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ABSTRACT 

 
  
 
ANTAGONIZING DORSAL HIPPOCAMPAL DOPAMINE D1-TYPE RECEPTORS AFFECTS 

SOCIAL LEARNING AND SOCIAL INTERACTIONS BUT NOT FOOD INTAKE IN MALE 
AND FEMALE MICE 
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University of Guelph, 2014      Professor Elena Choleris 
 
  
      
     Dopamine (DA) is involved in many motivationally relevant behaviors, including social learning, 

feeding, and social interactions. With systemic treatments, our lab has previously found an involvement 

of DA D1-type receptors in the social transmission of food preferences (STFP; Choleris et al., 2011), 

however, the site(s) of action remain unknown. The ventral tegmental area has dopaminergic projections 

to the hippocampus—a site important for social learning in the STFP. In this study, we microinfused the 

DA D1-type receptor antagonist SCH23390 into the dorsal hippocampus of adult male and female mice. 

We found that SCH23390 blocked social learning in both male and female mice without influencing total 

food intake. While there was a sex-specific effect of SCH23390 on certain social behaviors, there was no 

significant influence of drug treatment on oronasal investigation, or olfactory discrimination, for either 

sex. Thus, hippocampal DA D1-type receptors may play an important role in the ‘social brain’.  
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INTRODUCTION 

Social Learning. Social learning, the process by which an “animal’s behavior is 

influenced by the observation of, or interaction with, another animal or its products” (i.e. odor 

cues etc.; Box, 1984; Galef, 1988; Heyes, 1994), is fundamental to many living organisms. The 

neurobiological mechanisms behind an animal’s ability to exploit such ‘expertise of others’ 

(Ward & Zahavi, 1973), and avoid the disadvantages associated with trial-and-error individual 

learning are poorly understood. One paradigm that is often used to measure social learning in 

mice is the well-established social transmission of food preferences (STFP; Galef, Kennett, & 

Wigmore, 1984). In this task, a demonstrator mouse (DEM) is allowed to consume a novel food. 

Afterwards, an observer mouse (OBS) is allowed a brief social interaction with the DEM. The 

OBS is then presented with a choice between two foods: the diet fed to the DEM, and another 

novel food. If social learning has occurred, the OBS will show a preference for the same food 

that was eaten by the DEM (Galef, Kennett & Wigmore, 1984).  

Many theories have been proposed as to why social learning occurs in the STFP. One of 

the most prominent is the “simple familiarity hypothesis.” This is the idea that a DEM’s 

influence on an OBS’s food choice may be guided simply by the fact that mice are hesitant to 

ingest unfamiliar or novel foods (Barnett, 1958). When an OBS has a social interaction with a 

DEM that has recently eaten a novel food, the olfactory cues accompanying that food are 

transferred, therefore making the OBS slightly more familiar with the DEM’s food. Hence, an 

OBS who has just interacted with a DEM who has just consumed a novel diet should eat more of 

that diet when also given the option between a completely unfamiliar, but equally palatable food 

type. Thus, the strong food preference that occurs in the STFP may simply be explained by the 

increased familiarity to the food odor emitted by the recently fed DEM. If this were the case, the 
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STFP would not be “true” social learning because the DEM would not be strictly necessary for 

the development of the food preference. Researchers have conducted many experiments designed 

to test this “simple familiarity hypothesis” and find that, contrary to its predictions, simple 

exposure to a particular food type, and interacting with a conspecific animal that consumed a 

particular food type can have different effects on the OBS’s food choices (Galef, 1989). For 

instance, exposing a rat to one of two foods for 30 minutes per day, for five consecutive days 

alone does not subsequently lead to diet preference. However, when a rat interacts with a DEM 

(usually for 30 minutes) who has consumed one of the two foods, this leads to a food preference 

for that food type, even if the choice was between the DEM’s food and the one they were 

previously fed repeatedly, or whether they had previously eaten both foods beforehand (Galef, 

Kennett & Stein, 1985). Thus, exposure to food related cues transferred by a conspecific animal 

can elicit a diet preference in rodents, while simply being exposed to that diet cannot.  

Yet another alternate to the “simple familiarity hypothesis” is the “contextual 

hypothesis”. This is the notion that the OBS’s preference for the DEM’s food may be a result of 

its attendance to the food odor within a social context provided by the DEM conspecific (Galef, 

1989). Researchers have found that OBS’s exposed to a jar containing a flavored food (although 

with wire mesh to prevent actual food consumption) during a social interaction with a DEM who 

consumed a non-flavored version of the jarred food do not show a preference for the flavored 

diet found in the jar (Choleris et al., 2011; see also Galef, Mason, Preti & Bean, 1988). Such 

results suggest that simple exposure to a food odor during a social context is not enough to evoke 

an enhanced preference for that diet. Hence, the STFP is a case of “true” social learning.  

Whereas researchers suggest a role for many sensory systems, such as auditory cues 

(ultrasonic vocalizations) in the STFP (Moles & D'Amato, 2000), it is now well established that 
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developing a preference for the DEM’s food type depends on the OBS’s ability to detect the 

scent of the food mixed with carbon disulfide (a semiochemical product of digestion) found on 

the breath of the DEM (Galef, 2012A, 2012B; Galef, 1990; Galef et al., 1988; Galef & Stein, 

1985; Galef & Wigmore, 1983). Furthermore, sensitivity to carbon disulfide is highly regulated 

by the olfactory-receptor neurons that express guanylyl cyclase in the rodent olfactory epithelium 

(the GC-D receptors; Arakawa et al., 2013; Munger et al., 2010). Thus, investigating the DEM’s 

mouth area is crucial for the STFP in both rats (Galef & Stein, 1985) and mice (Valsecchi & 

Galef, 1989).  

Brain Areas Involved in the STFP. A network of brain regions have been found to 

mediate the STFP, including the frontal, piriform and orbitofrontal cortices (Ross, & 

Eichenbaum, 2006; Ross, & McGaughy, Eichenbaum, 2005; Smith, Countryman, Sahuque, & 

Colombo, 2007; Winocur, & Moscovitch, 1999), and the basal forebrain (Berger-Sweeney, 

Stearns, Frick, Beard, & Baxter, 2000).  

The subiculum and dentate gyrus of the hippocampus have also been implicated in the 

STFP (Bunsey & Eichenbaum, 1995; Clark, Broadbent, Zola, & Squire, 2002; Countryman, & 

Gold, 2007). Indeed, many studies have provided strong evidence that the hippocampus plays an 

important role in the early processing of socially acquired memories about foods (Alverez, 

Lipton, Melrose, & Eichenbaum, 2001; Bunsey & Eichenbaum, 1995). For example, rats with 

dorsal hippocampal lesions show a rapid rate of forgetting when training in the STFP 

immediately precedes surgery (Winocur, 1990). Similarly, full hippocampal lesions occurring 

shortly after learning leads to a retrograde amnesia (Clark et al., 2002). Moreover, upon 

acquiring a DEM food preference, both the dorsal and ventral regions of OBS’s hippocampus 

express the immediate early gene c-Fos (Countryman, Kaban, & Colombo, 2005).  
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While the hippocampus has been established to mediate the early stages of socially 

acquired memory processes, it may not participate in memory storage or retrieval. Instead, 

studies implicate extrahippocampal areas for the maintenance component of a socially acquired 

memory trace (Winocur, McDonald, & Moscovitch, 2001). For example, a memory for a DEM 

food obtained during a social interaction depends on a functional orbitofrontal cortex (OFC) 30 

days later, while the same socially acquired memory trace is independent of the OFC 24 hours 

after training in the STFP (Lesburgueres et al., 2011).  

Many neurochemical systems have been found to influence the STFP, including N-

methyl-D-aspartate (NMDA) receptor activity (Roberts & Shapiro, 2002), as well as downstream 

intracellular signaling, involving transcription factors such as the cyclicAMP response element 

binding protein (CREB; Countryman & Gold, 2007). In addition, the cholinergic system (Boix-

Trelis, Vale-Martinez, Guillazo-Blanch, & Marti-Nicolovius, 2007; Carballo-Márquez, Vale-

Martinez, Guillazo-Blanch, & Martí-Nicolovius, 2009; Ricceri et al., 2004), opioid system 

(Moles, Valsecchi & Cooper, 1999), vasopressin/oxytocin system (Popik & van Ree, 1993), and 

galanin system (Wrenn, Harris, Saavedra, & Jacqueline, 2003) have been found to affect the 

STFP. Our lab has also recently shown that the dopamine (DA) system can mediate the STFP 

(Choleris et al., 2011), although the brain site(s) of action remain unknown. This will be the 

objective of the present thesis.  

Dopamine and its Receptors. DA is the predominant catecholamine neurotransmitter in 

the mammalian brain, where it controls many aspects of cognition, including reward, feeding, 

and social behavior (Bednar, Carrer, Qureshi, & Sodersten, 1995; Gingrich, Liu, Cascio, Wang, 

& Insel, 2000; McFarland & Ettenberg, 1995). Although DA neurons amount to less than 1% of 

the total number of neurons in the brain (Marsden, 2006), changes in brain DA levels, or 
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functional state of DA neurons has many powerful behavioral effects. Indeed, DA is important 

for developing a behavioral tendency to re-approach stimuli in the environment that have been 

associated with rewards, and for sustaining the strength of that association once a task has been 

learned (Wise, 2004). As such, DA has been reported to mediate appetitive learning (Eyny & 

Horvitz, 2003), positive reinforcement (McFarland & Ettenberg, 1995), drug-induced place 

preferences (Spyraki, Fibiger, & Philips, 1982), and operant conditioning (Weiss et al., 2000). 

The base of the mid-brain contains many dense clusters of dopaminergic neurons. Chiefly 

important are sets of neuronal cell bodies in the ventral tegmental area (VTA) and substantia 

nigra. The group of dopaminergic neuronal projections from the substantia nigra to the caudate-

putamen (striatum) in the forebrain constitutes the nigrostriatal DA tract. The two other 

important DA systems ascend from the cell bodies in the VTA. Via the mesocortical DA 

pathway, specific DA-containing fibers from the VTA travel to the prefrontal area of the cerebral 

cortex. Some of the axons from the VTA project to many limbic structures, including the 

amygdala, septum, nucleus accumbens (NAcc), and hippocampus—comprising the mesolimbic 

DA pathway (Figures 1 and 2; Federoff, Burke, Fahn, & Fiskum, 2003; Wise, 2004; Zigmond & 

Stricker, 1972).   
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Figure 1: The nigrostriatal, mesocortical and mesolimbic pathways of the ascending DA system. Adapted 

from Nigg, 2005, pp 1429.  

 

Figure 2: The mesolimbic DA pathway. From Meyer & Quenzer, 2005, pp 125.  

 

There are five primary DA receptors (D1, D2, D3, D4, D5), with D1 and D5 grouped in 

the D1-type subfamily of receptors, and D2, D3 and D4 in the D2-type subfamily of receptors. 

D1- and D2-type receptors have opposing effects on the second messenger cyclic adenosine 
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monophosphate (cAMP). Activating D1-type receptors increases DA synthesis, via stimulation 

of the enzyme adenylyl cyclase, whereas activation of D2-type receptors reduces DA synthesis, 

through the inhibition of adenylyl cyclase. These effects work through either stimulative G-

proteins for D1-type receptors, or inhibitory G-proteins for D2-type receptors found on the 

postsynaptic cell membrane (Beaulieu & Gainetdinov, 2011).  

Autoradiographic localization studies in rats and mice reveal that both D1- and D2-type 

receptors are localized highest in the basal ganglia and associated areas such as the caudate 

putamen, NAcc, and substantia nigra, with moderate densities observed in the globus pallidus. 

Very few to non-detectable amounts of D1- and D2-type receptors are found in areas such as the 

thalamus and hypothalamus. In addition, very few D1-type receptors are found in the olfactory 

bulb, and very low densities of D2-type receptors are observed in the amygdala and cerebral 

cortex (Camps, Kelly & Palacios, 1990).  

In the hippocampus of mice, both D1- and D2-type receptors are found within the cornu 

ammonis 1 (CA1)-cornu ammonis 3 (CA3) sub-region (Boyson, McGonigle, & Molinoff, 1986; 

Camps et al., 1990; Dubois, Savasta, Curet, & Scatton, 1986; Richfield, Young, & Penney, 

1987). Indeed, the dorsal hippocampus contains the greatest concentration of hippocampal DA 

(Ishikawa, Ott, & McGaugh, 1982; Packard & White, 1991). Studies further suggest that D1-type 

receptors have primarily post-synaptic actions (Gangarossa et al., 2011), whereas D2-type 

receptors have both pre- and post-synaptic functions within the mouse hippocampus (Anzalone 

et al, 2012; Bello et al, 2011; Bonci & Hopf, 2005; Rocchetti et al, 2014).  

Dopamine and Social Behavior. The dopaminergic system is highly involved in many 

socially relevant functions. Indeed, studies suggest that optimal levels of DA activity are needed 

for normal social behavior (Miczek, et al 2002). For example, a single aggressive episode 
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(Ferrari, Van Erp, Tornatzky & Miczek, 2003) or social defeat (Tidey & Miczek, 1996) leads to 

increased DA release in male rats. Pharmacologically increasing DA levels in mice alters social 

interaction time (Niijima-Yaotia et al., 2013), and mediates specific forms of social reactivity 

(e.g., escape, jump) in animals with high motor activity (Gendreau, Gariepy, Petitto, & Lewis, 

1997). Additionally, pharmacologically lowering DA levels in male mice decreases defensive 

behaviors, increases social investigation in repeatedly defeated subjects (Puglisi-Allegra & 

Cabib, 1988), and reduces aggression in dominant conspecifics (de Almeida, Ferrari, Parmigiani, 

& Miczek, 2005). Moreover, decreasing DA receptor activity levels with a DA antagonist blocks 

the formation of a partner preference in mating prairie voles (Gingrich et al., 2000), and disrupts 

maternal care and the retention of maternal behavior in rats (Byrnes, Rigero & Bridges, 2002).  

Dopamine and STFP. A systemic study done by Choleris et al., 2011 investigating the 

role of DA in the STFP with intact female mice found that while antagonizing D1-type receptors 

with SCH23390 dose-dependently blocked the socially acquired food preference, inhibiting D2-

type receptors with Raclopride had no effect on social learning. Moreover, the impairing effects 

of D1-type receptor blockade were not driven by a reduced exposure to the socially carried food 

odor, since oronasal investigation was not reduced by the effective doses during the DEM-OBS 

social interactions. The social learning deficit caused by SCH23390 was also not due to a 

sensory discrimination impairment, as a habituation/dishabituation paradigm revealed that mice 

could still distinguish between the two foods used in the social learning test. Thus, social 

learning in the STFP is mediated by D1-type receptors. Choleris and colleagues also reported 

that blocking D1-type receptors had no effect on the OBS’s total food consumption; on the other 

hand, blocking D2-type receptors considerably reduced it. Therefore, feeding in the STFP is 

mediated by D2-type receptors (Choleris et al., 2011).  
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    Moreover, Choleris et al., 2011 found that while both drugs reduced the overall activity 

of OBS mice, their motivation to interact with the DEM was unaffected by either drug. There 

were, however, differences in the specific behaviors affected by each drug during the social 

interactions. For example, blocking D2-type receptors influenced both social and non-social 

aspects of behavior, whereas blocking D1-type receptors mainly affected non-social behaviors. 

Specifically, blocking D2-type receptors, resulted in an overall increase in solitary inactivity, as 

well as reduced social investigation (oronasal and body investigation), and decreased OBS 

dominance scores over their respective DEM, which was partially attributed to the reduced 

agonistic related behaviors delivered by OBS’s (Choleris et al., 2011). While blocking D1-type 

receptors also increased solitary inactivity, it had no influence on total social behaviors, total 

agonistic interactions with the DEM, or OBS dominance hierarchies. Choleris et al. therefore 

suggested that the impairing effects observed by D1-type inhibition on social learning were due 

to alterations in learning mechanisms, rather than to changes in the drive to socially engage the 

other animal (Choleris et al., 2011). 

The DA transporter (DAT)—a protein found on the membrane of the synaptic vesicle, is 

responsible for the reuptake of DA from the synapse. DA is then either repackaged into the 

synaptic vesicle, or broken down by various enzymes. Consequently, DA transporter knockout 

mice (DAT KO), that have had their DAT genetically removed, have elevated extracellular DA 

levels (Giros, Jaber, Jones, Wightman & Caron, 1996). Consequently, the postsynaptic receptors 

are exposed to excessive amounts of DA, which produces an activating (stereotypic and 

hyperactive) effect on the animal’s behavior (Giros et al., 1996; Jones et al., 1998, 1999).  

Cognitively, DAT KO mice display deficits in spatial learning, working memory, and 

discriminative abilities (Dzirasa et al., 2009; Li, Arime, Hall, Uhl, & Sora, 2010; Morice et al., 
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2007; Pogorelov, Rodriguiz, Insco, Caron, & Wetsel, 2005; Rodriguiz, Chu, Caron, & Wetsel, 

2004), however, studies investigating social learning via the STFP with these mice have reported 

conflicting results. For instance, Rodriguiz and colleagues found that while there were no 

differences in the total amounts of food consumed, or olfactory recognition abilities of DAT KO 

and wild type (WT) control mice, the DAT KO mice had a greater preference for the non-DEM 

food type (Rodriguiz et al., 2004). This social learning reversal may be directly related to other 

behavioral aberrations these mice display. For example, its possible that since DAT KO mice 

exhibit increased social contact and heightened aggressive responses towards unfamiliar 

conspecifics, and form less stable group hierarchies than WT controls, this could have led to a 

negative association with, and possible aversion to, the DEM’s food type (see Choleris et al., 

1998; Rodriguiz, et al 2004). 

A more recent study done by Wong et al., also investigating the STFP in DAT KO mice, 

found that while both DAT KO and WT control mice had similar levels of food intake, the DAT 

KO mice demonstrated no preference for either the DEM or non-DEM diet when compared to 

WT controls (Wong et al., 2012). Moreover, the authors proposed that this social learning 

impairment may have been partially due to the reduced D1- and D2-type receptor expression 

exhibited in these mice (El-Ghundi et al., 1999; Fauchey, Jaber, Caron, Bloch & Moine, 2000; 

Giros et al., 1996; Jones et al., 1998). Taken together, these results suggest a strong role for the 

DAT and the DA receptors in social learning in the STFP, even though the specific brain 

region(s) of this DA action remains to be determined.  

Hippocampal Dopamine and Learning. Several studies have implicated dorsal 

hippocampal DA receptors in learning and memory. For instance, with regards to spatial 

learning, blocking D1-type receptors in the CA1 produces a delay-dependent impairment in the 
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Morris water maze, although blocking such receptors appears to have no effect on already-

established memories in rats (O' Carroll et al., 2006). Furthermore, while activating hippocampal 

D1-type receptors seems to be necessary for the acquisition of episodic-like long-term memories 

involving novel paired associates between specific food flavors and locations in space, blocking 

D1-type receptors does not influence early (previously established) memories of such paired 

associates (Bethus, Tse, & Morris, 2010). Moreover, post-training intra-CA1 infusions of either 

D1- or D2-type agonists improves working memory retention in the radial arm maze (Packard & 

White, 1991). Thus, hippocampal DA is highly involved in the establishment/acquisition of 

spatial memories, though may play a more limited role on already formed spatial memories.  

   Dorsal hippocampal DA also plays a role in non-spatial forms of learning. For example, 

infusing a D1-type receptor agonist into the dorsal hippocampus during a late memory 

consolidation phase enhances the retention of a step-down inhibitory avoidance task in rats 

(Bernabeu et al., 1997). On the other hand, blocking D1-type receptors post-training (early 

consolidation) results in a full retrograde amnesia in the same task (Bernabeu et al., 1997). 

