, 2005, Gould, Woodley, Frankfurt & McEwen,
1990; Woodley, Gould, Frankfurt & McEwen, 1990) and the duration of a socially acquired food
preference was prolonged (Choleris et al., 2011) during the proestrus phase of the estrus cycle
when circulating progesterone and estradiol levels are high. This suggests that estradiol and
progesterone are involved in HPC dendritic spine morphology and social learning. Moreover, the
estrous cycle mediates dopaminergic activity (Thompson & Moss, 1997). Thus, it appears that
ovarian steroid hormones modulate HPC dendritic spine morphology.
Because HPC estrogen receptors modulate so many cognitive functions, including social
learning, it is plausible to predict that ovariectomy would disrupt HPC estrogen receptor
expression. Interestingly, following OVX in rats, researchers found that ERα receptors were
upregulated only in the uterus, kidneys and cerebral cortex (Mohamed & Abdel-Rahman, 2001).
Notably, ovariectomy led to an increase in DA transporter mRNA levels in the substantia niagra
and VTA which was partially restored via 17β-estradiol treatment only in the substantia niagra
(Bosse, Rivest & Di Paolo, 1997). Thus, in the literature there have been no direct reports of a
down regulation of HPC estrogen receptors following ovariectomy. In this study,
intrahippocampal blocked social learning in ovariectomized and not SHAM operated female
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mice. Thus, it appears unlikely that this was the result of ovariectomy inducing the down
regulation of estrogen receptors in the HPC.
Intrahippocampal raclopride reduced oronasal investigation but not social learning in
gonadally intact females and blocked social learning but did not reduce oronasal investigation in
ovariectomized females. Perhaps raclopride was less effective in blocking/impairing a socially
acquired food preference in gonadally intact females because circulating ovarian hormones
allowed for greater HPC dendritic spine density, which lead to greater sensitivity and
communication between HPC neurons, subsequently leading to a higher threshold for D2-type
DA receptor mediated social learning. Specifically, maybe HPC D2-type DA receptors are
interacting with ovarian steroid hormones to regulate the threshold for DA mediated social
learning. Hence, when the ovaries are intact the threshold is high enough for raclopride to not
have blocking effects, but without ovarian hormones interacting with D2-type DA receptors
following ovariectomy, the threshold is lowered to a point that inhibits social learning. In
summary, it is speculated that in OVX mice, the lack of circulating ovarian hormones concurrent
with intrahippocampal raclopride prevented the social STFP by decreasing the threshold for the
social acquisition of the DEM diet, even when information about the DEM diet was transferred
during oronasal investigation. Thus, it is speculated that the interaction between dorsal HPC D2type DA receptors and ovarian steroid hormones are necessary for the acquisition of a socially
acquired food preference, not the transmission of a food odor information between conspecifics.
4.6 2. Males
Much less research has been conducted on the neuroprotective effects of androgens.
However, Spritzer and Galea (2007) found that cell survival in the dentate gyrus of rats
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significantly decreased following castration. Interestingly, in the same study, researchers
discovered that both testosterone and nonaromatizable dihydrotestosterone (DHT) treatment
increased HPC neurogenesis in the dentate gyrus following castration (Spritzer & Galea, 2007).
Thus, it appears that androgens in the HPC have neuroprotective effects that are not estrogen
driven. Conversely, testosterone and estradiol, but not nonaromatizable DHT, both enhanced cell
proliferation in the amygdala of castrated meadow voles, suggesting that these effects were
estrogen receptor driven (Fowler, Freeman & Wand, 2003). Similarly, the neurotoxin domoic
acid caused HPC formation neuronal loss following castration in mice which was prevented by
both testosterone and estradiol treatment but not DHT (Azcoitia et al., 2001) further suggesting
that these effects were estrogen driven. Perhaps the neuroprotective effects by estrogens and
androgens outlined above can partially explain why we found that intrahippocampal raclopride
blocked social learning in gonadectomized mice and not gonadally intact mice.