Furthermore, blocking D1- but not D2-type receptors (pre-training) suppresses the learning of a 

single-trial passive avoidance task in mice (Rezayof, Motevasseli, Rassouli, & Zarrindast, 2007). 

Although these studies are suggestive that hippocampal DA can influence the acquisition and 

expression of recent non-spatial learning and memory, the exact role of dorsal hippocampal DA 

on memories of a socially acquired food preference has not been addressed. 

Dorsal Hippocampal Dopamine Effects on Learning and Memory. Researchers find that a 

VTA/hippocampus DA loop is activated after encountering novel stimuli, during motivationally 

relevant events, and gates the encoding of relevant information (Lisman & Grace, 2005). These 

VTA/hippocampal connections then culminate in memory formation, and maintenance/storage 
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(Rossato et al., 2009), through D1-type receptor signaling in the CA1 (Alverez, Lipton, Melrose, 

& Eichenbaum, 2001; Otmakhova & Lisman, 1996). Neuroimaging research conducted on 

human brains also corroborates the VTA/hippocampal-dependent encoding of novel information 

work done on rodents (Adcock et al., 2006; Wittmann et al., 2005).   

DA has a profound influence on the formation of learned behaviors through long-term 

potentiation (LTP) processes in the CA1 (Huang & Kandel, 2006; Lismann & Otmakhova, 2001; 

Swanson-Park et al., 1999). Indeed, in vitro studies investigating CA1 synapses find that both 

early-LTP (E-LTP; Otmakhova & Lisman, 1996) and late-LTP (L-LTP; Frey, Matthies, 

Reymann & Matthies, 1991; Huang & Kandel, 1995) are decreased, or entirely blocked 

(Swanson-Park et al., 1999) by antagonizing D1-type receptors, while D1-type receptor agonists 

lead to a strengthened E-LTP (Otmakhova & Lisman, 1996). 

The D2-type receptors, on the other hand, have been reported as less crucial for 

hippocampus-dependent learning processes, both at the memory formation (behavioral) and 

synaptic plasticity (mechanistic) levels (Kulla & Manahan-Vaughan, 2003; Xing et al., 2010). 

Although the effects of hippocampal DA on neuronal plasticity and memory formation appears 

to be mainly facilitated by D1-type receptors (O’Carroll et al., 2006; Jay, 2003), it remains 

unclear whether the inactivation of such receptors in the dorsal hippocampus is what mediated 

the systemic impairing effects on social learning found by Choleris et al., 2011.  

Dopamine and Feeding. DA plays an important role in feeding and food-seeking 

behaviors (Ball et al., 2011; Sun & Rebec, 2005), as well as in the development of food 

preferences, both socially (Choleris et al., 2011) and individually acquired (Sclafani, Touzani, & 

Bodnar, 2011). For example, genetic studies show that double-KO mice that have had both their 

D1 and D2 receptors deleted appear normal at birth, but by weaning age, they show signs of 
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reduced growth, likely due to reduced consumption, among other factors. Often, these mice also 

do not make it to adulthood if their normally dry standard laboratory food isn’t moistened for 

greater palatability (Kobayashi et al., 2004). Conversely, DA transporter knockdown (DAT KD) 

mice, that have higher levels of synaptic DA, consume more food than WT controls (Pecina, 

Cagniard, Berridge, Aldridge & Zhuang, 2003).  

   DA’s role in feeding behavior is complex, as pharmacological studies show, both 

agonists and antagonists of DA receptors influence food intake in rodents. For example, D1- or 

D2-type agonists inhibit the intake of a highly palatable sucrose diet (Bednar et al., 1995), 

powdered chow (Rusk & Cooper, 1989) and standard laboratory food (Rusk & Cooper, 1988), 

and treatment with a D1- or D2-type antagonist can reverse this inhibition (Bednar, et al., 1995). 

On the other hand, studies find a specific inhibitory role for D2- (and not D1-) type receptor 

antagonists administered alone on food intake (Choleris et al., 2011; Clifton, Rusk & Cooper, 

1991; Duarte et al., 2003; Heffner, Zigmond & Stricker, 1977; Rusk & Cooper, 1994).  

Blocking D1-type receptors also lowers a mouse’s motivation to work for a palatable 

food diet, but has no influence on their home-cage food intake of either regular rodent chow or 

sucrose (Salamone et al., 1997, 2001, 2007). Moreover, there is greater extracellular DA release 

in the NAcc and prefrontal cortex (PFC) of rats fed a novel palatable food diet, when they are 

normally maintained on standard chow (Bassareo & Di Chiara, 1997). However, rats with 

previous exposure (Bassareo & Di Chiara, 1997) or ad libitum access (Rada et al., 2005) to a 

palatable food show significantly lower levels of DA release in the NAcc compared to naïve 

controls. Studies also show that rats that have intermittent or ad libitum access to the less 

palatable chow do not show enhanced DA release when compared to baseline levels (Rada et al., 

2005). Such results point to a lower involvement of DA in feeding on regular rodent chow, as 
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compared to a more palatable food source, which is consistent with a role in food preferences, 

more than on eating per se.   

Different DA receptors appear to mediate contrasting effects on food preferences. For 

instance, injecting a D1-type agonist enhances the preference for a highly palatable food source 

over regular rodent chow, whereas administering a D2-type agonist eliminates this effect 

(Cooper & Al-Naser, 2006). Although both D1- and D2-type antagonists can block the 

preference for a novel flavor paired with sucrose (Yu et al., 2000; Baker et al., 2003), a D1-type 

receptor antagonist attenuates the expression of a previously acquired fructose preference, to a 

somewhat greater extent than a D2-type receptor antagonist (Baker et al., 2003). Others have 

also found that systemic inhibition of D1-type, but not D2-type receptors blocks flavor 

preference conditioning by intragastric sugar infusions in rats (Sclafani, Touzani, & Bodnar, 

2011). Collectively, these and other results (see Sclafani et al., 2011 for a review) provide 

evidence that under certain circumstances, the effects of D1- and D2-type receptors on food 

preferences are functionally dissociable, where D1-type receptors may play a greater role in the 

acquisition of an individually and socially (Choleris et al., 2011) acquired food preference than 

D2-type receptors.  

The question of where in the brain DA is required for feeding, and how it modulates 

complex learned behaviors about foods continues to be debated (Salamone & Correa, 2013). 

However, various studies provide strong support for the involvement of the DA reward circuits 

in response to stimuli associated with food intake. For example, microinjections of a D1-type 

antagonist into the NAcc, amygdala, medial prefrontal cortex (mPFC), or lateral hypothalamus 

blocks or significantly attenuates the acquisition of a flavor preference in rats (Sclafani, et al., 

2011). However, because feeding entails a complex pattern of changes in the brain that involves 
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both reward and cognitive processes (Salamone et al., 2007; Ungerstedt et al., 1971), other brain 

areas, which may not be explicitly associated with reward, are also involved in feeding, and food-

seeking behaviors.   

Hippocampus and Feeding Behaviors. The hippocampus is not only involved in learning 

and memory processes, but also plays a central role in eating behaviors. Recalling where food is 

located in the environment, remembering paired associations with specific foods, and 

recognizing hunger and being able to recall how to reduce that internal state are all influenced by 

the hippocampus (Davidson, et al., 2009; McNay, 2007). For example, hippocampal lesions in 

male rats impair their ability to distinguish between satiety and hunger (Davidson, et al., 2009). 

Moreover, in female rats, hippocampal lesions (among other factors) produce marked weight 

gains (Forloni, Fisone, Guaitani, Ladiksky & Consola, 1986). Also, in human brain-imaging 

studies, there is hippocampal activation to tasting different foods, hunger, craving, and 

previously conditioned food-cues (Haase, Cerf-Ducastel, & Murphy, 2009). Imaging studies also 

show that the hippocampus is hyperactivated when obese, but not lean subjects, are presented 

with food stimuli (Bragulat et al., 2010). Moreover, the above-mentioned hippocampal 

involvement on consumption is consistent with the presence of neurochemicals known to affect 

eating, as this region shows high levels of ghrelin, insulin, glucocorticoid, and cannabinoid 

receptor expression (Massa et al., 2010; McNay, 2007). 

DA in the hippocampus has also been implicated in feeding and food preferences. For 

example, genetically modified obese mice overexpressing ADAR2, the Ribonucleic acid (RNA) 

editing enzyme Adenosine Deaminase, show a food preference for diets with a higher fat 

concentration, display greater levels of food intake, but more importantly, also have increased 

D1 and D2 messenger Ribonucleic acid (mRNA) expression, and exhibit increased levels of 
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glucose metabolism in right (but not left) hippocampal tissue (Akubuiro et al., 2013). 

Furthermore, a study measuring DA release in the hippocampus using microdialysis in a rat 

model of Alzheimer's disease found that, through a decline in hippocampal DA levels, 

consuming a soft-diet led to an impairment in aversion learning (Kushida et al., 2008). Other 

microdialysis studies also find that rats with neonatal ventral hippocampal lesions (NVHL) have 

altered DA release in the mPFC, and their food consumption behaviors, and satiety levels, are 

different than normal rats. Specifically, their DA levels stay high after the end of a feeding 

period, a time where DA levels normally decline as satiety ensues. Moreover, they have a slower 

onset of satiety, and their reinstatement to eat, as normally produced by the presentation of a new 

food, did not occur in NVHL rats (Macedo et al., 2012). Together, these studies suggest a 

distinctive importance for hippocampal DA in the regulation of feeding behavior. Whether or not 

this extends to the social acquisition of food preferences is still an open question.  

Dopamine and Gonadal Steroids. Strong evidence indicates that estrogens enhance DA 

synthesis, release, and modify basal firing rates of DA neurons (Xiao & Becker, 1994; Pasqualini 

et al., 1995; Becker, 1990a, 2000). Estrogens have also been found to influence synaptic 

plasticity in the hippocampus (Phan, Lancaster, Armstrong, MacLusky, & Choleris, 2011). For 

example, ovariectomy decreases, while estrogen replacement restores the number of dendritic 

spines in the CA1 of females (Woolley & McEwen, 1993). These structural changes also 

fluctuate during the natural estrous cycle (Thompson & Moss, 1997; Woolley & McEwen, 1992).  

Additionally, altering brain DA activity during development can activate estrogen 

receptors (ER) to regulate gene expression, and can have enduring effects on social behavior 

(Olesen et al., 2005). ERs have also been implicated in social learning. For example, ER-α has 

been found to block, while ER-β prolongs the preference for a DEM food in female mice 



	   17 

(Clipperton et al., 2008). Moreover, whereas Choleris et al., 2011 found no effect of the estrous 

cycle on feeding behavior, and no interaction between D1-type receptor blockade and the estrous 

cycle on social learning, the pooled untreated female mice from the two systemic studies that 

were in proestrus showed a food preference that was twice as long as females that were either in 

estrus or diestrus (Choleris et al., 2011). Consistent with this, Sanchez-Andrade et al., 2005 

found that only female mice that were in proestrus during a social interaction with the DEM 

showed an enhanced food preference, when tested 24 hours later. Postpartum females with high 

estrogen levels also display a stronger food preference in the STFP than virgin female rats 

(Fleming et al., 1994). 

   Androgens also affect DA activity in the hippocampus of males. For example, after 

chronic stanozolol treatment, an anabolic androgenic steroid, DA levels are increased in the 

hippocampus (Tucci, et al., 2012). Furthermore, nandrolone decanoate administration, another 

anabolic steroid, decreases D1 receptor mRNA expression in the hippocampus of male rats 

(Birgner et al., 2008). Pre-treatment of the same androgenic steroid also blocks an amphetamine-

induced effect on hippocampal DOPAC (3,4-dihydrophenylacteic acid)/DA ratios, where 

DOPAC is a metabolite of DA (Birgner et al., 2006). Though, many of these effects may be due 

to the aromatization of testosterone to estradiol (Maclusky, Walters, Clark & Toran-Allerand, 

1994).  

While evidence for a gonadal steroid–DA link exists in rodents, no study has examined 

whether gonadal steroids interact with hippocampal DA receptors in the STFP. 
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Objectives 

The purpose of this thesis was to determine whether D1-type receptors in the CA1 of the 

hippocampus mediate social learning in the STFP. We hypothesized that the DA projections to 

the hippocampus would mediate dopaminergic influences on social learning via D1-type 

receptors. Specifically, we predicted (in line with the systemic results of Choleris et al., 2011) 

that inhibiting D1-type receptors in the CA1 with the DA D1-type receptor antagonist, 

SCH23390, would block social learning in the STFP, without affecting feeding behavior, or the 

ability of mice to discriminate between the differently flavored diets used in the social learning 

test (Choleris et al., 2011).  

In view of the known regulation of the dopaminergic system by the sex hormones 

(Thompson & Moss, 1997), and the participation of estrogens in social learning (Clipperton et al, 

2008), our investigation may also highlight possible sex differences in social learning, and 

dopaminergic action, in male and female responses to environmental stimuli of a social nature. 

We hypothesize that gonadal steroids will interact with DA in mediating sex differences in social 

learning and social interactions. Our prediction is that blocking D1-type receptors might have 

different effects on gonadally intact males and females in the STFP, where we propose that due 

to the known neuroprotective effects of estrogens/progesterone (see Brann et al., 2007; Wise et 

al., 2005), females will be generally less vulnerable to dopaminergic manipulations than males. 

   To test this, we administered SCH23390 directly into the CA1 of the dorsal hippocampus 

of adult male and female mice prior to socially learning the food preference. We also performed 

a full ethological assessment on the social interactions, and monitored the female estrous cycle 

throughout the experiment. We predict that females in proestrus (high estrogen/progesterone 
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levels) will display a food preference for a longer period of time than females either in estrus or 

diestrus (Choleris et al., 2011; Sanchez-Andrade et al., 2005).  

 Our examination of the role that hippocampal DA receptors play in the initial processing 

and subsequent storage of socially-acquired information may elucidate one likely brain site of 

dopaminergic involvement in social learning.  
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MATERIALS AND METHODS 

Animals 

Experimentally naïve, 2 to 3 month old, CD-1 male and female mice (Mus musculus) 

were used (Charles Rivers, St. Constant, QC, Canada). Same-sex conspecifics were initially 

triple housed in clear polyethylene cages (26 x 16 x 12 cm3), with environmental enrichment 

(paper nesting material, plastic houses), corncob bedding, and ad libitum access to rodent chow 

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

were later double housed for the STFP (with a same sex conspecific), or singly housed for the 

olfactory discrimination task under the same conditions. Animals were on a reversed 12:12h 

light/dark cycle with lights off at 08:00 hours. The colony room temperature was set at 21 ± 1 

°C, with 40 – 50% humidity. All mice were given at least 1 week to adjust to the colony room 

before experimental procedures. All procedures were approved by the University of Guelph 

Institutional Animal Care and Use Committee, and were in accordance with the guidelines of the 

Canadian Council on Animal Care. 

Surgery 

In the STFP, male DEMs were castrated, and female DEMs were ovariectomized. This 

was done to ensure that any OBS learning effects were not due to the hormonal status of the 

DEM. DEM’s were also reused (approximately 9 – 14 times) throughout testing in the STFP. All 

OBS’s in the STFP, which were experimentally naïve, were implanted with bilateral cannulae, 

but left gonadally intact to investigate any possible effects of hormonal status on social learning 

(see Choleris et al, 2011; Clipperton et al, 2008; Sanchez-Andrade et al, 2005). All mice in the 

olfactory discrimination task were also implanted with bilateral cannulae, but left gonadally 

intact.  



	   21 

For all surgical procedures, mice received a subcutaneous (s.c.) injection of the 

analgesic/anti-inflammatory carprofen at 50mg/kg (Rimadyl, Pfizer Canada Inc, Kirkland, QC, 

Canada) thirty minutes before being anaesthetized with isoflurane (Benson Medical Industries, 

Markham, ON). All mice were also administered 2-3 drops of a local anaesthetic—a mix of 

0.67% lidocaine (Alveda Pharmaceuticals, Toronto, ON, Canada) and 0.17% bupivacaine 

(Hospira, Inc., Montreal, QC, Canada) on the incision site. Post-surgery, mice were given a 

0.5mL intraperitoneal (i.p.) injection of warm saline solution (0.9% NaCl) for rehydration. For 

ovariectomies and castrations, wounds were closed with MikRon Autoclip 9mm wound clips 

(MikRon Precision Inc., Gardena, CA). After all surgical procedures, mice were singly housed in 

a clean cage for at least 7 days of recovery before being pair housed with a same-sex conspecific 

in the STFP, or testing in the olfactory discrimination task. 

Ovariectomy Surgery 

Adult DEM females were ovariectomized as previously described in Clipperton-Allen et 

al., 2011A. Briefly, the fur on the lower back of anaesthetized females was shaved and cleaned. 

A small dorsal incision (2cm) was then made on the skin. Next, two smaller bilateral lumbar 

incisions (1cm each) were made on the muscles overlying the ovaries. One at a time, the ovaries 

were then pulled out, the fallopian tubes were clamped, the ovaries were excised, and the skin 

incision site was stapled with 1-2 wound clips (see above).  

Castration Surgery 

Anesthetized male DEMs received a ventral midline incision in the scrotum (1cm) after 

being shaved and cleaned. The skin was retracted back to expose the tunica, which was then 

pierced laterally on both sides (0.5cm). Testes were then pulled out, one at a time, and the 

spermatic cord of each gonad was ligated with sterile hemostatic clamps, and the testes were 
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removed. All blood vessels and tubules were then tucked back into the tunica, and the scrotum 

was stapled with 1-2 wound clips (see above). 

Cannulation Surgery 

The skin on the dorsal surface of the skull of anesthetized mice was excised, and the 

overlying skull membrane was removed using 3% hydrogen peroxide (H2O2) in saline solution 

(0.9% NaCl). Two holes were then drilled in the skull, and a 26 gauge bilateral guide cannulae 

(Plastics One, HRS Scientific, Anjou, QC, Canada) was implanted using a stereotaxic frame with 

atraumatic ear bars (David Kopf instruments, CA). Guides were implanted into the CA1 of the 

hippocampus with respect to Bregma (flat skull position; AP= -1.7 mm; Lat. = 1.5 mm; DV 

(below the skull surface) = -1.3 mm). Coordinates were based on the anatomical location of the 

anterior dorsal hippocampus in the mouse brain (Paxinos & Franklin 2001). Jewellers screws 

(1.6mm; Plastics One, HRS Scientific, Anjou, QC, Canada) were then inserted into three more 

holes that were drilled around the guide cannulae in a triangular shape. Dental cement (Central 

Dental Ltd, Scarborough, ON, Canada) was used to form a headcap to hold the guide cannulae in 

place, and fixed to the screws on the skull. Finally, dummy cannulae (Plastics One, HRS 

Scientific, Anjou, QC, Canada), that were flush with the guide cannulae, were inserted to 

decrease the risk of infection or cannulae blockage. Injectors (Plastics One, HRS Scientific, 

Anjou, QC, Canada) extended 1mm below the guide cannulae, making the final dorsal/ventral 

location 2.3mm below the skull surface.  