It is believed that HPC dendritic spines play a critical role in neuronal plasticity and
synaptic transmission due to their strong association with synaptic trafficking (Koch, Chistof,
Zador & Anthony, 1993). In the CA1 region of the male rat HPC, castration decreased dendritic
spine density (Li et al., 2012), whereas levels returned to that comparable to gonadally intact
animals following systemic testosterone and nonaromatizable DHT treatment (Leranth,
Petnehazy & MacLusky, 2003; MacLusky, Hajszan & Leranth, 2004). Moreover, estradiol
treatment following castration did not return dendritic spine density back to levels reported in
gonadally intact animals (Leranth, Petnehazy & MacLusky, 2003). Thus, it appears likely that
HPC dendritic spine morphology relies directly on androgens in the male rat brain and not
indirectly via the biosynthesis of estrogens. Hence, it appears that there are neuroprotective
effects of both estrogens (as explained above) and androgens in the male HPC.
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Social learning was blocked by intrahippocampal raclopride in CAS mice but not
gonadally intact SHAM operated male mice. Notably, in contrast to the effects of ovariectomy
on estrogen receptor mRNA expression in the HPC, the expression of mRNA androgen receptors
significantly decreased in the CA1 region of the HPC four days after castration and four days
following systemic treatment of an androgen receptor antagonist (Kerr, Allore, Beck & Handa,
1995). Indeed, even two weeks after castration, androgen receptors were downregulated in the
CA1 region of rats which was reversed by systemic testosterone propionate treatment (Xiao &
Jourdan, 2002). Perhaps this could explain the opposite effects of raclopride in CAS and SHAM
male mice on social learning. If testicular steroid hormones are interacting with HPC D2-type
DA receptors to mediate social learning, then the down regulation of HPC androgen receptors
would cause a decrease in the quantity of androgen receptors available and would also decrease
the sensitivity and synaptic transmission of androgens, leaving much less available to interact
with DA to mediate social learning. Moreover, systemic androgen treatment in male rats led to
an increase of HPC DA release (Tucci et al., 2011). Hence, it is likely that without the vast
quantity of circulating androgens released by the testes, castration would lead to a decrease in
HPC DA release. Collectively, it appears likely that castration would lead to a decrease in HPC
DA release and a downregulation of HPC androgen receptors. Thus, castration would likely
negatively interfere with the interaction between D2-type DA receptors and testicular steroid
hormones during the regulation of social learning in males perhaps elucidating the greater block
seen by raclopride in CAS versus gonadally intact SHAM operated males during this study. This
may also elucidate the fact that raclopride prolonged the duration of the STFP in gonadally intact
SHAM males.
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Since oronasal investigation was not affected by raclopride, it is plausible that CAS mice
were still able to detect the odor of the DEM food diet, but without circulating testicular
hormones, HPC D2-type DA receptors were more sensitive to the effects of raclopride in the
castrated male brain leading to a block in the acquisition of a food preference, not the transfer of
the DEM food odor. Perhaps in male mice the interaction between D2-type DA receptors and
testicular steroid hormones in the dorsal HPC is necessary for the acquisition of a socially
acquired food preference, not the transmission of a food odor between conspecifics. Thus, it is
speculated that the STFP processing, including the interaction between steroid hormones and
dorsal HPC D2-type DA receptors, occurs at the level of central processing of the socially
acquired information, and not the level of sensory processing.
From the statistical analyses conducted on male social and non-social behaviors during
the social interaction of the STFP, it appears that raclopride affected many more behaviors in
gonadally intact male mice in comparison to castrated males (summarized in the social
interaction section below). Raclopride decreased oronasal investigation in SHAM male mice and
not CAS mice yet intrahippocampal raclopride blocked social learning in CAS but not in SHAM
males. Thus, here it is speculated that because of the cascade of cellular events outlined above,
for example greater DA levels and sensitivity, greater HPC dendritic spine density, greater DA
release, and an upregulation of androgen receptors due to circulating testicular hormones,
perhaps for SHAM male mice the threshold for acquiring a food preference via D2-type DA
receptor mechanisms was higher than in castrated mice, thus raclopride was less effective in
blocking social learning in SHAM males.
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4.7 Effects of the Estrous Cycle
The statistical analysis assessing the cinnamon preference ratio of gonadally intact
SHAM females revealed a significant treatment by estrus phase interaction, however, follow up
mean-comparison analyses were non-significant. Moreover, the estrus cycle had no effect on
total food intake. Interestingly, the pattern of food intake here is inconsistent with previous work
that has found that mice in the estrus phase consumed less food than in diestrus or proestrus
(Asarian & Geary, 2006; Fessler, 2003). Notably, the mice in the present study were food
deprived whereby they were not in the two previously mentioned studies. Perhaps the increased
hunger motivated our mice to consume more food whereby masking the potential effects of the
estrus cycle on total food intake.
Due to our knowledge that social learning is modulated by the estrus cycle in female
mice (Choleris et al., 2011), it is plausible to conclude that the estrous cycle may have influenced
the demonstrator and cinnamon preference ratios alone and/or as a function of raclopride
treatment in the present study. However, these findings should be interpreted with caution due to
the small sample size per estrus phase, per treatment group (see Table 4) in this study.
Overall, to gain a greater understanding of the results from the present study, more
research needs to be conducted on the specific gonadal hormones involved in HPC D2-type DA
mediated social learning. Moreover, it would be valuable to replicate this study with larger
groups of cycling female mice to better assess the effects of the interaction between dorsal HPC
D2-type DA receptors and the estrous cycle on social learning.
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4.8 Effects of Intrahippocampal Raclopride on Social Interactions
Overall, this study found numerous sex differences in both social and non-social
behaviors that reflect a hormonal regulation of certain behaviors during the 30-minute social
interaction of the STFP. These sex difference imply an interplay between gonadal steroid
hormones and dorsal HPC D2-type DA receptors. The behaviors affected include total activity of
both social and non-social behaviors. The social behaviors that were affected in SHAM males
and not females include: total agonistic behaviors, agonistic behaviors delivered, dominance
score, dominant behavior and social inactivity. Moreover, digging behavior was affected by
raclopride in female and not male mice, and raclopride increased horizontal exploration in
SHAM females and decreased it in SHAM males. Lastly, we implicated dorsal HPC D2-type DA
receptors in oronasal investigation, body investigation, anogenital investigation and non-social
non-locomotor behaviors including social inactivity.
Total activity was reduced by raclopride in only SHAM male mice which was reflected
by an increase in social inactivity. Even though raclopride only affected total activity in SHAM
male mice, solitary inactivity was reduced in all groups of mice. Previous research has found that
wheel running activity in rats was greater in females versus males and was reduced following
gonadectomy of both sexes (Beatty, 1979). In contrast, here we report that baseline total activity
was greater in SHAM male versus SHAM female mice and in CAS versus OVX mice.
Intrahippocampal raclopride only reduced total activity for SHAM male mice but not any other
group of mice, whereas raclopride increased solitary activity in all groups of mice. Thus, there
appears to be a sex difference in the effects of raclopride on total activity and these findings
suggest that testicular steroid hormones interact with dorsal HPC D2-type DA receptors in males
to modulate total activity. Non-social behaviors were increased by raclopride in only SHAM
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female and CAS mice, which was reflected by an increase in non-social non-locomotor
behaviors in CAS mice. This was also reflected by an increase by raclopride in non-social
locomotor behaviors and horizontal exploration in only SHAM females and a decrease in
horizontal exploration in SHAM male mice. Interestingly, the effects of raclopride on horizontal
exploration were eliminated by gonadectomy in both sexes. This could partially be explained by
the fact that baseline horizontal exploration was greater for SHAM male mice in comparison to
SHAM female mice. Overall, these findings suggest a sex difference in the effects of raclopride
on horizontal exploration, an interaction between gonadal steroid hormones and dorsal HPC D2type DA receptors in the regulation of horizontal exploration for both sexes, and an interaction
between testicular steroid hormones and dorsal HPC D2-type DA receptors in the mediation of
non-social non-locomotor behaviors in male mice. Other non-social active behaviors, such as
digging behavior were increased by raclopride in both SHAM female and OVX mice but had no
effect on SHAM male or CAS mice, whereas vertical exploration was not affected by raclopride
for any mice. This could be partially explained by baseline digging levels being greater for
SHAM male versus SHAM female mice. Indeed, the dopaminergic regulation of locomotion has
been vastly cited in the literature. A common symptom of Parkinson’s disease, a disease strongly
related to dopaminergic depletion, is a deterioration in control of movement (Lang & Lozano,
1998a; Lang & Lozano, 1998b). Indeed, spontaneous movements were significantly reduced in
D2 receptor knock out mice in comparison to control mice (Baik, Picetti, Saladai, Thiriet,
Dierich, Depaulls, Le Meur & Borrelli, 1995). In line with this finding, systemic D1- and D2type DA receptor antagonists decreased motor activity (Jackson & Westlind-Danielseeon, 1994).