Materials 

 During the three-day pair-housing period in the STFP, same-sex conspecifics were 

separated using custom made 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). On the day of 
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testing in the STFP, DEM’s were moved into clean polyethylene cages (26 x 16 x 12 cm3), and 

allowed to eat from 5cm high, 7.5cm wide glass jars (Dyets, Bethlehem, PA). All jars were fitted 

with collared stainless steel lids with a hole that was 2.5cm in diameter. A perforated stainless 

steel ring also sat over the powdered food to prevent spillage and allow for accurate 

measurements. Clear Plexiglas lids with air holes were used for all social interactions in the 

STFP and phases in the olfactory discrimination task, to allow recording from above using an 

8mm Sony Handycam Nightshot camera (Cambridge, ON, Canada). OBS choice testing in the 

STFP took place in polyethylene cages (42.5 x 26.5 x 18.5cm3) that had stainless steel wire lids 

with ad libitum access to water. Each cage used for the OBS choice test also had two openings 

(11cm high, 8cm wide) that led to two separate feeding trays (Tecniplast, Varese, Italy; 

described in detail in Valsecchi & Galef, 1989). Entrances into the feeding trays were 2 cm apart. 

Each tray contained two stainless steel tunnels (4.5 x 2.5 x 2.5cm3) that protruded outwards from 

the cage. At the end of each tunnel was a small hole that was 1.5cm long and 1.3cm wide that 

allowed mice access to the foods. The foods were located in a small Plexiglas container (4.5 x 5 

x 3.6cm3) that clipped onto the steel tunnels. Food was placed in the back compartment of the 

Plexiglas containers, with a small area in the front for spillage collection. All food containers, 

and DEM feeding jars, were weighed on a scale accurate to 0.01g (Sartorius Analytical Balance, 

Sartorius Inc., United Kingdom). For olfactory exposure to the foods in the olfactory 

discrimination task, 5.5cm glass mason jars (6.5cm diameter) were fitted with stainless steel 

screw-on lids (7cm diameter) with a 0.5cm mesh grid (5.5cm diameter) to allow for olfactory 

inspection while preventing mice from actually ingesting the powdered food. Clear Tupperware 

lids (16.5 x 1 x 12 cm3) in the olfactory discrimination task were also used to confine mice on the 

side of the home cage (13 x 16 x 12 cm3) with the jars. All materials/equipments were washed 
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with odorless detergent (Alconox) and baking soda, and paper towel and air dried throughout 

testing to remove odor cues. 

Flavored Diets 

Ground rodent chow mixed with either 1% ground cinnamon (CIN; McCormick Ground 

Cinnamon, McCormick Canada, London, Canada), or 2% ground cocoa (COC; Fry’s Premium 

Cocoa, Cadbury, Mississauga, Canada) was used in the STFP and olfactory discrimination task. 

Previous work in our lab (Choleris et al, 2011; Clipperton et al, 2008) using CD-1 mice ordered 

from Charles Rivers (St. Constant, QC, Canada) suggests that the two foods are equally 

palatable, metabolically similar, and have physical characteristics that are alike.  

Drugs 

Mice were intrahippocampally infused with saline solution (0.9% NaCl), or the D1-type 

antagonist SCH23390 hydrochloride (Hyttel, 1983; Tocris Biosciences, Ellisville, MO) dissolved 

in saline solution (0.9% NaCl). 

Experimental Procedures 

STFP Paradigm 

OBS mice were first pair-housed with a same-sex DEM conspecific for at least 3 days 

before testing. To prevent mice from chewing off the dental cement headcaps, though still allow 

sensory contact and familiarization, perforated steel cage dividers that separated the home cage 

lengthwise into two compartments were used. The side of the cage the OBS mice were placed 

(left or right) was counterbalanced for each sex and treatment. The evening before testing (12-14 

hours), all mice were food deprived, and moved into the experimental room. On the morning of 

testing (early in their dark active phase) half the DEM’s (for each sex) were allowed to consume 

CIN, and the other half were allowed to consume COC for 1 hour in a clean cage. DEM’s were 
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then placed back into their home cages, and left to interact with their respective OBS for 30 

minutes, undisturbed (with no cage divider). Directly following the social interaction, OBS’s 

were moved into choice test cages where they had continuous access to a choice between CIN 

and COC for 8 hours. Feeders were weighed at 1, 2, 4, 6 and 8 hours into testing. 

Fifteen minutes before the social interaction (where social learning occurs), four groups 

of OBS mice received an intra-CA1 infusion of SCH23390 (at 1, 2, 4 or 6 µg/µL). One 

additional group of OBS mice received saline solution (0.9% NaCl) to serve as a control (see 

Figure 3). Using a microinfusion pump (PHD 2000 injector, Harvard Apparatus, QC, Canada), 

mice received 0.5µL (per hemisphere) of SCH23390 or saline solution at a flow rate of 

0.2µL/min. Injectors were left in place for one additional minute afterwards to prevent back-

flow. Males and females were tested on the same day, and the order of drug treatment was 

counterbalanced throughout the experiment (and for each sex). The time delay (between infusion 

and the social interaction), and doses used were based on intra-CA1 mouse behavioral learning 

studies using SCH23390 (doses: Granado et al, 2008; Rezayof et al, 2007; Swant et al, 2010; 

Zarrindast et al, 2010; timing: Houghoghi et al, 2009; Nesehi et al, 2011; Rezayof et al, 2007; 

Zarrindast et al, 2010). Only OBS’s whose respective DEM ate at least 0.1g of food were tested 

(n = 7 overall were removed; see Figures 19 and 20 for final sample sizes). All social interactions 

were video recorded under infrared light, and later scored with The Observer Video software 

(Noldus Information Technology, Wageningen, Netherlands) by a trained investigator blind to 

the OBS’s treatment condition. Only the OBS’s behaviors were scored. We assessed social 

behavioral elements (see Table 1) such as social investigation (sniffing the DEMs mouth area, 

body or anogenital region), anxiety type behaviors (such as stretched approaches directed toward 

the DEM; Blanchard et al, 1993; Choleris et al, 2003; Clipperton et al, 2008), solitary behaviors 
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such as vertical and horizontal exploration that do not involve the DEM, active solitary behaviors 

(such as self-grooming or digging in the bedding) and non-active social and solitary behaviors 

(such as sitting together or sleeping alone, respectively). Grouped variables were also calculated 

from the OBS’s individual behaviors (see Table 2) to assess any changes in overall activity 

levels, the social hierarchy between the interacting mice, overall motivation to interact with the 

DEM, and whether the social interactions were affiliative or aggressive.  

 

Figure 3: Timeline of the social transmission of food preferences experiment. OBS female and male mice 

received either an intra-CA1 infusion of the D1-type antagonist, SCH23390, at 1, 2, 4 or 6 µg/µL, or 

saline solution, 15 minutes prior to a 30 minute social interaction with a gonadectomized same-sex DEM 

conspecific who consumed either CIN or COC. OBS mice were then given an 8 hour choice test where 

they had access to both CIN and COC.  

 

Olfactory Discrimination Task 

Single housed mice were moved into the experimental room, and food deprived the 

evening before testing (12-14 hours) to mimic the STFP protocol. To determine whether the 

social learning effects of SCH23390 could be explained by changes in olfactory discrimination 

between the CIN and COC diets, mice were administered five consecutive trials (four habituation 

trials and one test trial) in their home cage. The habituation trials consisted of presenting mice 

with two mason jars containing the same food type (either two jars with CIN or two jars with 
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COC). In the test trial, one of the previously presented (familiar foods) was switched for a novel 

food. Each jar contained approximately 1 tablespoon (15 g) of flavored ground rodent chow. 

Each trial was five minutes long, with approximately one minute in-between, the amount of time 

it took to replace previously encountered jars with clean jars containing fresh foods.  

The following was counterbalanced for each sex and treatment: During habituation, the 

side of the cage the jars were placed (front or back) and food type (COC or CIN); during test, the 

side the novel food was placed (left or right).   

Jars were turned on their sides so that the mesh lids faced the mice directly. Plastic 

Tupperware lids were also inserted into their home cages crosswise during testing to confine the 

mice to the side of the cage that contained the jars. Trained investigators quietly standing 

approximately 1 meter away from the cage used two stopwatches to measure investigation time 

(duration). Investigation was defined as the time spent sniffing (within ~ 1-2mm and nose 

twitching; Galef, 2013) the mesh portion of the jar (where the food odor was present).  

Fifteen minutes prior to testing, mice received either an intra-CA1 infusion of SCH23390 

at 6 µg/µl (n = 23) or saline solution (0.9% NaCl; n = 21), under the same microinfusion 

parameters as the STFP (see above). This dose of SCH23390 was tested because it was the 

highest of the doses that impaired social learning. Males and females were tested on the same 

day, and the order of drug treatment was counterbalanced throughout the experiment (see Figure 

4).  
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Figure 4: Timeline of the olfactory discrimination task. Female and male mice received either an intra-

CA1 infusion of the D1-type antagonist, SCH23390, at 6 µg/µL, or saline solution, 15 minutes prior to 

four habituation sessions (T1 – T4) and one test session (T5). During the four habituation sessions, mice 

had olfactory exposure to either CIN or COC. At test, mice were exposed to both CIN and COC.  

 

Estrous Phase Determination 

Vaginal smears were taken directly after testing from OBS females in the STFP, and all 

females in the olfactory discrimination task to determine whether the phases of the estrous cycle 

interacted with drug treatment to influence learning. Female DEM vaginal smears from the STFP 

were also taken to verify that the ovariectomy surgery was complete (see Oksjoki, et al 1999). To 

do this, cotton tipped swabs were wetted with saline solution (0.9% NaCl; ambient temperature), 

gently inserted into the vagina of restrained females, and lightly turned and rolled against the 

vaginal wall. Cells were then transferred onto clean microscope slides, which were stained with 

Giemsa (at least 24 hours later after being left to air dry; Sigma-Aldrich, Oakville, ON, Canada), 

and viewed under x100 magnification with a light microscope. Proestrus was defined by many 

nucleated epithelial cells, and few to no leukocytes or cornified epithelial cells. Estrus consisted 

of many cornified epithelial cells, with some occasional nucleated epithelial cells. Diestrus was 

identified by many leukocytes, with some infrequent nucleated or cornified epithelial cells 
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(Byers et al, 2012; Caligioni, 2009; Clipperton et al, 2008). Due to the accidental loss of 5 

estrous slides in the STFP (n = 1 for saline; n = 2 for SCH23390 at 1 µg/µL; n = 2 for SCH23390 

at 2 µg/µL), there was a reduction in the number of females in each treatment group.  

Histology 

After behavioral testing in both the STFP and olfactory discrimination task, all 

cannulated mice received an intra-CA1 infusion of 1% Chicago blue dye in phosphate buffered 

saline (PBS), under the same microinfusion parameters as behavioral testing (see above). Brains 

were extracted approximately 45 minutes after dye infusion (corresponding to the time point at 

which OBS mice were placed into choice testing in the STFP), postfixed in 4% 

paraformaldehyde for 1.5 to 2 weeks at 4°C, then transferred into 30% sucrose in PBS for 

approximately 3-5 days (or until they sank), and then frozen at -80 °C. A cryostat (Leica CM 

1850, Leica Microsystems, Richmond Hill, ON) was then used to slice coronal sections (30µm), 

and every fourth slice was mounted onto gelatin-coated glass microscope slides, and left to dry 

overnight in a fume hood before being coverslipped using DPX mountant. Slices were then 

examined with a light microscope to verify cannula placements, and to visualize the blue dye. 

The infusion needle placements within the hippocampus are shown in Figures 5-18. Two mice 

had misplaced guide cannulas, and were therefore not included in the statistical analysis (Paxinos 

& Franklin 2001).  
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Data Handling 

To assess the occurrence of social learning, OBS food preference in the STFP was 

quantified with a percent of CIN diet—calculated as the CIN food consumed divided by the total 

amount of food consumed (CIN / CIN + COC) x100. A percent of CIN diet towards 100% 

suggests that an OBS had a preference for CIN, while a value towards 0% suggests that an OBS 

had a preference for COC. When the DEM food affects OBS food preferences, a statistically 

significant difference is found between OBS’s that had a CIN fed DEM to OBS’s that had a 

COC fed DEM. A CIN food preference ratio was calculated for each OBS at every time point (1, 

2, 4, 6 and 8 hours). A total food intake amount (CIN + COC) was also calculated for each OBS 

at every time point.  

To compare social learning across different treatment groups, OBS food preference in the 

STFP was also quantified with a percent of DEM diet—calculated as the DEM food consumed 

divided by the total amount of food consumed (DEM / DEM + NONDEM) x100. A percent of 

DEM diet around 50% (chance) suggests that social learning did not occur, while a value greater 

than 50% suggests that an OBS had a preference towards their DEM’s food. A DEM food 

preference ratio was calculated for each OBS at every time point.  

Ratios for each time point were calculated only for OBS’s who ate at least 0.1g of food in 

total. There were therefore some cells throughout the five time points that were empty, and thus 

reduced the sample size for the overall model. For this reason, the percent of CIN diet and 

percent of DEM diet data were analyzed separately at each time point, in addition to the full 8 

hours.  

For the olfactory discrimination task, a percent of novel food investigation (calculated as: 

[the time spent investigating the novel food divided by the total time investigating both foods] 
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x100) was calculated for each of the four habituation trials and one test trial for each mouse. To 

assess whether olfactory discrimination occurred from habituation to test, an average percent of 

novel food investigation of the four habituation trials was calculated and directly compared to the 

percent of novel food investigation during test. Since the two foods were identical, the average 

percent of novel food investigation during habituation was expected to be around 50% (chance), 

and relying on the fact that mice spend more time investigating (sniffing) novel over familiar 

stimuli (Choleris, et al 2003; Dere, et al 2007), the percent of novel food investigation at test was 

expected to be greater than during habituation.  

Since ratios violate the homogeneity of variance assumption, percent of CIN diet, percent 

of DEM diet and percent of novel food investigation data were arcsin-transformed prior to 

analyses. For clarity, all graphs show the original ratio data. 

Statistical Analyses 

Both the percent of CIN diet and total food intake data were analyzed with mixed model 

analyses of variance (ANOVAs); the between groups factors were DEM’s food (COC and CIN), 

sex (female or male), and treatment (saline, 1, 2, 4 or 6 µg/µL of SCH23390), and the repeated 

measures factor was time (1, 2, 4, 6 and 8 hours).  

The percent of DEM diet data were also analyzed with mixed model ANOVAs. The 

between groups factors were sex, and treatment, and the repeated measures factor was time. 

Mean comparisons were planned for the early hours of testing in the STFP, where social 

learning is stronger and typically influenced by drug treatment (See Choleris et al, 2011; 

Clipperton et al, 2008; Ervin, 2013); independent samples t-tests conducted on the percent of 

CIN diet data assessed whether social learning occurred by comparing OBS’s who had a CIN fed 

DEM to OBS’s who had a COC fed DEM for each sex and treatment; independent samples t-
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tests conducted on the percent of DEM diet data assessed social learning across different 

treatment groups by comparing saline to SCH23390 infused mice for each sex.  

For the olfactory discrimination task, paired samples t-tests were conducted on the 

average percent of novel food investigation of the four habituation trials to the percent of novel 

food investigation during test for each sex and treatment condition. A main model with treatment 

and sex was also conducted for the averaged habituation and test session.  

Duration, frequency and latency data for the various individual and grouped behaviors 

from the 30 minute social interaction were each analyzed with a mixed-model ANOVA. 

Kruskal–Wallis and Mann–Whitney U non-parametric tests were employed when normality 

could not be achieved with a ln transformation. The between groups factors were sex (female or 

male), and treatment (saline, 1, 2, 4 or 6 µg/µL of SCH23390). Similar to the percent of DEM 

diet data, mean comparisons between saline and SCH23390 treated mice for each sex were also 

planned for individual and grouped behaviors. Since duration, frequency and latency data 

produce fairly consistent results, only the results of the analyses run on duration data are reported 

below, and frequency/latency results are reported only when meaningful or different.  

Behavioral sex differences during the 30 minute social interactions were also assessed 

using independent samples t-tests (on the duration, frequency and latency data) comparing saline 

infused males to saline infused females.  

The percent of novel food investigation and total investigation duration (time spent 

investigating both foods) data from the olfactory discrimination task were also analyzed with 

mixed model ANOVAs; the between groups factors were sex (female or male), and treatment 

(saline or 6 µg/µL of SCH23390). For the percent of novel food investigation data, the repeated 

measures factor was the averaged habituation trials (one level) and test session (one level), and 
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the repeated measures factor for the total investigation data was trial (four levels for habituation, 

and one level for test).  

For both the STFP and olfactory discrimination task, female data were also analyzed 

separately to determine whether the phases of the estrous cycle interacted with drug treatment to 

influence learning. To do this, estrous phase (proestrus, estrus, and diestrus) was an additional 

between groups factor in the ANOVAs conducted on females in both experiments.  

Binary a priori mean comparisons were planned to decrease the risk of type I errors for 

all models including the CIN preference scores, DEM preference scores, percent of novel food 

investigation data, and all direct comparisons of SCH23390 doses to saline controls.  

Due to their increased likelihood of producing type II errors above tolerable levels, post-

hoc multiple comparisons (Bonferroni and other similar corrections) were not used in this study. 

Indeed, such corrections are highly conservative, which consequently leads to a greater 

probability of a type II error, and has therefore led to much concern about their pervasive use 

(see Moran, 2003; Nakagawa, 2004; Rothman, 1990). This statistical analysis decision is also in 

agreement with much neuroscience literature (see Bales et al., 2007; Cushing et al., 2004; 

Cushing & Wynne-Edwards, 2006; Litvin, Murakami, & Pfaff, 2011; Murakami et al., 2011; 

Ribeiro, Pfaff, & Devidze, 2009).  

The Greenhouse–Geisser correction for repeated measures was implemented. Statistical 

significance was set at p < .05. Non-significance is not reported except in the case of meaningful 

results/values and an apparent statistical trend (T = .05 < p < 0.1). Analyses were performed with 

SPSS version 20 (IBM Corp, Armonk, NY).  
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Table 1: Description of single behaviors scored for the 30 minute social interaction in the STFP 

(modified from Clipperton, et al 2008, Grant & Mackintosh, 1963). 

Social Behaviors 
Following the DEM OBS actively follows, or pursues and chases the DEM; reciprocal to 

avoid. 
Dominant Behavior The OBS is in control; includes pinning of DEM, aggressive grooming, 

crawling over or on top, and mounting attempt. 
Attacks Delivered Physical attacks, including dorsal/ventral bites. Only frequency of 

attacks was measured.  
Ritualized 
Aggression 

Physical attacks which include box/wrestle, offensive and defensive 
postures, lateral sideways threats and tail rattle. 

Open Aggression Physical attacks with a locked fight including tumbling, kick-away and 
counterattack where the attacker cannot be identified. 

Avoidance of DEM OBS withdraws and runs away from DEM while DEM is following. 
Submissive Behavior DEM is in control; includes crawl under, supine posture (ventral side 

exposed), prolonged crouch, and any other behavior in which the DEM 
is dominant (e.g., DEM pins, aggressively grooms, etc, OBS). 

Attacks Received Physical attacks including bites to dorsal/ventral regions.  Only 
frequency of attacks was measured. 

Defensive Upright 
Posturing 

Species-typical defensive behavior; upright with the head tucked and 
the arms ready to push away. 

Social Inactivity Includes sit/lie/sleep together. 
Oronasal 
Investigation 

Active sniffing of DEM’s oronasal area. 

Body Investigation Active sniffing of DEM’s body. 
Anogenital 
investigation 

Active sniffing of DEM's anogenital region.  

Stretched Approach Risk assessment behavior; back feet do not move and front feet 
approach DEM.  Only frequency of stretched approaches was measured. 

Approaching and/or 
Attending to the 
DEM 

Often from across the cage; OBS's attention is focused on DEM, head 
tilted toward DEM and movements toward DEM; this becomes 'Follow 
Opponent' once along the tail or sniff.  