Interestingly, Ralph and Caine (2004) found that a D2 agonist increased locomotion in outbred
male and female rats but not in inbred or outbred mice whereas a D1 agonist increased
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locomotion in all rodent groups. Moreover, in the neostriatum, DA metabolism increased during
locomotor behaviors in male rats (Speciale, Miller, McMillen & German, 1986) and NAcc
infusions of a D3 dopamine receptor agonist led to hypolocomotion whereas infusions of a D2
receptor agonist decreased spontaneous locomotion (Ouagazzal & Creesem 2000). Thus, our
study adds to this pool of literature by implicating dorsal HPC D2-type DA receptors in
locomotion in SHAM male mice and not CAS mice, perhaps pointing to an interaction between
HPC D2-type DA receptors and testicular steroid hormones in the modulation of locomotion in
males.
Intrahippocampal raclopride increased non-social behaviors in SHAM female and CAS
mice but not in SHAM male and OVX mice. Thus, findings reveal a sex difference in the effects
of raclopride on non-social behaviors. Specifically, dorsal HPC D2-type DA receptors are likely
interacting with gonadal steroid hormones to modulate non-social behaviors in males and
females. Other non-social behaviors such as abnormal stereotypies and self-grooming were not
affected by raclopride for all groups of mice. This finding is interesting because stereotypies are
a common “symptom” of dopaminergic dysfunction (Graybiel & Canales, 2001; Kelley, Lang &
Gauthier, 1988; Druhan, Deschamps & Stewart, 1993; Miwa, Morita, Nakanishi et al., 2004).
Thus, this finding implies that dorsal HPC D2-type DA receptors are not involved in
dopaminergic regulation of stereotypic behavior.
Baseline levels of total social behavior were higher in SHAM female and CAS mice in
comparison to SHAM male mice, and levels were reduced by raclopride in all mice but SHAM
males. This suggests that raclopride in the dorsal HPC influenced all mice, except SHAM males,
to be less social. This was reflected by an increase in social inactivity in only SHAM male mice.
Hence, maybe raclopride did not influence SHAM males to be less social, rather it influenced
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them to be less engaged in active social behaviors. These findings suggest a sex difference in the
effects of raclopride on total social behaviors. Thus, for female mice, it appears that total social
behaviors were regulated by dorsal HPC D2-type DA receptors, whereby for males it appears
that total social behaviors were regulated by an interaction between testicular steroid hormones
and HPC D2-type DA receptors.
Raclopride decreased total social behaviors in all groups of mice excluding SHAM males
which could be explained by a reduction of social investigation in all groups of mice and to a
lesser extent explained by an influence on agonistic behaviors (explained below), especially in
SHAM male mice. Moreover, this sex differences implies an interplay between testicular steroid
hormones and dorsal HPC D2-type DA receptors in the mediation of social inactivity in males
and a role of dorsal HPC D2-type DA receptors in females. The decrease in total social behaviors
was also reflected by an increase in non-social activity in SHAM female and CAS mice. In
addition, our findings contrast previous research that found that gonadally intact male mice
engaged in more investigatory behavior than gonadally intact females (Karlsson et al., 2015;
Tejada & Rissman, 2012) and gonadectomized male and female mice (Karlsson et al., 2015).
In addition to our finding that oronasal investigation was reduced by raclopride in
gonadectomized animals but not SHAM animals (as explained in section 4.3), other social
investigatory behaviors were also influenced by raclopride during this study. Specifically,
findings revealed a reduction of anogenital investigation by raclopride in all groups of mice and
that raclopride reduced body investigation in all groups except in CAS mice. Thus, it appears
that anogenital investigation in all mice and body investigation in female mice, are regulated by
D2-type DA receptors in the dorsal HPC and that this regulation is not dependent on gonadal
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hormones. Whereas for males, it appears that body investigation is regulated by an interaction
between gonadal steroid hormones and dorsal HPC D2-type DA receptors.
Total agonistic behaviors were greater in saline treated SHAM male mice in comparison
to SHAM females and CAS mice, however levels were very low (less than an average of 40seconds of the 30-minute social interaction) for all groups of mice. Thus, the following findings
should be interpreted with caution. Due to the possibility of floor effects, the time spent engaging
in total agonistic behaviors was reduced by raclopride for all mice except SHAM females,
probably because these behaviors were greater in males than females to begin with. Collectively,
these findings point at a possible interaction between dorsal HPC D2-type DA receptors and
ovarian steroid hormones in the modulation of agonistic behaviors in female mice, and that
testicular steroid hormones are not interacting with D2-type DA receptors to influence agonistic
behaviors in males in this study. However, this sex difference is likely due to a floor effect in the
baseline levels as explained above and because typically levels of agonistic behaviors between
female cage-mates tend to be very low (Matta et al., 2018; Choleris et al., 2011). Consistently,
raclopride reduced agonistic behaviors delivered in SHAM male mice but not in CAS or female
mice, likely due to baseline floor effect. This was reflected by no effects of raclopride on
agonistic behaviors received for any groups of mice which was also reflected in having no
effects on submissive behaviors, attacks received and avoiding the DEM for all mice. Hence, this
sex difference implies a hormonal regulation of agonistic behaviors for male mice. This finding
may be reflected by low levels of dominant behavior in all groups of mice (less than an average
of 40-seconds of the 30-minute social interactions) which were highest in SHAM males.
Consistently, dominant behavior was reduced by raclopride in only SHAM male mice. For
females, baseline levels were too low (less than an average of 1-second of the 30-minute social
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interactions) for raclopride effects to be meaningful. Thus, it appears that testicular steroid
hormones may be interacting with dorsal HPC D2-type DA receptors to mediate dominant
behaviors in males. Moreover, baseline dominance score levels were extremely low (less than
50-seconds of the 30-minute social interaction) for all mice. Because of this, and due to the
agonistic behaviors delivered and agonistic behaviors received findings, dominance score was
reduced by raclopride for only SHAM male mice. Interestingly, in parallel with this finding,
Choleris et al., (2011) found that systemic raclopride reduced the dominance of female mice.
Thus, dominance score findings from this study contribute to the current pool of literature by
implicating the interaction between dorsal HPC D2-type DA receptors and testicular steroid
hormones in the modulation of dominance score in male mice.
It is well established in the literature that mouse aggression, including fighting and
attacking, is greater in male pairs than in female pairs, until social dominance is established
(Beatty, 1979). This suggests that steroid hormones play a necessary role in aggressive behavior.
In our study, this type of aggression speaks to the social behaviors: attacks delivered, dominant
behavior, boxing and open aggression. Indeed, early research has determined that male gonadal
steroid hormones are necessary for aggression in mice because castration reduced aggressive
behaviors which were restored by testosterone treatment (Beeman, 1947; Edwards, 1969). In
fact, during the rapid increase of circulating androgens in male mice at puberty, researchers
reported a rapid increase in aggressive behavior (Barkley & Goldman, 1977; McKinney &
Desjardins, 1973). In line with this literature, baseline frequency levels of attacks delivered were
significantly greater in SHAM male mice in comparison to SHAM female and CAS mice,
however, levels were extremely low for all groups of mice except SHAM males (less than 1
occurrence on average during the 30-minute social interaction). This was likely because in our
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study, same-sex OBS-DEM pairs were cohabited for three days prior to the STFP social
interactions. Thus, due to this floor effect it is not surprising that intrahippocampal raclopride
only reduced the frequency of attacks delivered in SHAM male mice. This suggests that this
behavior was driven by dorsal hippocampus D2-type DA receptors in males and that testicular
hormone regulation may have been involved.
Matta et al., (2018) found that intrahippocampal raclopride blocked social learning in
female but not male mice, suggesting the interaction between HPC D2-type DA receptors and
sex hormones in the mediation of social learning that initially inspired the research questions in
this study. However, here we found that intrahippocampal raclopride blocked social learning in
only gonadectomized mice and not gonadally intact mice of either sex. It is plausible that this
was a result of the differences in the effects of raclopride on social behaviors between the two
studies (see Table 8 for a summary of these differences) and the inevitable variability of rodent
behavioral research due to different mice and different researchers. Behaviors that were similarly
affected by raclopride in both sexes in studies were: social investigation, avoiding the DEM,
anogenital investigation, approaching and/or attending to the DEM, vertical exploration,
stretched approach, abnormal stereotypies and solitary inactivity. Thus, the similarities between
our findings, for example the same directional effects of raclopride on social learning in
gonadally intact animals, may be attributed to the similar effects of raclopride on those behaviors
in both studies. Specifically, in both studies, gonadally intact female mice engaged in similar
total social investigatory behaviors following intrahippocampal raclopride. However, in our
study, and not the Matta et al., (2018) study, raclopride reduced oronasal investigation in SHAM
females, which is interesting because we reported a reduction in social learning by raclopride
whereby they reported a block. In line with that finding, in both studies intrahippocampal
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raclopride did not affect social learning in gonadally intact males, however, reduced oronasal
investigation in our study and not theirs.