Non-social Behaviors 
Horizontal 
Exploration 

Movement around the cage; includes active sniffing of air and ground. 

Vertical Exploration Movement to investigate upwards, both front feet off the ground; 
includes sniffing, wall leans and lid chews (less than 3). 

Digging Rapid stereotypical movement of forepaws in the bedding. 
Abnormal 
Stereotypies 

“Strange” behaviors, including spinturns, repeated jumps/lid 
chews/head shakes (more than 3). 

Solitary Inactivity No movement; includes sit, lie down and sleep. 
Self-Grooming Rapid movement of forepaws over facial area and along body. 
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Table 2: Descriptions of grouped behaviors for the 30 minute social interaction in the STFP (modified 

from Clipperton, et al 2008). 

Total Activity All behaviors involving activity, both social and non-social.  
Excluded from this group are Inactive Alone, Inactive Together, 
and Self-Groom. 

Total Social Behavior This composite behavior does not indicate whether the social 
interactions are affiliative or agonistic. It includes: Follow DEM, 
Dominant Behavior, Attack Delivered, Ritualized Aggression, 
Open Aggression, Avoid DEM, Submissive Behavior, Attack 
Received, Defensive Upright Posture, Inactive Together, Oronasal 
Investigation, Body Investigation, Anogenital investigation, 
Stretched Approach, and Attend to/approach DEM. 

Agonistic Behavior 
Delivered 

Follow Demonstrator, Dominant Behavior, and Attack Delivered. 

Agonistic Behavior 
Received 

Avoid DEM, Submissive Behavior, Attack Received, and 
Defensive Upright Posture. 

Total Agonistic Behaviors This composite behavior does not indicate the direction of the 
agonistic behavior (i.e., whether agonistic behavior is directed 
toward OBS or toward DEM). It includes Agonistic Behavior 
Delivered and Received plus Open Aggression, and Ritualized 
Aggression.   

Dominance Score Total agonistic behavior delivered minus total agonistic behavior 
received.  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 Investigation Oronasal Investigation, Body Investigation, Anogenital 
investigation, Stretched Approach, and Attend to/approach DEM. 

Non-social Behaviors Horizontal Exploration, Vertical Exploration, Dig, Stereotypies, 
Inactive Alone, and Self-Groom. 

Non-social Locomotor 
Behaviors 

Horizontal Exploration, Vertical Exploration, and Dig. 

Non-social Non-
locomotor Behaviors 

Inactive and Self-Groom. 
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RESULTS 

Cannula Placements within the Dorsal Hippocampus from the STFP and Olfactory 

Discrimination Task 

The vast majority of all cannula tips were located in the CA1 region between -1.70mm 

and -1.94mm AP. A small number of placements were more posterior (-2.46mm) but still within 

the dorsal hippocampus. The overall distribution of the cannula placements also does not appear 

to differ in the various SCH23390 treatment groups.  
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Figure 5: Cannula placements for female OBS’s infused with saline solution from the STFP 

intrahippocampal experiment. The measurements on the right denote the position of the mouse brain 

section posterior to Bregma. Images were adapted from Paxinos & Franklin 2001. 

 
Figure 6: Cannula placements for male OBS’s infused with saline solution from the STFP 

intrahippocampal experiment. The measurements on the right denote the position of the mouse brain 

section posterior to Bregma. Images were adapted from Paxinos & Franklin 2001. 
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Figure 7: Cannula placements for female OBS’s infused with 1 µg/µL of SCH23390 from the STFP 

intrahippocampal experiment. The measurements on the right denote the position of the mouse brain 

section posterior to Bregma. Images were adapted from Paxinos & Franklin 2001. 

 
Figure 8: Cannula placements for male OBS’s infused with 1 µg/µL of SCH23390 from the STFP 

intrahippocampal experiment. The measurements on the right denote the position of the mouse brain 

section posterior to Bregma. Images were adapted from Paxinos & Franklin 2001. 



	   39 

 
Figure 9: Cannula placements for female OBS’s infused with 2 µg/µL of SCH23390 from the STFP 

intrahippocampal experiment. The measurements on the right denote the position of the mouse brain 

section posterior to Bregma. Images were adapted from Paxinos & Franklin 2001. 

 
Figure 10: Cannula placements for male OBS’s infused with 2 µg/µL of SCH23390 from the STFP 

intrahippocampal experiment. The measurements on the right denote the position of the mouse brain 

section posterior to Bregma. Images were adapted from Paxinos & Franklin 2001. 
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Figure 11: Cannula placements for female OBS’s infused with 4 µg/µL of SCH23390 from the STFP 

intrahippocampal experiment. The measurements on the right denote the position of the mouse brain 

section posterior to Bregma. Images were adapted from Paxinos & Franklin 2001. 

 
Figure 12: Cannula placements for male OBS’s infused with 4 µg/µL of SCH23390 from the STFP 

intrahippocampal experiment. The measurements on the right denote the position of the mouse brain 

section posterior to Bregma. Images were adapted from Paxinos & Franklin 2001. 
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Figure 13: Cannula placements for female OBS’s infused with 6 µg/µL of SCH23390 from the STFP 

intrahippocampal experiment. The measurements on the right denote the position of the mouse brain 

section posterior to Bregma. Images were adapted from Paxinos & Franklin 2001. 

 
Figure 14: Cannula placements for male OBS’s infused with 6 µg/µL of SCH23390 from the STFP 

intrahippocampal experiment. The measurements on the right denote the position of the mouse brain 

section posterior to Bregma. Images were adapted from Paxinos & Franklin 2001. 
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Figure 15: Cannula placements for female mice infused with saline solution from the olfactory 

discrimination task intrahippocampal experiment. The measurements on the right denote the position of 

the mouse brain section posterior to Bregma. Images were adapted from Paxinos & Franklin 2001. 

 
Figure 16: Cannula placements for male mice infused with saline solution from the olfactory 

discrimination task intrahippocampal experiment. The measurements on the right denote the position of 

the mouse brain section posterior to Bregma. Images were adapted from Paxinos & Franklin 2001. 
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Figure 17: Cannula placements for female mice infused with 6 µg/µL of SCH23390 from the olfactory 

discrimination task intrahippocampal experiment. The measurements on the right denote the position of 

the mouse brain section posterior to Bregma. Images were adapted from Paxinos & Franklin 2001. 

 
Figure 18: Cannula placements for male mice infused with 6 µg/µL of SCH23390 from the olfactory 

discrimination task intrahippocampal experiment. The measurements on the right denote the position of 

the mouse brain section posterior to Bregma. Images were adapted from Paxinos & Franklin 2001. 

  



	   44 

Social Learning Study: Effects of Intrahippocampal SCH23390 on Social Learning and Food 

Intake 

The CIN preference scores revealed that females had a social learning impairment at 6 

µg/µL, and males were impaired at 1, 4 and 6 µg/µL of SCH23390. Consistent with this, the 

DEM preference scores of females infused with 1, 4 and 6 µg/µL, and males infused with 1, 4 

and 6 µg/µL of SCH23390 were significantly lower than the saline infused control mice. 

Intrahippocampal SCH23390 did not influence total food intake for either sex. The estrous cycle 

did not interact with SCH23390 to influence social learning.  

The overall ANOVA run on the CIN preference scores of all OBS’s revealed a significant 

time by treatment [F(16, 400) = 1.84, p = .025], time by DEM food [F(4, 400) = 3.62, p = .007], 

and treatment by DEM food interaction [F(4, 100) = 3.15, p = .018], and a main effect of 

treatment [F(4, 100) = 6.33, p < .001], and DEM food [F(1, 100) = 21.05, p < .001] for the full 

eight hours of testing.  

Separate ANOVAs in the first [F(4, 162) = 2.59, p = .038], second [F(4, 172) = 3.97, p = 

.004] and eighth [F(4, 160) = 4.12, p = .003] hour of testing also revealed a main effect of 

treatment on the CIN preference scores of all OBS’s, with the sixth hour only approaching 

statistical significance [F(4, 190) = 2.12, p = .08]. There was also a main effect of DEM food at 

one [F(1, 162) = 58.79, p < .001], two [F(1, 172) = 37.33, p < .001], and four [F(1, 200) = 13.47, 

p < .001] hours of testing, with the eighth hour only showing a trend towards significance [F(1, 

160) = 3.12, p = .079] for all OBS’s tested. Additionally, there was a treatment by DEM food 

interaction for all OBS’s in the first [F(4, 162) = 6.50, p < .001], and fourth [F(4, 200) = 3.12, p 

= .016] hour. It is also interesting to note that there was a main effect of sex during the last hour 

of testing [F(1, 160) = 3.90, p = .05], and the fourth hour approached statistical significance [F(1, 
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200) = 2.92, p = .089] for all OBS’s. Hence, intrahippocampal SCH23390 influenced the CIN 

preference scores of OBS’s (as a function of their DEM’s food-type) in a sex-specific manner 

across specific time points. 

Separate ANOVAs run on males and females showed that there was a main effect of 

DEM food in the first [F(1, 80) = 27.24, p < .001], second [F(1, 81) = 17.20, p < .001], fourth 

[F(1, 96) = 5.61, p = .020], and sixth [F(1, 91) = 4.49, p = .037] hour for males tested. There was 

also a main effect of DEM food for females in the first [F(1, 82) = 32.15, p < .001], second [F(1, 

91) = 20.28, p < .001], fourth [F(1, 104) = 8.17, p = .005], and eighth [F(1, 84) = 4.52, p = .036] 

hour. For both sexes, there was a significant treatment by DEM food interaction during the first 

hour [females: F(4, 82) = 3.58, p = .01; males: F(4, 80) = 3.12, p = .019], and females also 

showed a trend towards significance during the fourth hour of testing [F(4, 104) = 2.04, p = 

.094]. Thus, SCH23390 affected the CIN preference scores of females and males (as it relates to 

their DEM’s food-type) for certain time points.  

Independent samples t-tests revealed that dorsal hippocampal infusions of SCH23390 

blocked the social transmission of food preferences in both females and males [Figure 19 A - J]. 

During the first hour of testing, there was a significant difference between OBS’s with CIN and 

COC fed DEM’s for females [t(15) = 4.38, p = .001] and males [t(18) = 6.59, p < .001] infused 

with saline, females infused with 1 µg/µL [t(18) = 2.72, p = .014], and females [t(14) = 3.79, p = 

.002] and males [t(15) = 2.61, p = .02] infused with 2 µg/µL of SCH23390, while males infused 

with 1 µg/µL of SCH23390 only approached statistical significance [t(17) = 1.77, p = .094]. At 2 

hours of testing, there was also a significant difference between OBS’s whose DEM ate CIN and 

OBS’s whose DEM ate COC for females [t(15) = 2.27, p = .039] and males [t(18) = 3.73, p = 

.002] infused with saline, females infused with 1 µg/µL [t(18) = 2.42, p = .026], and females 
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[t(20) = 2.19, p = .04] and males [t(15) = 2.94, p = .010] infused with 2 µg/µL of SCH23390, 

whereas females infused with 6 µg/µL of SCH23390 only approached statistical significance for 

this time interval [t(19) = 1.82, p = .084]. At 4 hours of testing, there was still a significant 

difference between OBS’s who had a CIN DEM and OBS’s who had a COC DEM for saline 

infused females [t(20) = 2.32, p = .031] and males [t(19) = 2.47, p = .023], and in addition, 

females infused with 4 µg/µL of SCH23390 showed a significant difference [t(22) = 2.07, p = 

.050] at this time point, whereas females [t(22) = 1.91, p = .07] and males [t(19) = 2.04, p = .055] 

infused with 2 µg/µL of SCH23390 only showed a trend towards significance. Lastly, there was 

a significant difference between mice who had a DEM that consumed CIN and mice who had a 

DEM that consumed COC at 8 hours of testing for females infused with 4 µg/µL [t(14) = 2.37, p 

= .033], while females infused with 1 µg/µL of SCH23390 approached statistical significance at 

this time interval [t(16) = 1.87, p = .079]. Conversely, there was no significant difference 

between OBS’s with CIN and COC fed DEM’s for females infused with 6 µg/µL, and males 

infused with 1, 4 and 6 µg/µL of SCH23390 at any time points. This indicates that SCH23390 

blocked social learning at these doses.  
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Figure 19: Percent of cinnamon diet 

(CIN) consumed over the total food 

intake for observer (OBS) female [A, 

C, E, G, I] and male [B, D, F, H, J] 

mice that received a dorsal 

hippocampal infusion of either saline 

[A, B], or the D1-type antagonist 

SCH23390 at 1 [C, D], 2 [E, F], 4 [G, 

H] or 6 [I, J] µg/µL, fifteen minutes 

before a 30 minute social interaction 

with a same-sex demonstrator (DEM) 

conspecific that consumed either a 1% 

CIN (white squares) or 2% cocoa 

(COC; black circles) diet. Data are 

shown at measurements taken at 1, 2, 

4, 6 and 8 hours into the observer 

choice test. Data are presented as 

mean ± SEM. The ‘n’ values represent 

the number of mice in each group. *p 

<.05, **p <.01, ***p <.001, T = .05 < 

p < 0.1, in comparison between 

observer mice that had a CIN DEM to 

observer mice that had a COC DEM. 
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The overall ANOVA run on the DEM preference scores of all OBS’s revealed a main 

effect of time [F(4, 440) = 4.201, p = .002] and treatment [F(4, 110) = 3.06, p = .02] for the full 8 

hours of testing. Separate ANOVAs in the first [F(4, 171) = 6.04, p < .001] and fourth [F(4, 210) 

= 2.91, p = .02] hour of testing also revealed a main effect of treatment on the DEM preference 

scores of all OBS’s. There was, however, no main effect of sex, and no sex by treatment 

interaction for the full 8 hours of testing, or at separate time points. Notably, mixed-model 

ANOVAs revealed a main effect of treatment during the first hour of testing for both sexes 

[females: F(4, 87) = 3.82, p = .007; males: F(4, 84) = 2.50, p = .048]. Planned independent 

samples t-tests further revealed that females administered 1, 4 or 6 µg/µL of SCH23390 had a 

significantly lower preference for their DEM’s food than female OBS’s administered saline in 

the first hour of testing [saline to 1 µg/µL: t(35) = 2.13, p = .040; saline to 4 µg/µL: t(34) = 3.13, 

p = .004; saline to 6 µg/µL: t(35) = 2.99, p = .005; Figure 20 A]. Likewise, planned independent 

samples t-tests showed that males infused with 1, 4 or 6 µg/µL of SCH23390 had a significantly 

lower preference for their DEM’s food type than saline infused males in the first hour of testing 

[saline to 1 µg/µL: t(36) = 2.59, p = .014; saline to 4 µg/µL: t(31) = 3.25, p = .003; saline to 6 

µg/µL: t(37) = 2.41, p = .021; Figure 20 B]. Hence, the preference for the DEM food shown by 

SCH23390 treated female and male OBS mice was significantly lower than that of control saline 

treated OBS mice, directly demonstrating an impairing effect of SCH23390 on social learning.  
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Figure 20: Percent 

of DEM diet 

consumed over the 

total food intake for 

OBS female [A] 

and male [B] mice 

that received a dorsal hippocampal infusion of either saline solution [white 

circles; n = 25 for females, n = 23 for males], or the D1-type antagonist 

SCH23390 at 1 [black triangles; n = 25 for females, n = 23 for males], 2 

[black circles; n = 25 for females, n = 22 for males], 4 [black squares; n = 25 for females, n = 23 for 

males] or 6 [black diamonds; n = 26 for females, n = 23 for males] µg/µL, fifteen minutes before a 30 

minute social interaction with a same-sex DEM conspecific that consumed either a CIN or COC diet. 

Data are shown at measurements taken at 1, 2, 4, 6 and 8 hours into the OBS choice test. Data are 

presented as mean ± SEM. *p <.05, **p <.01, in comparison between OBS mice that were infused with 

saline to OBS mice that were infused with SCH23390 for each sex.  

 

The ANOVA run on total food intake showed no main effect of treatment, or sex, and no 

significant interactions between variables, however, there was a main effect of time [F(4, 920) = 

87.49, p < .001]. Similarly, separate analyses on only females [Figure 21 A] or males [Figure 21 

B] revealed no main treatment effects or interactions. Thus, the social learning impairment 

observed could not be explained by changes in feeding behavior in general.   
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Figure 21: Total food 

intake (DEM food + 

NONDEM food) for 

OBS female [A] and 

male [B] mice that 

received a dorsal 

hippocampal infusion of either saline solution [white circles; n = 25 for females, n = 23 for males], or the 

D1-type antagonist SCH23390 at 1 [black triangles; n = 25 for females, n = 23 for males], 2 [black 

circles; n = 25 for females, n = 22 for males], 4 [black squares; n = 25 for females, n = 23 for males] or 6 

[black diamonds; n = 26 for females, n = 23 for males] µg/µL, fifteen minutes before a 30 minute social 

interaction with a same-sex DEM conspecific that consumed either a CIN or COC diet. Total food intake 

across choice testing for OBS females and males was not affected by intrahippocampal SCH23390 

treatment. Data are shown at measurements taken at 1, 2, 4, 6 and 8 hours into the OBS choice test. Data 

are presented as mean ± SEM. 

 

Likely due to the small number of females at any given phase for each treatment group 

(see Table 5), there was no effect of estrous phase as a main factor, and no estrous phase 

interactions with other variables for either the CIN preference scores, DEM preference scores, or 

total food intake, for the full 8 hours of testing, or at separate time points. 
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Social Learning Study: Effects of Intrahippocampal SCH23390 on Behavior During the Social 

Interactions 

Total activity levels were reduced for both sexes. This was partially attributed to the 

reduced non-social active behaviors such as horizontal/vertical exploration, and the 

corresponding increase in non-social inactive behaviors such as solitary inactivity.  

SCH23390 also had a sex specific effect on certain social behaviors: there was primarily 

a reduction in social investigatory-type behaviors for female mice (body and anogenital 

investigation), whereas agonistic-type behaviors were mainly reduced for male mice (agonistic 

related behaviors delivered, ritualized aggression etc.). However, SCH23390 led to a reduced 

dominance score for both sexes (Table 3 and 4).  

Finally, intra-CA1 SCH23390 did not influence oronasal investigation durations for 

either sex. Hence, the social learning impairment cannot be explained by a reduced exposure to 

the food odor found on the DEM’s breath.  

Whereas ANOVAs run on the total duration and frequency data of both males and 

females analyzed together revealed no main effects of sex, and no sex by drug interactions for 

total activity levels, the latency data showed that there was a significant main effect of sex for the 

total activity latency [F(1, 230) = 36.569, p < .001]. This effect was reflected in a significant 

main effect of sex [F(1, 230) = 6.348, p = .012] for the non-social locomotor behaviors latency. 

In line with this, ANOVA’s also revealed a significant main effect of sex [F(1, 230) = 4.273, p = 

.040] for the time spent digging. Thus, sex affected the latency to engage in active behaviors in 

general, as well as non-social active behaviors.  

Sex also played a role for both social and non-social behaviors overall since there was a 

significant sex by drug interaction [F(4, 230) = 2.830, p = .025] for total social behavior, and a 
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main effect of sex for the time spent engaged in non-social behaviors [F(1, 230) = 3.950, p = 

.048].  

Furthermore, there was a significant main effect of sex [F(1, 230) = 23.030, p < .001], 

and a significant sex by drug interaction [F(4, 230) = 2.704, p = .031] for the frequency of total 

agonistic behaviors. This may be partially explained by the significant main effect of sex [F(1, 

230) = 71.236, p < .001], and a significant sex by drug interaction [F(4, 230) = 4.096, p = .003]	  

for the time spent engaged in ritualized aggression. Moreover, there was a significant main effect 

of sex [F(1, 230) = 24.494, p < .001], and a marginally significant sex by drug interaction [F(4, 

230) = 2.182, p = .072] for the frequency of agonistic-related behaviors delivered. Specifically, 

there was a significant main effect of sex [F(1, 230) = 35.152, p < .001], and a significant sex by 

drug interaction [F(4, 230) = 2.742, p = .029] for the frequency of attacks delivered. 

Furthermore, there was a significant main effect of sex [F(1, 230) = 15.191, p < .001] for the 

frequency of submissive behaviors displayed, and a marginally significant main effect of sex for 

the frequency of attacks received [F(1, 230) = 3.777, p = .053]. As such, there was a significant 

main effect of sex [F(1, 230) = 23.763, p < .001] for the dominance score frequency. Different 

than the duration/frequency data, ANOVAs showed a significant main effect of sex [F(1, 230) = 

36.864, p < .001], and a significant sex by drug interaction [F(4, 230) = 2.859, p = .024] for the 

latency to engage in open aggression. Additionally, there was a significant main effect of sex 

[F(1, 230) = 4.243, p = .041] for the latency to receive agonistic related behaviors. Hence, there 

was a sex-mediated effect on many agonistic-type behaviors. 

There was a marginally significant main effect of sex [F(1, 230) = 3.359, p = .068], and a 

significant sex by drug interaction [F(4, 230) = 4.469, p = .002] for the time engaged in social 

investigation. This can be partly explained by the significant main effect of sex [F(1, 230) = 
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6.622, p = .011], and a significant sex by drug interaction [F(4, 230) = 10.522, p < .001] for the 

time spent investigating the body of the DEM. Moreover, there was a significant main effect of 

sex [F(1, 230) = 6.653, p = .011] for the frequency to engage in oronasal investigation. 

ANOVA’s also showed a significant main effect of sex [F(1, 230) = 3.950, p = .048] for the 

frequency of approaching and or attending to the DEM displayed by OBS’s. Furthermore, while 

there was no main effect of sex, there was a significant sex by drug interaction [F(4, 230) = 

3.190, p = .014] for the time OBS’s spent following the DEM. Additionally, unlike the total 

duration and frequency data, there was a significant main effect of sex for the latency to engage 

in anogenital investigation [F(1, 230) = 5.646, p = .018], and for the latency to display a 

stretched approach [F(1, 230) = 5.339, p = .022]. Therefore, there also seemed to be a sex-

regulated effect on investigatory-type behaviors displayed during the social interaction.  

ANOVA’s also revealed a significant main effect of sex [F(1, 230) = 4.627, p = .033] for 

the time engaged in non-social non-locomotor behaviors. This may be partly explained by the 

significant main effect of sex [F(1, 230) = 10.283, p = .002] for the frequency of solitary 

inactivity displayed. Furthermore, there was a marginally significant main effect of sex [F(1, 

230) = 3.363, p = .068] on the time spent self-grooming. Thus, sex also had an influence on non-

social non-active behaviors of OBS’s.  

Separate ANOVAs on only females or males revealed that female total activity was 

significantly reduced [F(4, 121) = 24.978, p < .001; Figure 22 A] by all doses of SCH23390 [1 

µg/µL: t(49) = 5.136, p < .001; 2 µg/µL: t(48) = 7.479, p < .001; 4 µg/µL: t(48) = 9.486, p < 

.001; 6 µg/µL: t(48) = 7.758, p < .001]. This decrease in total activity was paralleled by a 

significant reduction in female total social behavior [F(4 ,121) = 5.790, p < .001; Figure 22 C] at 
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all doses of SCH23390 [1 µg/µL: t(49) = 2.619, p = .012; 2 µg/µL: t(48) = 3.102, p = .003; 4 

µg/µL: t(48) = 4.365, p < .001; 6 µg/µL: t(48) = 2.995, p = .004].  

While male total activity was also significantly reduced [F(4, 109) = 16.306, p < .001; 

Figure 22 B] by all doses of SCH23390 [1 µg/µL: t(44) = 5.650, p < .001; 2 µg/µL: t(43) = 

7.314, p < .001; 4 µg/µL: t(44) = 7.713, p < .001; 6 µg/µL: t(44) = 7.061, p < .001], male total 

social behavior was not significantly influenced by drug treatment [Figure 22 D]. However, the 

frequency of male total social behavior showed a trend towards being reduced [χ2(4) = 8.759, p = 

.067]. 

 

Figure 22: Active behaviors of the 

OBS female and male mice during 

the 30 minute social interaction in 

the social transmission of food 

preferences with their respective 

same-sex DEM. Fifteen minutes 

prior to the social interaction, OBS 

mice received either an intra-CA1 

infusion of saline solution, or the 

D1-type antagonist, SCH23390, at 

1, 2, 4 or 6 µg/µL. Treatment effects on the duration of female [A] and male [B] total activity, and female 

[C] and male [D] total social behavior. SCH23390 treatment did not significantly affect male total social 

behavior duration [D]. Data are presented as mean + SEM.	  *p <.05, **p <.01, ***p <.001, in comparison 

to the saline infused control mice. 
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The overall decrease in total activity was also reflected in a significant reduction in non-

social locomotor behaviors in females [χ2(4) = 36.428, p <.001; Figure 23 A] at all doses tested 

[1 µg/µL: U = 158, z = -3.147, p = .002; 2 µg/µL: U = 102, z = -4.084, p < .001; 4 µg/µL: U = 

65, z = -4.802, p < .001; 6 µg/µL: U = 76, z = -4.589, p < .001]. This was partly a result of 

female vertical exploration being significantly reduced [χ2(4) = 32.074, p < .001; Figure 23 C] at 

all doses of SCH23390 [1 µg/µL: U = 166, z = -2.996, p = .003; 2 µg/µL: U = 103, z = -4.065, p 

< .001; 4 µg/µL: U = 94, z = -4.240, p < .001; 6 µg/µL: U = 99, z = -4.143, p < .001]. Likewise, 

female horizontal exploration was significantly reduced [F(4, 121) = 5.181, p = .001; Figure 23 

E] at the three highest doses, with the lowest dose approaching statistical significance [1 µg/µL: 

t(49) = 1.840, p = .072; 2 µg/µL: t(48) = 2.895, p = .006; 4 µg/µL: t(48) = 3.498, p = .001; 6 

µg/µL: t(48) = 3.419, p = .001]. Moreover, female digging was significantly reduced [χ2(4) = 

23.589, p < .001; Figure 23 G] at 4 µg/µL [U = 131, z = -3.622, p < .001] and 6 µg/µL [U = 167, 

z = -2.870, p = .004] of SCH23390. 

Likewise, male non-social locomotor behaviors were significantly reduced [F(4, 109) = 

17.295, p < .001; Figure 23 B] at all doses of SCH23390 [1 µg/µL: t(44) = 4.375, p < .001; 2 

µg/µL: t(43) = 6.297, p < .001; 4 µg/µL: t(44) = 7.015, p < .001; 6 µg/µL: t(44) = 6.247, p < 

.001]. This was also partially attributed to the significant reduction in male vertical exploration 

[χ2(4) = 41.659, p < .001; Figure 23 D] for all doses [1 µg/µL: U = 106, z = -3.482, p < .001; 2 

µg/µL: U = 61, z = -4.360, p < .001; 4 µg/µL: U = 37, z = -4.998, p < .001; 6 µg/µL: U = 23, z = 

-5.306, p < .001]. Similarly, male horizontal exploration was significantly reduced [F(4, 109) = 

6.226, p < .001; Figure 23 F] at all doses of SCH23390 [1 µg/µL: t(44) = 2.890, p = .006; 2 

µg/µL: t(43) = 4.167, p < .001; 4 µg/µL: t(44) = 4.120, p < .001; 6 µg/µL: t(44) = 3.140, p = 

.003]. Furthermore, male digging was significantly decreased [χ2(4) = 19.457, p = .001; Figure 
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23 H] for all doses tested [1 µg/µL: U = 149.5, z = -2.533, p = .011; 2 µg/µL: U = 143, z = -

2.499, p = .012; 4 µg/µL: U = 105, z = -3.510, p < .001; 6 µg/µL: U = 85, z = -3.958, p < .001]. 

Thus, intrahippocampal SCH23390 reduced all non-social active behaviors for both females and 

males.  

 

Figure 23: Non-social active 

behaviors of the OBS female and 

male mice during the 30 minute 

social interaction in the social 

transmission of food preferences 

with their respective same-sex 

DEM. Fifteen minutes prior to the 

social interaction, OBS mice 

received either an intra-CA1 

infusion of saline solution, or the 

D1-type antagonist, SCH23390, at 

1, 2, 4 or 6 µg/µL. Treatment effects 

on the duration of female [A] and 

male [B] non-social locomotor 

behaviors, female [C] and male [D] 

vertical exploration, female [E] and 

male [F] horizontal exploration, and 

female [G] and male [H] digging. 

Data are presented as mean + SEM.	  *p <.05, **p <.01, ***p <.001, T = .05 < p < 0.1, in comparison to 

the saline infused control mice. 



	   57 

The frequency of male total agonistic behaviors was significantly reduced [χ2(4) = 9.409, 

p = .05; Figure 24 A] at all doses of SCH23390 [1 µg/µL: U = 162, z = -2.252, p = .024; 2 

µg/µL: U = 150.5, z = -2.328, p = .02; 4 µg/µL: U = 146.5, z = -2.593, p = .01; 6 µg/µL: U = 

157.5, z = -2.351, p = .019]. Male dominance scores were also significantly reduced [χ2(4) = 

28.508, p < .001; Figure 24 B] at the two highest doses of SCH23390 [4 µg/µL: U = 120.50, z = -

3.164, p = .002; 6 µg/µL: U = 64.00, z = -4.405, p < .001], which was a result of greater 

submissive behaviors and reduced agonistic behaviors delivered by males. Specifically, male 

ritualized aggression was significantly reduced [χ2(4) = 10.435, p = .034; Figure 24 C] at all 

doses of SCH23390 [1 µg/µL: U = 150.50, z = -2.559, p =  .011; 2 µg/µL: U = 139.5, z = -2.617, 

p = .009; 4 µg/µL: U = 164.5, z = -2.244, p = .025; 6 µg/µL: U = 159, z = -2.378, p = .017]. Male 

submissive behavior was also significantly increased [χ2(4) = 15.051, p = .005; Figure 24 D] for 

the highest dose tested [6 µg/µL: U = 384, z = 2.639, p = .008]. In line with this, males infused 

with the highest dose of SCH23390 also received significantly more [6 µg/µL: U = 364, z = 

2.194, p = .028] agonistic behaviors from their respective DEM [χ2(4) = 11.624, p = .02; Figure 

24 E]. Additionally, male agonistic behaviors delivered were significantly reduced [F(4, 109) = 

2.644, p = .037; Figure 24 F] at 6 µg/µL [t(44) = 2.814, p = .007], with 1 µg/µL [t(44) = 1.711, p 

= .094] and 4 µg/µL [t(44) = 1.980, p = .054] of SCH23390 approaching significance. In 

addition, there was a trend towards a reduction in male dominant behaviors [F(4, 109) = 2.071, p 

= .09]. There was also a trend for a longer latency for males to deliver attacks [χ2(4) = 8.849, p = 

.065] and to engage in open aggression [χ2(4) = 8.00, p = .092]. Collectively, these results 

suggest that SCH23390 may have mainly reduced agonistic-related behaviors in male mice. 

  



	   58 

Figure 24: Agonistic behaviors of 

the OBS male mice during the 30 

minute social interaction in the 

social transmission of food 

preferences with their respective 

same-sex DEM. Fifteen minutes 

prior to the social interaction, OBS 

mice received either an intra-CA1 

infusion of saline solution, or the 

D1-type antagonist, SCH23390, at 

1, 2, 4 or 6 µg/µL. Treatment effects 

on the frequency of male total 

agonistic behaviors [A], dominance 

score [B], ritualized aggression [C], 

submissive behavior [D], agonistic behavior received [E], and agonistic behavior delivered [F] duration. 

Data are presented as mean + SEM.	  *p <.05, **p <.01, ***p <.001, T = .05 < p < 0.1, in comparison to 

the saline infused control mice. 

 

In addition to the male agonistic related behaviors that were reduced by SCH23390, other 

specific behaviors were influenced during the social interaction. For instance, male social 

inactivity, the social behavior that involves the least amount of activity, was significantly 

increased [χ2(4) = 12.559, p = .014; Figure 25 A] at 1 µg/µL, [U = 387, z = 2.762, p = .006], 4 

µg/µL [U = 400 , z = 3.055, p = .002], and 6 µg/µL [U = 383, z = 2.685, p = .007], with a trend 

towards significance at 2 µg/µL [U = 334, z = 1.912, p = .056] of SCH23390. It is also 

interesting to note that while the duration [Figure 26 B] and frequency data showed no effect of 
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SCH23390 on male social investigation, the social investigation latency for males was 

significantly shorter [F(4, 109) = 3.498, p = .010; Figure 25 B] at 6 µg/µL [t(44) = 2.372, p = 

.022], and there was a trend for a longer latency at 4 µg/µL [t(44) = -1.784, p = .081] of 

SCH23390. Moreover, whereas oronasal [Figure 26 D] and body [Figure 26 F] investigation 

durations were unaffected by drug treatment, male anogenital investigation was significantly 

reduced [χ2(4) = 19.921, p = .001; Figure 26 H] at all doses tested [1 µg/µL: U = 171, z = -2.055 , 

p = .040; 2 µg/µL: U = 138, z = -2.611, p = .009; 4 µg/µL: U = 105, z = -3.506, p < .001; 6 

µg/µL: U = 81.5, z = -4.020, p < .001]. In line with this, there was also a significant reduction in 

males following the DEM [χ2(4) = 10.442, p = .034; Figure 26 J] at 1 µg/µL [U = 172, z = -

2.055, p = .040], 4 µg/µL [U = 135 , z = -2.907, p = .004] and 6 µg/µL [U = 153, z = -2.478, p = 

.013] of SCH23390. There was also a trend for males to engage in less frequent body 

investigation [χ2(4) = 8.583, p = .072]. Thus, intrahippocampal SCH23390 also affected certain 

male non-agonistic social behaviors.  

 

 Figure 25: Non-agonistic social 

behaviors of the OBS male mice 

during the 30 minute social 

interaction in the social 

transmission of food preferences 

with their respective same-sex DEM. Fifteen minutes prior to the social interaction, OBS mice received 

either an intra-CA1 infusion of saline solution, or the D1-type antagonist, SCH23390, at 1, 2, 4 or 6 

µg/µL. Treatment effects on the duration of male social inactivity [A], and the latency of male social 

investigation [B]. Data are presented as mean + SEM.	  *p <.05, **p <.01, T = .05 < p < 0.1, in comparison 

to the saline infused control mice.  
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The overall reduction in female total social behavior may be largely explained by the 

significant reduction in female social investigation [χ2(4) = 23.580, p <.001; Figure 26 A] at all 

doses tested [1 µg/µL: U = 197, z = -2.412, p = .016; 2 µg/µL: U = 101, z = -4.104, p < .001; 4 

µg/µL: U = 115, z = -3.832, p < .001; 6 µg/µL: U = 127, z = -3.599, p < .001]. While female 

oronasal investigation was unaffected by drug treatment [Figure 26 C], there was a significant 

reduction in female body investigation [χ2(4) = 45.443, p < .001; Figure 26 E] and anogenital 

investigation [χ2(4) = 31.180, p < .001; Figure 26 G] at all doses of SCH23390 [body 

investigation: 1 µg/µL: U = 150, z = -3.297, p = .001; 2 µg/µL: U = 55, z = -4.996, p < .001; 4 

µg/µL: U = 42, z = -5.248 p < .001; 6 µg/µL: U = 54, z = -5.016, p < .001; anogenital 

investigation: 1 µg/µL: U = 200, z = -2.355, p = .018; 2 µg/µL: U = 114, z = -3.852, p < .001; 4 

µg/µL: U = 84, z = -4.436 , p < .001; 6 µg/µL: U = 67, z = -4.767, p < .001]. Moreover, females 

followed their DEM’s significantly less [χ2(4) = 40.10, p < .001; Figure 26 I] at all doses of 

SCH23390 [1 µg/µL: U = 173, z = -2.872, p = .004; 2 µg/µL: U = 91.5, z = -4.432, p < .001; 4 

µg/µL: U = 72, z = -4.761 , p < .001; 6 µg/µL: U = 97 , z = -4.218, p < .001]. There was also a 

trend for a longer latency for females to approach and/or attend the DEM [χ2(4) = 8.145, p = 

.086]. Together, these findings indicate that SCH23390 may have primarily reduced social 

investigatory related behaviors in female mice.  

It is important to note that since both female [Figure 26 C] and male [Figure 26 D] 

oronasal investigation durations were not significantly affected by drug treatment, the social 

learning impairment caused by intra-CA1 SCH23390 can not be explained by a reduced 

exposure to the socially carried food odor found on the breath of the DEM conspecific.  
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Figure 26: Social investigatory 

behaviors of the OBS female and 

male mice during the 30 minute 

social interaction in the social 

transmission of food preferences 

with their respective same-sex 

DEM. Fifteen minutes prior to the 

social interaction, OBS mice 

received either an intra-CA1 

infusion of saline solution, or the 

D1-type antagonist, SCH23390, at 

1, 2, 4 or 6 µg/µL. Treatment effects 

on the duration of female [A] and 

male [B] social investigation, 

female [C] and male [D] oronasal 

investigation, female [E] and male 

[F] body investigation, female [G] 

and male [H] anogenital 

investigation, and female [I] and 

male [J] following the DEM. 

SCH23390 treatment did not 

significantly affect male social 

investigation [B], either female [C] or male [D] oronasal investigation, or male body investigation [F] 

duration. Data are presented as mean + SEM.	  *p <.05, **p <.01, ***p <.001, in comparison to the saline 

infused control mice.  
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In addition to the female social investigatory related behaviors that were reduced by 

SCH23390, agonistic related behaviors were also decreased during the social interaction. For 

example, female agonistic behaviors delivered were significantly reduced [χ2(4) = 18.549, p = 

.001; Figure 27 A] at the two highest doses of SCH23390 [4 µg/µL: U = 123.00, z = -3.679, p < 

.001; 6 µg/µL: U = 133, z = -3.483, p < .001]. This reduction in agonistic behaviors delivered 

therefore resulted in a significantly reduced dominance score [F(4, 121) = 3.012, p = .021; Figure 

27 B] for females infused with 4 µg/µL [t(48) = 2.463, p = .017] and 6 µg/µL [t(48) = 3.792, p < 

.001] of SCH23390. Hence, in females, all social behaviors, investigative and agonistic, were 

reduced by intrahippocampal SCH23390. 

 

Figure 27: Agonistic behaviors of 

the OBS female mice during the 30 

minute social interaction in the 

social transmission of food 

preferences with their respective 

same-sex DEM. Fifteen minutes prior to the social interaction, OBS mice received either an intra-CA1 

infusion of saline solution, or the D1-type antagonist, SCH23390, at 1, 2, 4 or 6 µg/µL. Treatment effects 

on the duration of female agonistic behavior delivered [A], and dominance score [B]. Data are presented 

as mean + SEM.	  *p <.05, ***p <.001, in comparison to the saline infused control mice. 