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Table 9. Differences in social behaviors during the 30-minute social interaction during the STFP
between the present study and the Matta et al., (2018) study that investigated the effects of
intrahippocampal raclopride on social learning in male and female mice. Findings from that
study revealed that raclopride blocked social learning in female and not male mice, whereby here
we found that it blocked social learning in both gonadally intact male and female mice.
Present Study
Gonadally
Intact SHAM
Females

Gonadally
Intact SHAM
Males

Matta et al.,
(2018) Study
Females

Males

Total Activity
Total Social Behavior
Agonistic Behaviors Delivered
Agonistic Behaviors Received
[F]

Total Agonistic Behaviors
Dominance Score
Non-Social Behaviors
Non-Social Locomotor Behaviors
Non-Social Non-Locomotor Behaviors

[F]

Following the DEM
Dominant Behavior
[F]

Attack Delivered

[F]

Boxing
Opening Aggression
Submissive Behavior
Social Inactivity
Oronasal Investigation
Horizontal Exploration
Digging
Self Grooming

no significant drug effect;
significant decrease;
decrease; trend increase. F = frequency.
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significant increase;

trend

D2-type DA receptors have been implicated in many social behaviors including
aggression (Fitzgerald, 1999; Glazer & Dickson, 1998; de Almeida, Ferrari, Parmigiani &
Miczek, 2005), defensive behaviors (Sweidan, Edinger & Siegel, 1991), social learning (Matta et
al., 2018), pair bond formations including partner preferences (Lui & Wang, 2003; Wang, Yu,
Cascio, Lui, Gingrich & Insel, 1999; Gingrich, Liu, Cascio, Insel, 2000; Young, Lui, Gobrogge,
Wang &Wang, 2014), partner attachment (Coria-Avila, Manzo, Garcia, Carrillo, Miquel &
Pfraus, 2014) and maternal behavior (Zhu, Peng, Zhang & Zhang, 2011; Byrnes et al., 2002).
Thus, this study adds to this list by implicating dorsal HPC D2-type DA receptors in social
investigatory behaviors including oronasal, anogenital and body investigation, and the interaction
between gonadal steroid hormones and dorsal HPC D2-type DA receptors in locomotion
(including: digging and horizontal exploration), social inactivity and agonistic behaviors
(including: agonistic behaviors delivered and dominant behavior).
5. Significance of Research
Findings from this study will help explain the role of gonadal steroid hormones in HPC
D2-type DA facilitated social learning. Discovering that gonadal hormones directly interact with
D2-type DA receptors in the male and female mouse HPC to modulate the social transmission of
food preference significantly contributes to the general understanding of the neurobiological
underpinnings of social learning, social interactions, and feeding behavior. Specifically, this
study directly implicates the interaction between dorsal HPC D2-type DA receptors and gonadal
steroid hormones in social learning and many social behaviors including: oronasal, body and
anogenital investigation, social inactivity and non-social non-locomotor behaviors. Moreover,
this study directly implicates dorsal HPC D2-type DA receptors in total activity, horizontal
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exploration, digging, non-social behaviors, social inactivity, total social behavior, total agonistic
behaviors, agonistic behaviors delivered, dominant behavior and dominance score.
This research could further our general understanding of the underlying neurobiological
mechanisms that modulate many cognitive disorders that affect social behaviors including autism
spectrum disorder (ASD), depression and schizophrenia. Hallmark diagnostic deficits of
individuals with ASD include deficits in social reciprocity, communication, and abnormal,
restricted and repetitive behaviors (American Psychiatric Association, 2000; Lord, Cook,
Leventhal & Amaral, 2000). Deficits in social interactive skills are one of the most socially
debilitating symptoms of ASD (White, Keonig & Schill, 2007; Lord et al., 2000). Thus, our
research can potentially aid in the development of sex-specific dopaminergic based treatments of
ASD and the social symptoms affected.