 

The overall decrease in activity was also partly reflected in the frequency of female non-

social behaviors being significantly reduced [χ2(4) = 12.4, p = . 015; Figure 28 A] at the three 

highest doses tested, with the lowest dose approaching statistical significance [1 µg/µL: U = 223, 
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z = -1.922, p = .055; 2 µg/µL: U = 186.5, z = -2.445, p = .014; 4 µg/µL: U = 163, z = -2.901, p = 

.004; 6 µg/µL: U =162.5, z = -2.911, p = .004].  

Similarly, the frequency of male non-social behaviors was significantly reduced [χ2(4) = 

15.459, p = .004; Figure 28 B] at all doses of SCH23390 [1 µg/µL: U = 155, z = -2.406, p = .016; 

2 µg/µL: U = 118, z = -3.066, p = .002; 4 µg/µL: U = 115, z = -3.285, p = .001; 6 µg/µL: U = 

113.5, z = -3.318, p = .001].  

 

Figure 28: Non-social behaviors of 

the OBS female and male mice 

during the 30 minute social 

interaction in the social transmission 

of food preferences with their 

respective same-sex DEM. Fifteen minutes prior to the social interaction, OBS mice received either an 

intra-CA1 infusion of saline solution, or the D1-type antagonist, SCH23390, at 1, 2, 4 or 6 µg/µL. 

Treatment effects on the frequency of female [A] and male [B] non-social behaviors. Data are presented 

as mean + SEM.	  *p <.05, **p <.01, T = .05 < p < 0.1, in comparison to the saline infused control mice. 

 

The overall decrease in activity was further reflected in the significant increase in female 

non-social non-locomotor behaviors [F(4, 121) = 26.856, p < .001; Figure 29 A] at all doses of 

SCH23390 [1 µg/µL: t(49) = -4.960, p < .001; 2 µg/µL: t(48) = -8.206, p < .001; 4 µg/µL: t(48) = 

-10.579, p < .001; 6 µg/µL: t(48) = -8.328, p < .001]. This is due to a significant increase in 

solitary inactivity in females [χ2(4) = 62.744, p < .001; Figure 29 C] at all doses tested [1 µg/µL: 

U = 577.50, z = 4.758, p < .001; 2 µg/µL: U = 624, z = 6.044, p < .001; 4 µg/µL: U = 617 , z = 

5.908, p < .001; 6 µg/µL: U = 602, z = 5.617, p < .001]. Conversely, female self-grooming was 
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significantly reduced [F(4, 121) = 5.613; p < .001; Figure 29 E] at 2 µg/µL [t(48) = 4.098, p < 

.001], 4 µg/µL [t(48) = 2.293, p = .026], and 6 µg/µL [t(48) = 3.843, p < .001], with 1 µg/µL of 

SCH23390 showing a trend towards significance [t(49) = 1.939, p = .058].  

Likewise, there was a significant increase in male non-social non-locomotor behaviors 

[χ2(4) = 37.930, p < .001; Figure 29 B] at all doses of SCH23390 [1 µg/µL: U = 434, z = 3.724, p 

< .001; 2 µg/µL: U = 481, z = 5.177, p < .001; 4 µg/µL: U = 500, z = 5.174, p < .001; 6 µg/µL: U 

= 482, z = 4.778, p < .001]. There was also a significant increase in solitary inactivity for males 

[χ2(4) = 47.069, p < .001; Figure 29 D] at all doses tested [1 µg/µL: U = 477, z = 4.668, p < .001; 

2 µg/µL: U = 496, z = 5.518 , p < .001; 4 µg/µL: U = 517, z = 5.547, p < .001; 6 µg/µL: U = 510, 

z = 5.393, p < .001]. Moreover, male self-grooming was significantly reduced [F(4, 109) =  

5.059, p = .001; Figure 29 F] at 1 µg/µL [t(44) = 3.612, p = .001], 4 µg/µL [t(44) = 2.998, p = 

.004], and 6 µg/µL [t(44) = 3.843, p < .001], with 2 µg/µL of SCH23390 being marginally 

significant [t(43) = 1.881, p = .067].  
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Figure 29: Non-social non-active 

behaviors of the OBS female and 

male mice during the 30 minute 

social interaction in the social 

transmission of food preferences 

with their respective same-sex 

DEM. Fifteen minutes prior to the 

social interaction, OBS mice 

received either an intra-CA1 

infusion of saline solution, or the 

D1-type antagonist, SCH23390, at 

1, 2, 4 or 6 µg/µL. Treatment 

effects on the duration of female 

[A] and male [B] non-social non-

locomotor behaviors, female [C] and male [D] solitary inactivity, and female [E] and male [F] self-

grooming. Data are presented as mean + SEM.	  *p <.05, **p <.01, ***p <.001, T = .05 < p < 0.1, in 

comparison to the saline infused control mice. 

 

No other significant differences on behaviors performed during the social interactions 

were found. In particular, there was no significant influence of intra-CA1 SCH23390 on 

abnormal stereotypic-related behaviors.  

The phase of the estrous cycle did not significantly influence the female OBS mice 

behavior during the social interactions. This was likely due to the low number of mice in each 

phase, per treatment group (see Table 5).  
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Social Learning Study on Saline Treated Mice: Baseline Sex Differences During the Social 

Interactions 

Males displayed overall more agonistic related behaviors (greater ritualized aggression, 

delivered more attacks etc.) than females, who were conversely quicker to avoid the DEM, and 

more frequently displayed submissive-type behaviors. Males therefore had a greater dominance 

score. Females, however, showed greater levels of investigatory behaviors (greater body 

investigation, more frequent oronasal investigation etc.) than males (Figure 30; Table 3 and 4).  

Whereas planned t-tests on the total duration and frequency data of saline infused males 

and females revealed no sex differences for total activity levels, the latency data showed that 

males had a significantly shorter total activity [t(46) = 3.766, p < .001; Figure 30 C] and total 

social behavior [t(46) = 2.467, p = .017; Figure 30 C] latency than females. As a reflection of the 

above mentioned shorter total activity latency, males also had a significantly shorter non-social 

locomotor behaviors latency [U = 188, z = -2.053, p = .040; Figure 30 C] than females. 

Additionally, males had a trend towards a shorter non-social behavior latency [t(46) = 1.753, p = 

.086; Figure 30 C] than females. Thus, males were generally quicker at engaging in both social 

and non-social behaviors than females.   

Mean comparisons further showed that saline infused males spent significantly more time 

digging [t(46) = -1.992, p = .05; Figure 30 A] than females. On the other hand, females had a 

significantly greater frequency of non-social non-active behaviors [t(46) = 1.979, p = .05; Figure 

30 B], and showed a trend towards a greater frequency of social inactivity [t(46) = 1.961, p = 

.056; Figure 30 B].  

Additionally, males had a significantly greater frequency of total agonistic behaviors [U 

= 443.5, z = 3.221, p = .001; Figure 30 B] than females. This may be partially explained by the 
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finding that males engaged in ritualized aggression for significantly longer [U = 503.5, z = 4.979, 

p < .001; Figure 30 A]. Moreover, males had a significantly greater frequency of agonistic 

related behaviors delivered [U = 430, z = 2.944, p = .003; Figure 30 B], such that males 

delivered significantly more attacks [U = 474, z = 4.360, p < .001; Figure 30 B] than females. On 

the other hand, females displayed a significantly greater frequency of submissive behaviors [U = 

195.5, z = -1.924, p = .05; Figure 30 B] than males. As a result of the higher agonistic related 

behaviors delivered by males, and the greater submissive related behaviors by females, males 

had a significantly greater dominance score frequency [U = 459.5, z = 3.552, p < .001; Figure 30 

B].  

Unlike the duration data, males had a significantly shorter latency to engage in open 

aggression [U = 162.5, z = -3.634, p < .001; Figure 30 C] than females. Conversely, females had 

a significantly shorter latency to receive agonistic related behaviors [t(46) = -2.211, p = .032; 

Figure 30 C]. This was paralleled by the fact that females also had a significantly shorter latency 

to avoid the DEM [U = 365.5, z = 2.005, p = .045; Figure 30 C]. Thus, males were generally 

quicker to engage in agonistic behaviors than females, who were conversely quicker to receive 

agonistic behaviors, and avoid the DEM.  

Furthermore, females engaged in social investigation for a significantly longer time [t(46) 

= 3.028, p = .004; Figure 30 A] than males. This can be partly explained by the finding that 

females spent significantly longer investigating the body of the DEM [U = 90, z = -4.076, p < 

.001; Figure 30 A]. Moreover, females also engaged in oronasal investigation significantly more 

often [t(46) = 2.101, p = .041; Figure 30 B] than males. Furthermore, females followed the DEM 

for a significantly longer time [t(46) = 2.191, p = .034; Figure 30 A]. Hence, females were 

largely more investigatory towards the DEM than males. 
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Figure 30: Various grouped and single behaviors of 

the OBS female and male mice during the 30 minute 

social interaction in the social transmission of food 

preferences with their respective same-sex DEM. 

Fifteen minutes prior to the social interaction, OBS 

mice received an intra-CA1 infusion of saline 

solution. Baseline sex differences between saline 

infused females and males for the duration [A], 

frequency [B], and latency [C] of several grouped and single behaviors. For graph (A): “Soc Inves” 

indicates social investigation; “Follow” indicates following the DEM; “Rit Aggr” indicates ritualized 

aggression; “Body Inves” indicates body investigation. For graph (B): “Ago Del” indicates agonistic 

behavior delivered; “Tot Ago” indicates total agonistic behaviors; “Dom Score” indicates dominance 

score; “Non-Soc Non-Loco” indicates non-social non-locomotor behaviors; “Attacks Del” indicates 

attacks delivered; “Submissive” indicates submissive behavior; “Soc Inactivity” indicates social 

inactivity; “Oronasal Inves” indicates oronasal investigation. For graph (C): “Tot Activ” indicates total 

activity; “Tot Soc” indicates total social behavior; “Ago Rec” indicates agonistic behavior received; 

“Non-Soc” indicates non-social behaviors; “Non-Soc Loco” indicates non-social locomotor behaviors; 
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“Open Aggr” indicates open aggression; “Avoid” indicates avoidance of DEM. Data are presented as 

mean + SEM.	  *p <.05, **p <.01, ***p <.001, T = .05 < p < 0.1, in comparison between the saline infused 

females and males for each behavior. 
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Table 3: Summary of intrahippocampal SCH23390 effects on grouped behaviors for the 30 minute social 

interaction in the STFP. 

 Females Males Saline treated sex difference? 
Total Activity [D]↓ [D]↓ Males shorter latency than Females 
Total Social 
Behavior 

[D]↓ ⎯ 
[F]⇣ 

Males shorter latency  
than Females 

Agonistic 
Behavior 
Delivered 

[D]↓ [D]↓ [F] Males > Females 

Agonistic 
Behavior 
Received 

⎯ [D]↑ Females shorter latency  
than Males 

Total Agonistic 
Behaviors 

⎯ [F]↓ [F] Males > Females 

Dominance Score [D]↓ [D]↓ [F] Males > Females 
Social 
Investigation 

[D]↓ ⎯ ← [D] Females > Males 

Non-social 
Behaviors 

[F]↓ [F]↓ Males (trend) shorter latency than Females 

Non-social 
Locomotor 
Behaviors 

[D]↓ [D]↓ Males shorter latency  
than Females 

Non-social  
Non-locomotor 
Behaviors 

[D]↑ [D]↑ [F] Females > Males 

⎯ no significant drug effect; ↓ significant decrease; ↑ significant increase; ⇣ trend towards decrease;  

← significantly shorter latency; “D” indicates duration; “F” indicates frequency. 
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Table 4: Summary of intrahippocampal SCH23390 effects on single behaviors scored for the 30 minute 

social interaction in the STFP. 

 Females Males Saline treated sex difference? 
Social Behaviors 
Following the DEM [D]↓ [D]↓ [D] Females > Males 
Dominant Behavior ⎯ [D]⇣ ⎯ 
Attacks Delivered ⎯ ⇢ [F] Males > Females 
Ritualized Aggression ⎯ [D]↓ [D] Males > Females 
Open Aggression ⎯ ⇢ Males shorter latency than Females 
Avoidance of DEM ⎯ ⎯ Females shorter latency than Males 
Submissive Behavior ⎯ [D]↑ [F] Females > Males 
Attacks Received ⎯ ⎯ ⎯ 
Defensive Upright 
Posturing 

⎯ ⎯ ⎯ 

Social Inactivity ⎯ [D]↑ [F] Females (trend) > Males 
Oronasal Investigation ⎯ ⎯ [F] Females > Males 
Body Investigation [D]↓ ⎯ 

[F]⇣ 

[D] Females > Males 

Anogenital 
investigation 

[D]↓ [D]↓ ⎯ 

Stretched Approach ⎯ ⎯ ⎯ 
Approaching and/or 
Attending to the DEM 

⇢ ⎯ ⎯ 

Non-social Behaviors 
Horizontal Exploration [D]↓ [D]↓ ⎯ 
Vertical Exploration [D]↓ [D]↓ ⎯ 
Digging [D]↓ [D]↓ [D] Males > Females 
Abnormal Stereotypies ⎯ ⎯ ⎯ 
Solitary Inactivity [D]↑ [D]↑ ⎯ 
Self-Grooming [D]↓ [D]↓ ⎯ 
⎯ no significant drug effect; ↓ significant decrease; ↑ significant increase; ⇣ trend towards decrease;  

⇢ trend towards longer latency; “D” indicates duration; “F” indicates frequency.   
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Olfaction Control Study: Effects of Intrahippocampal SCH23390 on Olfactory Discrimination 

Both females and males infused with 6 µg/uL of SCH23390, the highest dose that 

blocked social learning, could discriminate between the two food types used in the STFP. Total 

investigation durations were also uninfluenced by SCH23390. Therefore, any indirect effects of 

intra-CA1 SCH23390 on olfactory discrimination can be ruled out. 

The mixed model ANOVA run on the percent of novel food investigation data from 

habituation to test revealed no significant main effect of treatment or sex, and no significant 

interactions, however, there was a main effect of time [F(1, 40) = 54.03, p < .001]. Separate 

analyses on the percent of novel food investigation data of only females or males also revealed 

main effects of time [females: F(1, 19) = 26.59, p < .001; males: F(1, 21) = 28.08, p < .001], 

however, there were no significant main effects of treatment, or any significant interactions. 

Notably, binary a priori, planned mean comparisons revealed that the percent’s of novel food 

investigation at test were significantly higher than at habituation for all groups tested [female 

saline, t(9) = -3.71, p = .005; female SCH23390, t(10) = -3.76, p = .004; male saline, t(10) = -

4.12, p = .002; male SCH23390, t(11) = -3.70, p = .004]. Thus, both female [Figure 31 A] and 

male [Figure 31 B] mice administered with the highest of the SCH23390 doses that blocked the 

STFP could discriminate between the two food-types used in the social learning test.  

The mixed-model ANOVA assessing total investigation durations from habituation to test 

revealed no significant main effects of treatment, or sex, however, there was a main effect of 

time [F(4, 160) = 8.77, p < .001], and a time by treatment interaction [F(4, 160) = 3.99, p = 

.004]. Separate analyses on the total investigation durations of only females [Figure 31 C] or 

males [Figure 31 D] also revealed main effects of time [females: F(4, 76) = 5.52, p = .001; 

males: F(4, 84) = 4.094, p = .004], and time by treatment interactions [females: F(4, 76) = 2.86, p 
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= .029; males: F(4, 84) = 2.613, p = .041], however, there were no significant main effects of 

treatment. Thus, the olfactory discrimination abilities of SCH23390 treated mice could not be 

explained by drug effects on total investigation durations.  

The mixed model ANOVAs run on the estrous phase of females revealed no significant 

effects (see Table 5 for sample sizes), even though there was a marginally significant treatment 

by estrous phase interaction for the percent of novel food investigation data from habituation to 

test [F(2, 15) = 2.85, p = .09]. 
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Figure 31: 

Effects of 

intrahippocampal 

SCH23390 

treatment on 

females [A, C] 

and males [B, D] 

in the olfactory 

discrimination 

task. [A, B] 

Percent of novel 

food investigated 

over the total investigation of both foods for females [A] and males [B] that received a dorsal 

hippocampal infusion of either saline solution [n = 10 for females, n = 11 for males], or the D1-type 

antagonist SCH23390 at 6 µg/µL [n = 11 for females, n = 12 for males], fifteen minutes before five 

consecutive phases (each phase was five minutes in duration). During the first four phases (habituation; 

black bars), mice received olfactory exposure to either CIN or COC, and on the fifth phase (test; gray 

bars), mice received olfactory exposure to both CIN and COC. [C, D] Total investigation durations (novel 

food + familiar food) across each phase for females [C] and males [D] were not affected by 

intrahippocampal SCH23390 treatment. Data are presented as mean ± SEM. **p <.01, in comparison 

between the average percent of novel food investigation of the four habituation phases to the percent of 

novel food investigation during test. 
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Table 5: Sample sizes (n) for each estrous phase, per treatment, for the STFP and olfactory 

discrimination task.  

STFP experiment 
 Proestrus Estrus Diestrus 

Saline n = 1 n = 2 n = 21 
1 µg/µL n = 6 n = 1 n = 16 
2 µg/µL n = 4 n = 2 n = 17 
4 µg/µL n = 4 n = 1 n = 20 
6 µg/µL n = 8 n = 1 n = 17 

Olfactory discrimination task 
Saline n = 4 n = 1 n = 5 

6 µg/µL n = 5 n = 2 n = 4 
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DISCUSSION 

In the present study, we found that intra-hippocampal SCH23390 blocked the STFP in 

both male and female mice (Figure 19, 20). Also in line with the systemic work done by Choleris 

et al., 2011, intra-hippocampal SCH23390 did not influence total food intake (Figure 21). This 

suggests that the STFP is mediated by D1-type receptors in the CA1. However, such receptors in 

the CA1 do not play a role in feeding behavior in this paradigm. An olfactory control study also 

allows the likelihood of a sensory impairment due to intrahippocampal drug treatment to be ruled 

out (Figure 31).  

D1-type receptors within the dorsal hippocampus also appeared to mediate certain 

aspects of the social interactions in a sex-specific manner (Table 3, 4), such that D1-type 

inhibition mainly influenced social-investigatory related behaviors in females (Figure 26), and 

agonistic related behaviors in males (Figure 24). The full ethological analysis also revealed that 

while overall activity levels were reduced in both sexes (Figure 22), this did not directly 

contribute to the social learning impairment since sensory exposure to the DEM’s food was not 

influenced by drug treatment (Figure 26 C & D). 

Effects of Intrahippocampal SCH23390 on Social Learning and Food Intake. Our results 

of an inhibitory effect of intra-CA1 SCH23390 on the STFP (Figure 19, 20) are in agreement 

with many studies investigating the role of central nervous system (CNS) D1-type receptors on 

food preferences. For example, blocking D1-type receptors in the shell of the NAcc (Bernal et 

al., 2008) or amygdala (Bernal et al., 2009) weakens the expression, and quickens the extinction 

of a fructose-conditioned flavor preference. Antagonizing D1-type receptors within the lateral 

hypothalamus, on the other hand, only influences the expression of a fructose-conditioned flavor 

preference (Amador et al., 2014). In addition, rats that have had their mPFC D1-type receptors 



	   77 

inhibited fail to acquire the same preference (Malkusz et al., 2012). Blocking D1-type receptors 

within the mPFC (Touzani, Bodnar, & Sclafani, 2010), basolateral/central nuclei of the amygdala 

(Touzani, Bodnar, & Sclafani, 2009a), NAcc shell or core (Touzani, Bodnar, & Sclafani, 2008), 

or lateral hypothalamus (Touzani, Bodnar, & Sclafani, 2009b) also impairs the acquisition, but 

not the expression, of a glucose-conditioned flavor preference (Sclafani et al., 2011). Inhibiting 

D1-type receptors in the OFC can also regulate operant responding for casein pellets in rats 

(Cetin et al., 2004). Moreover, D1-type receptor antagonism in the dorsolateral striatum before 

testing modulates goal-directed performance in rats fed a sweetened condensed milk solution 

(Furlong et al., 2014). Thus, our intrahippocampal social learning results are inline with studies 

that find a role for mesocorticolimbic DA D1-type receptors in an individually acquired food 

preference for highly palatable sweet foods. This study furthers the above-mentioned results, 

showing that DA D1-type receptors in the CA1 can also contribute to the development of 

socially acquired food preferences, however, whether our results are specific to social learning or 

extend to individually acquired food preferences remains to be determined.  

The social learning impairment observed in this study is also in direct agreement with 

other intra-hippocampal SCH23390 studies in non-social learning tasks such as spatial learning 

in a water maze (Da Silva et al., 2012) and food-event arena (Bethus et al., 2010), as well as fear 

conditioning (Rossato et al., 2009), and inhibitory avoidance learning (Bernabeu et al., 1997). 

Additionally, our social learning results are in agreement with genetic studies. For example, food 

reward learning is attenuated in D1-KO mice (El-Ghundi et al., 2003). Spatial learning in the 

Morris water maze (El-Ghundi et al., 1999), and Barnes maze (Ortiz et al., 2010) is also reduced 

in D1-KO mice. Such mice also have impairments in a passive avoidance task, and fear 

conditioning/extinction (Ortiz et al., 2010). 
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A thorough description of the potential mechanisms involved in the social learning 

impairment found in this study can be found in the general discussion, though briefly, it’s 

possible that by blocking D1-type receptors with SCH23390, the threshold for novel information 

(the DEM’s food odor) entry into the hippocampus was not reached (Lemon & Manahan-

Vaughan, 2011). Alternatively, the threshold into the hippocampus may have been met, but the 

signal may have never reached other relevant structures, such as the VTA, to modulate social 

learning. Specifically, at a mechanistic level, activating D1-type receptors increases trisynaptic 

dentate gyrus-CA3-CA1 circuit activity (Varela et al., 2009). Thus, its possible that by inhibiting 

this signal at the CA1, we may have prevented the novel information from leaving the 

hippocampus (assuming it was even there to begin with) to intermediate structures such as the 

NAcc/ventral palladium (VP), and finally to the VTA to guide a hippocampal dependent engram 

from forming through increased DA release. Indeed, blocking DA D1-type receptors in the CA1 

may have prevented the hippocampus from properly establishing an engram that is formed with 

the contribution of the NAcc/VP and VTA.  

In this study, intra-CA1 SCH23390 did not influence total food consumption (Figure 21). 

This is consistent with the systemic results of Choleris et al., 2011, and many other studies using 

CNS manipulations that report D1-type receptor blockade having no influence on food intake. 

For example, inhibiting D1-type receptors in the OFC does not influence the amount of casein 

pellets consumed in rats (Cetin et al., 2004). Moreover, antagonizing D1-type receptors in the 

perifornical lateral hypothalamus reduces ethanol intake, without influencing food intake on 

regular rodent chow (Chen et al., 2014). Furthermore, ongoing self-administration of high-fat 

pellets is not affected by dorsal mPFC D1-type receptor blockade (Nair et al., 2011). NAcc D1-

type receptor inhibition in either the shell or the core subregion also does not influence the total 
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food intake of hungry rats fed standard laboratory chow (Baldo et al., 2002). Thus, D1-type 

receptors appear to be involved in the regulation of food preferences, but not feeding per se.  

The social learning impairment observed in this study was not due to reduced 

investigation of the face area of the DEM during the social interactions, since intra-CA1 

SCH23390 did not influence oronasal investigation durations for any dose, for either females 

(Figure 26 C) or males (Figure 26 D). These results are consistent with those of Choleris et al., 

2011, who also found that the doses of systemic SCH23390, that blocked social learning, did not 

influence oronasal investigation durations. As demonstrated by Valsecchi and Galef, 1989, 

exposure to the breath of the DEM in mice is necessary for social learning to occur in the STFP. 

Notably, Clipperton et al, 2008 showed that the strength of the food preference is not directly 

correlated with the amount of exposure the OBS has with the novel food emitted on the breath of 

the DEM. Instead, there may be a minimum amount of oronasal investigation that is required for 

social learning to occur. Similar levels of oronasal investigation for all groups tested in this study 

suggests that the social learning deficit due to intra-CA1 SCH23390 may have been due to an 

impairment in underlying learning processes, or intrinsic motivational/reward facets of learning 

(see below, General Discussion).  

It may be hypothesized that the social learning deficit found in this study may have been 

due to a sensory impairment, however the literature investigating the role of DA in olfactory 

discrimination shows mixed results (Choleris et al., 2011; Doty et al., 1998; Escanilla et al., 

2009; Kruzich & Grandy, 2004; Pavlis et al., 2006; Rodriguiz et al., 2004; Smith et al., 1998; 

Tilerson et al., 2006; Yue et al., 2004). This may be due to multiple factors such as the species 

used (mice versus rats), the olfactory paradigm (discrimination versus recognition) or the way 

the DA system was manipulated (single or multiple drug infusions, lesion study, site of infusion, 
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gene KO). However, in this study, the results of the olfactory discrimination task (Figure 31) 

showed that both females (Figure 31 A) and males (Figure 31 B) were able to distinguish 

between COC and CIN flavored foods (the two flavors used in the STFP) after receiving a 

hippocampal infusion of the highest of the doses of SCH23390 that blocked social learning. 

Thus, the social learning impairment following intra-CA1 SCH23390 cannot be directly 

explained by an olfactory discrimination deficit.  

The biphasic dose-response curve found in this study for the DEM preference scores for 

both sexes (Figure 20), and for the CIN preference scores for males (Figure 19), are not 

uncommon with DA receptor antagonists (e.g. Neisewander et al., 1998; for full review see 

Calabrese, 2001). This may have been a result of non-selective binding by SCH23390 at the 

lower-middle dose, therefore counteracting the influence on the targeted receptors (Bourne, 

2001).  

Effects of Intrahippocampal SCH23390 on Behavior during the Social Interactions. Intra-

hippocampal SCH23390 reduced total activity levels (Figure 22 A & B). This was partly 

reflected in a reduction in non-social active behaviors (Figure 23 A & B), as there was a 

reduction in vertical (Figure 23 C & D) and horizontal (Figure 23 E & F) exploration, as well as 

digging (Figure 23 G & H) for both sexes. The overall reduction in total activity was also 

mirrored by the increase in non-social non-active behaviors (Figure 29 A & B), such as the 

increase in solitary inactivity (Figure 29 C & D), and an according decrease in self-grooming 

(Figure 29 E & F) for both sexes.  

While non-social behaviors were reduced for both sexes (Figure 28 A & B), it is 

interesting to note that total social behaviors were reduced only for females (Figure 22 C), as this 

composite behavior was not significantly affected for males (Figure 22 D). This may be related 
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to possible sex differences at baseline levels. Indeed, saline comparisons showed that males had 

a shorter total social behavior latency than females (Figure 30 C). This suggests that 

hippocampal D1-type receptor blockade may have influenced overall social behaviors in a sex-

specific manner. Hence, whereas all active behaviors were reduced by SCH23390 for both sexes, 

the effects on social behaviors seemed to be specific to some behaviors and not to others for 

males and females.  

With regards to the social behaviors of males, there was primarily a reduction in agonistic 

behaviors (Figure 24), but not social investigation (Figure 26). Conversely, for females there was 

a reduction in social investigation (Figure 26), and less so an effect on agonistic behaviors 

(Figure 27), as quantified by the number of investigatory to agonistic behaviors affected.  

Specifically for male social behaviors, a reduction in total agonistic behaviors (Figure 24 

A) was reflected in a decrease in ritualized aggression (Figure 24 C), and agonistic related 

behaviors delivered (Figure 24 F). In parallel with this, there was an increase in agonistic 

behaviors received (Figure 24 E), and submissive behaviors displayed (Figure 24 D). These 

changes in behavior accordingly led to a reduced dominance score (Figure 24 B). However, there 

were no large effects on non-agonistic social investigations (Figure 26), with the exception of 

anogenital investigation (Figure 26 H), which may actually be considered the most “agonistic” of 

social investigations (Clipperton-Allen et al., 2010, 2011B). Moreover, body investigation 

(Figure 26 F) may not have been influenced for males (unlike females) due to a floor effect, 

since saline infused males already had relatively low levels (significantly lower levels than saline 

infused females; Figure 30 A) of investigation for this behavior to begin with. Thus, the effects 

of intra-hippocampal SCH23390 on male social behaviors appear more prevalent on agonistic 

behaviors, with the overall direction of effects being a reduction in agonistic behaviors delivered, 
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and an increase in agonistic behaviors received, and consequently a reduction in dominance. 

Moreover, the SCH23390 effects on males can be interpreted as selective for agonistic behaviors 

because other highly performed social behaviors (such as body investigation etc.) are not 

reduced.  

With regards to the effects of D1-type receptor antagonism on female social behaviors, 

there was primarily a reduction in non-agonistic active social behaviors (Figure 26). That is, 

there was a reduction in total social investigation (Figure 26 A), which was reflected by the 

reduced body (Figure 26 E) and anogenital (Figure 26 G) investigation, but not oronasal 

investigation (Figure 26 C). However, there was little effect on agonistic type behaviors, since 

only agonistic behaviors delivered (Figure 27 A) were decreased (which resulted in a reduced 

dominance score [Figure 27 B]). Therefore, the SCH23390 effects on females may be specific 

for non-agonistic behaviors, but we cannot say so conclusively because agonistic behaviors were 

not highly performed to start with. That is, there was a floor effect for behaviors such as open 

aggression (Figure 30 C), ritualized aggression (Figure 30 A), and attacks delivered (Figure 30 

B) etc., which males performed more of in general (see Figure 30), which is in line with other 

studies on Mus musculus that find CD-1 males to be more aggressive than females (e.g., Anton, 

1969; Edwards, 1970; Jacobson-Pick et al., 2013; Miczek et al., 2001). Indeed, females will 

normally rather employ non-attack agonistic behaviors such as pushing down, aggressive 

allogrooming, or aggressive postures, instead of overt attacks (Clipperton et al., 2008; 

Clipperton-Allen et al., 2010, 2011B; Grant & Mackintosh, 1963). Hence, the overall social 

effects on females in this study seem more prevalent across most of the social behaviors that 

females already tend to be most engaged in (i.e. social investigation, etc.), with the exception of 

oronasal investigation, which was likely unaffected because this is a reciprocal behavior, and the 
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DEM initiates it frequently. Indeed, for this reason it is not surprising that oronasal investigation 

was not influenced by SCH23390 for either sex (Figure 26 C & D). 

Similar to Clipperton-Allen et al., 2010, we also found that intact male OBS’s had a 

shorter latency to engage in social investigation (Figure 25 B), whereas this effect was not 

present for females. This sex difference may be explained by the distinctive intrinsic 

motivational responses to a same-sex conspecific normally displayed by male and female mice. 

That is, gonadally intact CD-1 males are generally territorial (Clipperton-Allen et al., 2010). 

Studies show that fighting for males can lead to governing the use of space, or instituting a 

territory (Scott & Fredericson, 1951), since males often fight for short time intervals, followed 

by a retreat by the subordinate animal (Ginsburg & Allee, 1942; Miczek et al., 2001). Fighting 

for females, on the other hand, may result in the formation of a dominance hierarchy, which can 

lead to the sharing of that territory. These results may also just be a reflection of generally higher 

arousal levels among males to a same-sex conspecific (Branchi et al., 2006; Pfaff et al., 2008).  

The effects of intrahippocampal SCH23390 on the OBS social interactions is consistent 

with many lines of evidence supporting a role for mesocorticolimbic DA in various social 

behaviors. For instance, infusion of the combination D1/D2 receptor antagonist cis-Z-

flupenthixol into the shell of the NAcc in postpartum female rats reduced maternal motivation 

(Parada et al., 2008). There is also an upregulation of D1 receptors within the NAcc of prairie 

voles upon forming a pair bond (Aragona et al., 2006). In vivo studies in mice also indicate that 

social avoidance behavior during an interaction is negatively correlated with VTA neuron 

activity at baseline levels (Cao et al., 2010). Moreover, intra-CA1 SCH23390 blocks the fear-

reducing effects of courtship in male rats (Bai et al., 2009). Similarly, our study has shown an 

involvement of the hippocampus, via D1-type receptors, in the dopaminergic regulation of social 



	   84 

behavior in mice, and has extended previous results with males to females.  

Clearly, more work with both males and females that entail a thorough behavioral 

assessment is required before we can have a complete understanding of the role that DA D1-type 

receptors in the hippocampus play in the distinct processing of agonistic and investigatory 

behaviors.  

In this study, overall activity levels were reduced by intra-CA1 SCH23390. These results 

could be expected in view of the established role that DA has on locomotion (Boutrel, 2008). 

Indeed, anatomical data in the rat show that the majority of hippocampal-striatal projections 

ascend from the ventral hippocampus, and innervate mainly (if not only) the ventral regions of 

the striatum, such as the NAcc (Kelley & Domesick, 1982). While there are few direct inputs 

from the dorsal hippocampus to the NAcc (Lipska et al., 1995), studies suggest that the dorsal 

hippocampus can indirectly influence the striatum through its crosstalk with the ventral 

hippocampus (Swanson & Cowan, 1977). Since the hippocampus has such projections to the 

striatum (Kelley & Domesick, 1982), which gates not only cognitive functions, but also 

locomotion, blocking hippocampal DA receptors can cause bouts of motor inactivity through 

striatum-dependent mechanisms (Jackson et al., 2008). However, the overall influence of 

SCH23390 on total activity in our study was moderately small. Activity levels were also 

relatively similar across all doses tested. Moreover, SCH23390 did not produce any increases in 

abnormal stereotypic and repetitive self-grooming behavior, which is often encountered at higher 

doses used (Cooper & Al-Naser, 2006). This suggests that the doses used here were relatively 

low and that the social learning effects cannot be attributed solely to a generalized behavioral 

impairment. Such results further emphasize the benefits of performing a full ethological analysis 

on an animal’s behavior, as doing so allowed us to define the underlying drug effects on 
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particular social behaviors that contributed to the above-mentioned decrease in total activity 

levels, and to distinguish between effects on the STFP and effects on activity.    

In this study, we also found that both males (Figure 24 B) and females (Figure 27 B) 

became the subordinate animal of the pair within the social interaction, as evidenced by negative 

dominance scores. Many studies have implicated the mesolimbic DA system in subordinate 

behavior (see Trainor, 2011). For example, subordinate male mice have increased, whereas 

dominant males have reduced SCH23390 binding within the amygdala (Avgustinovich & 

Alekseyenko, 2010). Moreover, subordinate wild male rats within a semi-natural environment 

have decreased DAT and increased D2 receptor density within the dorsolateral caudate putamen 

and NAcc (Lucas et al., 2004). Defeat stress can also increase VTA DA neuron activity 

(Anstrom, Miczek, & Budygin, 2009; Krishnan et al., 2007; Razzoli et al., 2011), and blocking 

such neuron action (Chaudhury et al., 2013; Krishnan et al., 2007) can augment the social 

interaction behavior of a previously defeated male mouse. In addition to these brain regions, the 

results of the present study strongly support a role for hippocampal D1-type receptors in social 

hierarchies. More work on the hippocampus in the dopaminergic mediation of subordinate and 

dominant behavior is therefore warranted.  

Taken together, in this study, microinfusing low doses of SCH23390 into the 

hippocampus, paired with performing a comprehensive ethological assessment, revealed that 

there was a selective inhibitory effect on social learning, an influence on specific social 

behaviors during the social interactions, and no influence on food intake, rather than an overall 

perturbation in behavior due to drug treatment. These results fit with the above-mentioned 

anatomical, behavioral, and pharmacological studies that show a role for mesocorticolimbic DA 
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in social behavior, where now the hippocampus can be added to the list of structures that can 

regulate social learning and social interactions through D1-type receptors.  

Mesolimbic Dopamine and Sex Differences. In this study, both females and males 

exhibited a social learning impairment due to intra-CA1 SCH23390, however, males seemed to 

be overall more susceptible to drug treatment than females, as evidenced by the CIN preference 

scores (Figure 19). Whereas there was no difference between males and females for the doses 

that influenced the DEM preference scores (both sexes had a lower DEM preference score than 

the saline treated control mice for each sex at 1, 4 and 6 µg/µL of SCH23390; Figure 20), the 

CIN preference scores revealed that males were impaired at the lowest dose (1 µg/µL; Figure 19 

D) and the two highest doses (4 and 6 µg/µL; Figure 19 H & J) of SCH23390, however, females 

were only impaired at the highest dose of SCH23390 (6 µg/µL; Figure 19 I). 

These findings are consistent with anatomical studies that suggest a role for androgens 

and estrogens on DA activity. For example, androgen receptor mRNA is present within the rat 

VTA and hippocampus (Simerly et al., 1990). There is also greater c-Fos expression in the VTA 

after testosterone injections (DiMeo & Wood, 2006). Similarly, estrogen dense cells are found 

within the VTA, NAcc, and hippocampus of female rats (Pfaff & Keiner, 1973), and they 

express ERβ but not ERα (Creutz & Kritzer, 2002; Shughrue & Merchenthaler, 2001). Estrogens 

may also be influencing DA activity by working through a G-protein-coupled estrogen receptor 

(GPR30; Alyea et al., 2008), a membrane bound estrogen receptor, which is present in the mouse 

hippocampus (Hazell et al., 2009). Thus, different anatomical actions of androgens and estrogens 

on DA activity within the hippocampus, and other associated areas, may have mediated the sex 

differences found in this study.  

Overall, this study supports the idea that females are generally less vulnerable to 
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mesolimbic DA manipulations than males. This is consistent with findings showing that female 

gonadal steroids (estrogens/progesterone) have a neuroprotective effect on females. For example, 

17β-estradiol can slow the progression of neurodegenerative diseases in aging postmenopausal 

women, and can even reduce apoptotic cell death, and augment the expression of genes 

important for cell survival in a number of species (Brann et al., 2007; Wise et al., 2005). Thus, 

females in this study may have been slightly more resilient to the effects of hippocampal D1-type 

receptor blockade than males. 

The sex specific effects of hippocampal D1-type receptor blockade on the social 

interactions in the STFP are consistent with a study by Campi et al., 2014, who found that while 

social defeat increases DA and DOPAC levels in both males and females, activating D1-type 

receptors with SKF38393 into the shell of the NAcc could produce social withdrawal in female, 

but not male mice. Moreover, SCH23390 infused into the NAcc shell of females could foster 

social approach after a defeat. Indeed, social defeat stress also leads to greater phospho-CREB 

cell levels in the shell of the NAcc in female but not male monogamous California mice (Trainor 

et al., 2011). It is also interesting to note that while there was a sex difference on a behavioral 

level, mRNA gene expression of D1 and D5 receptors in the NAcc did not reveal any sex 

differences (Campi et al., 2014). This suggests that the behavioral sex differences observed are 

regulated downstream of D1/D5 receptor gene activation. Collectively, these results suggest that 

mesolimbic DA signaling effects on social behavior may be different in females and males. In 

line with this, our findings suggest that the hippocampus is also involved in the DA regulation of 

social behavior, and that this mediation is different in male and female mice.  