The dopaminergic system has been implicated in ASD (Hamilton, Campbell, Sharma, et
al., 2013; Robinson, Schutz, Macciardi, White & Holden, 2001; Nguyen, Roth, Kyzar, Poudel,
Wong, Sterwart & Kalueff, 2014; Rogers, Dickson, McKimm, Heck, Goldowitz & Blaha, 2013;
Stall, de Krom & de Jonge, 2012), depression (Thomas, Malenka & Bonci, 2000) and
schizophrenia (see review by Weisnstein, Chohan, Slifstein, Kegeles, Moore & Abi-Dargham,
2017) and all these conditions are sex-specific. Specifically, ASD and schizophrenia are
generally more prevalent in males than females, and depression is generally more prevalent in
females. Thus, dopaminergic regulation of these conditions and the fact that they are all sexspecific suggest that DA may be interacting with gonadal steroid hormones to modulate some of
the social deficits brought on by these disorders. During the social interactions of the STFP in
this study, we find many sex differences in social behaviors (see Table 5 and 7 for a summary of
these behaviors) some of which were found to be regulated by dorsal HPC D2-type DA
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receptors. Since hallmark deficits of ASD, schizophrenia and depression include deficits in social
interactions/behaviors, findings from this study can potentially aid towards a better
understanding of the neural underpinnings and potential advances in treatments of these
conditions.
Abnormal dopaminergic transmission has also been implicated in certain feeding
disorders. Interestingly, a D2-type DA receptor agonist given to patients with anorexia nervosa
increased their feeding and body mass index (Guido, Frank, Megan, Shott et al., 2017). In
contrast to this finding, we find that dorsal HPC D2-type DA receptors did not affect feeding
behavior in gonadally intact or gonadectomized male or female mice. Specifically, this may
contribute to the development of medications and/or treatments of anorexia nervosa by
suggesting that dorsal HPC D2-type DA receptors may not be directly related to specific feeding
behaviors.
6. Future Directions
In the future it would be valuable to replicate this research using a variety of mammalian
species to ensure that findings are generalizable across different populations. Notably, CD1 mice
are an outbred strain meaning that they are genetically variable. This is of value to the present
study because findings can be more closely related to other genetically diverse species such as
humans.
In this study, we find an effect of intrahippocampal raclopride and gonadectomy of both
sexes on social learning. The gonads produce the majority of circulating steroid hormones in
both sexes. In female mice, and humans, the most abundant of the estrogens produced by the
ovaries is 17β-estradiol (Heldring et al., 2007; Nilsson et al., 2001). Notably, of the
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progestogens, the ovaries also secrete most of the body’s circulating progesterone (Norman &
Litwack, 1987) and both these hormones fluctuate during the menstrual and estrus cycle. Indeed,
in male mice, the testes produce and secrete most of the body’s circulating testosterone
(Mooradian, Morley & Korenman, 1987) and metabolites of testosterone including
dihydrotestosterone, and in the brain most androgens can be aromatized to estrogens. It is
important to follow up this study by replicating it including specific hormone treatments (ex.
17β-estradiol, progesterone, testosterone, dihydrotestosterone, or a combination of them) in order
to determine the specific steroid hormones involved in D2-type DA facilitated social learning in
mice.
Previous research from our lab by Matta et al., (2018) ran an olfactory discrimination task
with gonadally intact female mice to ensure that intrahippocampal raclopride did not affect
olfaction. Researchers found that mice were able to discriminate between the two odors, the 1%
cinnamon and the 2% cocoa flavored food diets, following dorsal HPC infusions of raclopride. It
is important for future research to address whether gonadectomy combined with infusions of
raclopride affect olfaction of the flavored food diets used during the STFP. To do so, it would be
valuable to run an olfactory discrimination task with gonadally intact males, as well as
gonadectomized male and female mice following dorsal HPC infusions of raclopride.
As previously discussed, HPC DA has been implicated in novelty detection. Perhaps the
interaction between D2-type DA receptors in the HPC and gonadal steroid hormones are
necessary to modulate novelty detection. Specifically, perhaps gonadectomy influenced the
OBS’s ability to distinguish which of the two novel flavored diets was familiar from the odor of
the DEM breath. It may be possible that gonadectomized OBS mice were unable to determine
which of the flavored diets was novel and hence relied on individual learning to consume both
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equally during the choice test. Or perhaps the OBS were not able to recognize the odor on the
DEM breath to begin with during the social interactions. To address this, future research can take
advantage of a rodent’s innate preference to explore novel stimuli and run a novelty detection
task to explore whether intrahippocampal raclopride influenced gonadectomized mice to
distinguish between novel stimuli, including odors.
This study further implicates hippocampal dopaminergic function in the regulation of
social learning and adds the role of gonadal steroid hormones into the discussion. Other brain
regions innervated by the mesocorticolimbic dopaminergic pathways from the VTA have been
implicated in social learning and social behaviors. Specifically, extensive research has
investigated the role of D1-type DA receptors in the NAcc on social behaviors, however, much
less is known about the role of D2-type DA receptors. Notably, besides the ventral striatum, the
NAcc receives the densest amount of DA from the VTA (Gunaydin & Deisseroth 2004) and D2type DA receptors in the NAcc has been implicated in other social behaviors including social
learning (Matta et al., 2018). The role of D2-type DA receptors in the amygdala in social
learning has not been investigated, however, in rodents, the amygdala has been implicated in
social behavior and social aggression (Bunnell, Sodetz & Shalloway, 1970; Jonason & Enloe,
1971; Sanders & Shekhar, 1995; Gonzalez, Andrews & File 1996). D2-type DA receptors in the
basolateral amygdala have been implicated in the acquisition and retention of conditioned fear
(Greba, Gifkins & Kokkinidis, 2001). Interestingly, aromatase expressing neurons in the male
mouse medial amygdala modulate aggression, and in the female medial amygdala specifically
modulate maternal aggression, a distinct form of aggression from that displayed by males
(Unger, Burke, Yang, Bender, Fuller & Shah, 2016). Hence, it appears that there may be a
connection between D2-type DA receptors and social learning in the NAcc and amygdala and
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understanding this potential connection as well as exploring the possibility of dopaminergic
involvement in social learning in the PFC would be valuable for the present study. It would also
be interesting to see whether, like the dorsal HPC, these brain regions modulate these social
behaviors by interacting with circulating gonadal steroid hormones. It would be valuable to
investigate the role of D2-type DA receptors in other brain regions innervated by the VTA
dopaminergic loop limbic structures. Specifically, regions such as the PFC and amygdala (Russo
& Nestler, 2013; Wise, 2004). This would add to the network of brain regions and
neurotransmitters systems that have been implicated in the STFP including: the cholinergic
projections from the medial septum/diagonal band to the HPC and the projections from the
nucleus basalis magnocellularis/substantia (Bewrger et al., 2000), the dorsal and ventral HPC
(Bunsey & Eichenbaum, 1995; Clark, Broadbent, Zola & Squire, 2002; Countryman, & Gold,
2007; Ross & Eichenbaum, 2006), cFos expression in the medial prefrontal cortex and
orbitofrontal (Smith et al., 2007) and the basal forebrain (Berger-Sweeney et al., 2000).
Matta et al., (2018) ran an in vivo microdialysis study to investigate HPC DA release
during the STFP and found that social learning was related to increased DA release for males and
decreased DA release for females. This sex difference suggests a role of steroid hormones in
HPC DA release during social learning. It would be valuable to this study if future researchers
investigated whether gonadectomy effects HPC DA release to determine the potential role of
gonadal steroid hormones.
7. Limitations
A possible limitation of this study is that we were not able to visualize the diffusion of
raclopride in the brain. To ensure that the cannulae were in the correct location, we infused 1%
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Chicago blue dye at the end of the experiments. Dye infusions following experimentation is a
useful tool to help visualize the placement of the cannula but not necessarily to determine
whether the diffusion of the drug was restricted to the HPC. This is because the dye that we used
does not have the same viscosity as raclopride (it is much thicker) and thus the diffusion rate of
the dye and drug treatment would be different. Hence, visually we may not have been able to
create an accurate depiction of the diffusion of the drug during the histological analysis.
Another limitation of this study is that the intrahippocampal cannulae used during this
experiment entered the dorsal HPC through the alveus, the white myelinated fibres that protect
the HPC. It is very unlikely that damaging the alveus would affect social learning and/or social
interactions during the STFP in isolation of drug treatment, however, we used saline treated
control animals to ensure that this was not the case. In addition, it is unknown whether the holes
from the cannulae could have caused raclopride to leak out of the hole and affect adjacent
regions such as the overlaying cerebral cortex. Moreover, if that was the case it is unknown what
impact the drug had the cerebral cortex. To address this, we could run the STFP experiment
including OBS mice with cannulae implanted just above the HPC, to observe whether we will
see the same effects of the drug on social learning.
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