Effects of the Estrous Cycle. The estrous cycle modulates social learning in mice 

(Choleris et al., 2011), and estrogen and progesterone have been reported to influence both the 
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mesolimbic and nigrostriatal dopaminergic systems (Becker, 1990; Cabrera et al., 1993; Di 

Paolo, 1994; Dluzen & Ramirez, 1987; Fernandez-Ruiz et al., 1990). Hence, it may appear 

unexpected that in this study, the OBS estrous cycle did not interact with intra-hippocampal 

SCH23390 to influence social learning in the STFP. This was likely because of the small number 

of females in each phase, per treatment condition (see Table 5). This is, however, consistent with 

the systemic results of Choleris et al., 2011, who also found no interaction between SCH23390 

and the estrous cycle on social learning.  

Like Choleris et al., 2011, we also found no influence of the estrous cycle on food intake. 

These results are different than other studies that found female mice (non-deprived) in estrus 

consume less food than females in other phases (Asarian & Geary, 2006; Fessler, 2003). This 

may also be simply due to our low sample sizes per phase for each treatment group (see Table 5). 

Alternatively, food depriving mice for 12-14 hours before testing may have produced such high 

levels of motivation to eat that it may have concealed any influence of the estrous cycle on food 

intake.  

Taken together, our results strongly suggest that more work needs to be conducted on the 

interaction between gonadal steroids and DA in their influence on social learning processes and 

feeding behavior.  
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GENERAL DISCUSSION 

A Neuroanatomical Model of Dopamine Effects on Social Learning. The hippocampus 

plays a crucial role in learning and memory processes (Eichenbaum, Stewart, & Morris, 1990; 

Mishkin, Vargha-Khadem, & Gadian, 1998). D1-type receptors have a strong role in both 

hippocampal dependent learning, and in hippocampal synaptic plasticity (Bethus et al., 2010; 

Clausen et al., 2011; Da Silva et al., 2012; Huang & Kandel, 1995; Lemon & Manahan-

Vaughan, 2006). Much research suggests that multiple areas within the hippocampus are 

modulated by D1-type receptor activity. These include the dentate gyrus, subiculum, and CA1 

subregions, each playing their distinct roles in the formation of a memory trace (Hansen & 

Manahan-Vaughan, 2014; Kulla & Manahan-Vaughan, 2000; Lemon & Manahan-Vaughan, 

2006; Othmakhova & Lisman, 1996; Roggenhofer et al., 2010).  

DA appears to enable the detection of novelty. Indeed, DA is released in the mouse 

hippocampus after encountering novel stimuli (Ihalainen, Riekkinen, & Feenstra, 1999), and via 

D1-type receptors, it can directly modulate LTP (Huang & Kandel, 1995; Lemon & Manahan-

Vaughan, 2006) and long-term depression (LTD; Lemon & Manahan-Vaughan, 2006) 

persistence, both of which have been implicated in the formation of new memories within the 

hippocampus (Bear, 1996; Bliss & Collingridge, 1993; Kemp & Manahan-Vaughan, 2007). This 

strongly suggests that these receptors play a fundamental role in synaptic plasticity mechanisms 

underlying memory formation.  

The primary source of hippocampal DA release is the VTA, even though the 

hippocampus also receives projections from the substantia nigra pars compacta, and the 

retrorubral area (Beckstead, Domesick, & Nauta, 1979). VTA-to-PFC projections important for 

mediating information processing also interact with hippocampal–PFC connections (Goto & 
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Grace, 2008; Seamans, Floresco, & Phillips, 1998). In addition, the hippocampus interacts with 

the NAcc. Though there are no direct projections to the NAcc from the hippocampus, together 

with the VP, the NAcc acts as a downstream branch of the VTA-hippocampal loop to help direct 

goal related behavior, and integrate novel information signaling (Lisman & Grace, 2005). The 

NAcc also plays a role in permitting a hippocampal dependent form of spatial learning 

(conditioned place preference) to guide a motivationally relevant form of appetitive learning (cue 

conditioning; Ito & Hayen, 2011). Thus, in a working model of DA involvement in learning and 

memory, DA is released within the hippocampus in association with novelty or reward related 

stimuli; the hippocampus then “makes sense” of that information with the support of DA 

dependent nuclei (such as the NAcc, VP etc., see below). Evidence suggests that through LTP 

and LTD mechanisms in various hippocampal subfields, the hippocampus is able to add meaning 

to the DA releasing stimuli in the environment, and incorporate this information into a memory 

trace (Hansen & Manahan-Vaughan, 2014). 

The dentate gyrus has been proposed as the “gate-keeper” to the hippocampus, as it 

receives the vast majority of afferent fibers, including dopaminergic input. For example, 

blocking D1-type receptors in the dentate gyrus using SCH23390 inhibits LTP (Kusuki et al., 

1997; Swanson-Park et al., 1999; Yanagihashi & Ishikawa, 1992), and activating D1-type 

receptors increases dentate gyrus excitation in response to novelty/reward (Hamilton et al., 

2010). After passing through the “filter/gateway” of the dentate, information arrives into the 

hippocampal CA3-CA1 circuitry (Hamilton et al., 2010; Heinemann et al., 1992). 

Whereas in vitro SCH23390 only inhibits L-LTP in the dentate gyrus, in vitro SCH23390 

in Schaffer collateral-CA1 synapses prevents or reduces (Swanson-Park et al., 1999) both E-LTP 

(Otmakhova & Lisman, 1996) and L-LTP (Frey et al., 1991; Huang & Kandel, 1995), while 
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activating D1-type receptors enhances E-LTP (Otmakhova & Lisman, 1996). Similarly, in vivo 

studies in freely behaving rats also show that SCH23390 blocks L-LTP in Schaffer collateral-

CA1 synapses, while an improvement is observed by a D1-type receptor agonist (Lemon & 

Manahan-Vaughan, 2006). Consistently, E-LTP and L-LTP magnitudes are greatly decreased in 

the hippocampal slices of D1-KO mice compared to WT controls (Granado et al., 2008). 

Accordingly, the strong influence of D1-type receptors within the dentate gyrus and 

CA3-CA1 subfields on synaptic plasticity and learning mechanisms may be related to their 

relative expression in these areas, and their coupling to signaling cascades (Hansen & Manahan-

Vaughan, 2014). For example, rats express D1-type receptors on pyramidal neurons in the CA1-

3 subfield (Fremeau et al., 1991). Dorsally, granule cells within the dentate gyrus, and ventrally, 

neurons of the subiculum also express D1/D5 receptor mRNA (Fremeau et al., 1991). Thus, the 

hippocampus contains a relatively uniform distribution of D1-type receptors.  

In the mouse hippocampus, D1 receptors have both excitatory and inhibitory 

neuroregulatory localizations. For example, D1 receptors have been localized to glutamatergic 

excitatory neurons originating from the granule layer of the dentate gyrus (Gangarossa et al., 

2012). D1 receptors have also been localized to inhibitory gamma-aminobutyric acid 

(GABA)ergic interneurons originating from the CA1/CA3 subregions (Gangarossa et al., 2012).  

D1 and D5 receptors also activate different signaling cascades. While both D1 and D5 

receptors ultimately lead to CREB activation (which is important for synaptic plasticity within 

the hippocampus; Barco, Alarcon, & Kandel, 2002), they do so through the phosphorylation of 

distinct proteins. The D1 receptor leads to CREB activity via stimulation of adenyl cyclase, 

while the D5 receptor leads to CREB activity via phosphoinositide stimulation (Undieh, 2010). 

Since SCH23390 is a non-specific D1-type receptor antagonist (it blocks both D1 and D5 
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receptors), we cannot conclusively address whether it was D1 or D5 that mediated our 

intrahippocampal social learning impairing effects. Using D1 and D5 specific antagonists, or 

using small interfering RNA (siRNA) specific for D1 and D5 receptor genes could help answer 

this question. However, spatial learning studies done on genetically modified mice suggest a 

specific importance for the D1 receptor (El-Gundi et al., 1999), but not the D5 receptor  

(Granado et al., 2008). Thus, its possible that in our study, the D1 receptor may be mediating 

social learning to a somewhat greater extent than the D5 receptor.  

The VTA-hippocampal DA loop consists of a reciprocal crosstalk between the two 

structures (Lisman & Grace 2005). Indeed, hippocampal DA release is regulated by VTA DA 

neuron activity (Grenhoff et al., 1993; Ljungberg, Apicella, & Schultz, 1992). However, for the 

VTA-hippocampal loop to mediate reward related memory processing, the hippocampus (not the 

VTA) must first register the novel stimuli (Brankack, Seidenbecher, & Müller-GaÅNrtner, 1996; 

Floresco et al., 2003). The hippocampus then indirectly (through the NAcc and VP) acts on the 

VTA to generate a dopaminergically relevant signal (DA release in the hippocampus by the 

upward arm of the loop) that influences hippocampal information processing (Lisman & Grace, 

2005). The loop involves multiple structures: the subiculum of the hippocampus sends excitatory 

glutamatergic signals to the NAcc. Next, via inhibitory GABAergic neurons, the NAcc sends 

signals to the VP, which finally, has inhibitory GABAergic actions on the VTA dopaminergic 

neurons. Thus, the net result is a relinquishing of the VTA DA neurons from tonic inhibitory 

actions (Floresco, Todd, & Grace, 2001; Legault, Rompré, & Wise, 2000; Legault & Wise, 2001; 

Lisman & Grace, 2005). This indirect VTA circuit of the VTA-hippocampal loop can also be 

activated by the trisynaptic dentate gyrus-CA3-CA1 pathway through a “mismatch” detection 
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signal (Lisman & Grace, 2005). Neuroimaging studies on humans also show that the VTA, 

hippocampus and the VP are coactivated by novel stimuli (Bunzeck & Düzel, 2006).  

Studies in rats show that dorsal hippocampal DA levels may also be regulated by non-

dopaminergic brain structures. For example, immunostaining shows that the dorsal hippocampus 

contains dense noradrenergic fiber innervations (Scatton et al., 1980; Swanson & Hartman, 

1975). Indeed, studies have shown that DA levels are effectively reduced by lesioning the 

hippocampal noradrenergic neurons (Bischoff, Scatton, & Korf, 1979). Moreover, the locus 

coeruleus (LC) has strong projections to dorsal hippocampal structures such as the stratum 

radiatum (Moudy, Kunkel, & Schwartzkroin, 1993). Indeed, the LC terminals can release both 

norepinephrine (NE) and DA in the hippocampus. In fact, LC noradrenergic terminals can 

directly orchestrate the release of DA in the CA1 of mice (Smith & Greene, 2012). Thus, dorsal 

hippocampal DA may also be affected by noradrenergic terminals to influence synaptic 

plasticity/learning (Hansen & Manahan-Vaughan, 2014; Figure 32).  
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Figure 32: Anatomical connections of the hippocampus to dopamine target structures. PFC: prefrontal 

cortex; SN: substantia nigra; LC: locus coeruleus; VTA: ventral tegmental area; NAcc: nucleus 

accumbens; RRF: retrorubral field; VP: ventral palladium; DG: dentate gyrus; CA1: cornus ammonis 1; 

CA3: cornus ammonis 3; SUB: subiculum. Adapted from Hansen & Manahan-Vaughan, 2014, pp 852.  

 

Our findings also fit with the idea of a DA driven circuit that is specific for social novelty 

detection. Indeed, we find clear effects of DA action on the STFP, and other studies suggest this 

effect may be specific to the social aspect of this learning. For example, an elegant series of in 

vivo experiments done by Gunaydin et al., 2014 found that optogenetically activating VTA-to-

NAcc DA projections could increase social interactions in freely behaving female mice during a 

five minute social interaction with another same-sex novel conspecific in the home-cage, though 

it had no effects on locomotion, or novel object investigation. Activating VTA-to-mPFC 
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projections, however, had no influence on social interactions. These findings imply that the 

VTA-to-NAcc DA projections are an important, and distinctly wired, subpopulation of neurons 

that have a specialized role in social, but not object related behavior. With particular relevance to 

this study, Gunaydin et al., 2014 found that D1-type receptor blockade, with SCH23390 into the 

NAcc of mice, attenuated the optogenetic prosocial effects of VTA-to-NAcc neuronal 

stimulation. It was further established that the postsynaptic NAcc D1 medium spiny neurons 

could specifically regulate social behavior. It should also be noted that D2-type receptor 

blockade in the NAcc, with Raclopride, had no influence on social behavior (Gunaydin et al., 

2014). Unfortunately, Gunaydin et al., 2014 did not investigate the VTA to CA1 connection. It is 

conceivable that had they applied the same manipulations from the VTA to CA1 hippocampal 

cells during the social interaction in the STFP, they would have observed similar stimulation and 

inhibition effects of D1-type receptors on social learning. Thus, the circuit that detects social 

novelty may also detect novel stimuli originating from a familiar DEM.  
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CONCLUSIONS AND IMPLICATIONS 

This research may help explain how altering the incentive salience of social cues that 

serve as signals of biologically significant events, leads to a general modification of appetitive 

responses. By administering pharmacological agents into discrete brain regions that are able to 

modulate DA dependent behaviors, these experiments may shed light on the potential underlying 

DA circuits and receptors that control social learning, social behavior and feeding in mammalian 

species, including our own. 

Understanding how and where the dopaminergic neural system works may have profound 

benefits for treating abnormalities in the functioning of the social brain. Indeed, several social 

conditions such as schizophrenia (Seeman, Guan, & Van Tol, 1993), ASD (Sun, Yue, & Zheng, 

2008), and depression (Thomas, Malenka, & Bonci, 2000), have been associated with altered 

dopaminergic transmission. A better understanding of the brain mechanisms underlying the 

regulation of various aspects of social behavior and feeding by DA and its receptors can inform 

the development of new treatments for these debilitating disorders, or the more targeted use of 

current medications that affect the dopaminergic system.  

Finally, little is known about the neural circuits that mediate social behavioral responses, 

and the potential sex differences that may exist both at the behavioral and mechanistic levels. By 

investigating both males and females, and by taking into account hormone levels across the 

estrus cycle of female mice during a social interaction, this research may allow a better 

understanding of how and why gonadal steroids such as estrogens, progesterone and testosterone 

modulate the dopaminergic regulation of sexually dimorphic social behavior in animals, and the 

incidence of sex-specific social disorders in humans. Indeed, whereas schizophrenia is generally 

more prevalent among men, women have a higher chance of developing this disorder after the 
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age of 40 years (around the time of menopause; Hafner, 2003; Lindamer et al., 1997). Major 

depression is also twice as common among women as in men (Marcus et al., 2005). Interestingly, 

our findings that males were more sensitive to SCH23390 than females is consistent with the 

pervasive male-specific sex bias of Autism Spectrum Disorders (ASD), 80-90% of diagnoses 

being males over females (Hartley & Sikora, 2009). Thus, its possible that sex differences in D1-

type receptor signaling in the dorsal hippocampus may play a part in the increased susceptibility 

to psychosocial disorders found in males.  
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OUTLOOK AND FUTURE DIRECTIONS 

The next step in our line of work will be to investigate the role of the DA D2-type 

receptors, by using Raclopride, in the hippocampus. Whereas Choleris et al., 2011 found no 

effect of D2-type receptor blockade on social learning in the STFP, this may have been due to 

multiple factors, including the sex used (only females were tested), or simply because the drug 

was administered via systemic treatments. Indeed, whereas D1-type receptors are found 

primarily on post-synaptic neurons (Gangarossa et al., 2011), D2-type receptors can have an 

effect on numerous signaling pathways postsynaptically (Bonci & Hopf, 2005), and they can also 

inhibit DA release/synthesis (Anzalone et al., 2012; Bello et al., 2011), and can regulate memory 

processing within the temporal hippocampus of mice (Rocchetti et al., 2014), presynaptically. 

This dual-action of D2-type receptors may possibly lead to multifaceted processing, with 

intricate functions. D2-type receptors have also been implicated in food preferences when 

administered into other mesolimbic brain regions such as the amygdala (Malkusz et al., 2012). 

However, the involvement of hippocampal D2-type receptors in the STFP has yet to be 

addressed.  

We will then explore the involvement of other brain regions by infusing the same drugs 

(SCH23390 and Raclopride) into other DA target structures that are relevant to the ‘social brain’ 

and motivation such as the ventral hippocampus, NAcc, VTA, substantia nigra, or amygdala. 

Since many of these brain regions are involved in individual learning about food preferences (see 

Sclafani et al., 2011), it would be expected that they would also play a role in socially acquired 

food preferences.  

It would also be valuable to use in vivo sampling techniques such as microdialysis to 

further quantify the overall network of brain regions mediating the dopaminergic regulation of 
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social learning. One study investigating acetylcholine release in the hippocampus using in vivo 

microdialysis found that OBS’s rats had increased acetylcholine release upon exposure to a DEM 

that had eaten a novel food, though much less acetylcholine was released when the DEM ate 

normal chow, and virtually no acetylcholine was released when the OBS was only exposed to the 

novel odor alone (Gold et al., 2011). Yet, whether we would find the same results with 

hippocampal DA in mice is an open question.  

In addition to using more selective antagonists for specific DA receptors, we can also 

extract DA dependent brain structures (such as the olfactory bulbs, NAcc, VTA, dorsal 

hippocampus etc.) in high and low learning mice in the STFP, and examine DA receptor (D1-D5, 

as well as DAT and Tyrosine hydroxylase [TH]) gene expression by using real-time reverse-

transcription polymerase chain reaction (RT-PCR), to determine whether performance in the 

STFP is linked to DA receptor gene expression within a network of motivationally relevant brain 

structures. This would enable us to identify specific DA receptors, and DA target structures 

relevant to social learning.  

We will also continue to use both sexes in our experiments, and further highlight the 

importance of examining the neurobiology of social behavior in both male and female animals. 

We are also interested in further establishing the interaction between gonadal steroids such as 

estrogens/progesterone and DA activity on socially learned food preferences. To do this, we can, 

for example, examine only high and low performing females in the STFP that are in proestrus, 

and investigate their DA receptor gene expression in brain areas relevant to social 

learning/motivation. Doing so may lead to a greater understanding of the sexually dimorphic 

nature of many social disorders. 
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LIMITATIONS 

Some possible limitations of this study include drug diffusion within the brain. After all 

experimental testing, mice received an intrahippocampal infusion of dye solution to help visually 

trace the SCH23390 diffusion within the hippocampus. While dye infusions do suggest that 

SCH23390 was primarily restricted to the hippocampus, and did not migrate to other areas 

within the brain (such as the ventricles), dye diffusion may not be completely in accordance with 

the diffusion of SCH23390 in the brain. That is, dye solution may diffuse at a slower rate than 

SCH23390 because of its higher viscosity. Thus, dye diffusion may not have been a full 

representation of the SCH23390 diffusion within the mouse hippocampus. In addition, after 

puncturing a hole within the alveus (the membrane surrounding the hippocampus) with the guide 

cannulae, its possible that SCH23390 may have diffused into other areas within the brain (such 

as the lateral or third ventricles). One way to address this limitation would be to tag SCH23390 

with a fluorescent marker to help decipher its specific migration. Another approach would be to 

infuse SCH23390 directly into other areas of the brain as an additional control. For example, to 

investigate the potential influence of SCH23390 on other dopaminergic brain structures, we 

could infuse SCH23390 directly into the lateral or third ventricles of OBS mice in the STFP. It 

would have also been useful to add an additional group of OBS mice in the STFP that received 

an infusion into the cortex directly above the hippocampus. Directly comparing the social 

learning of correctly placed hippocampal injections to “incorrectly” placed injections within the 

ventricles or cortex could help to further establish whether or not the social learning impairment 

found in this study was due to hippocampal DA D1-type receptor blockade, specifically. 
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