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Abstract 

Although evidence implicates oxytocin (OT) in anxiety regulation, little is known about 

where this occurs in the brain or if this system is altered by social affiliation. I hypothesized that 

infusions of OT into the lateral septum (LS), a brain structure implicated in anxiety, would 

decrease rats’ anxiety-related defensive responses.  Twenty male rats were administered bilateral 

injections of OT or saline into the LS before undergoing the elevated plus-maze (EPM) and 

novelty-induced suppression of feeding test (NSFT).  OT infusions marginally increased the 

percentage of time spent on the open arms in the EPM.  Surprisingly, in the NSFT novel-cage 

test, OT-treated rats began consuming the wafer later than controls.  Thus, the effects of OT 

infusions on anxiety appeared test-specific.  In Experiment 2, I hypothesized that social housing 

would reduce rats’ defensive behaviours and that this effect would map onto an increase in the 

functionality of the OT system, as indexed by a higher number of OT-immunoreactive (-ir) cells 

in the hypothalamic regions where OT is predominantly produced; i.e., the paraventricular 

nucleus (PVN) and supraoptic nucleus. Twenty male rats were either single- or pair-housed for 

five weeks, then anxiety was measured using the EPM and a modified NFST.  One week later, 

their brains were processed for OT-immunoreactivity.  Pair-housed rats took less time to initiate 

consumption of the wafer in the NSFT, but their behavioural profiles in the EPM did not differ 

from those of single-housed rats. Relative to single-housed rats, pair-housed rats had more OT-ir 

cells in the ventral parvocellular region of the PVN, which correlated negatively with their 

latency to begin consuming the wafer on Day 1 of the NSFT.  These findings suggest that social 

housing upregulates the OT system which, in turn, influences rats’ defensive behaviours.  

Overall, my findings confirm the involvement of OT in behavioural defense regulation however, 
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further research is needed to understand how OT influences defensive behaviours under different 

threat contexts. 
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Chapter 1 – Introduction 

Although the hormone oxytocin (OT) is best known for its role in social bonding and 

reproductive functioning in mammals (Dumais & Veenema, 2016), it is also thought to 

contribute to anxiety regulation (Neumann & Slattery, 2016).  For example, administering OT 

into the lateral ventricles reduced anxiety-related behaviours in rats (McCarthy et al., 1996).  

However, less is known as to where the anxiety-reducing properties of OT are localized in the 

brain.  The lateral septum (LS) regulates defensive responses in rodents (Lamontagne et al., 

2016; Schwerdtfeger & Menard, 2008) and is heavily enriched with OT receptors (Ferris et al., 

2015).  Interestingly, other researchers have shown that infusions of OT directly into the LS 

reduced fear expression in conditioned social fear tasks (Guzmán et al., 2014; Menon et al., 

2018; Zoicas et al., 2014).  However, it is not known if the anxiolytic-like actions of OT in the 

LS are specific to social threat stimuli.  To the best of my knowledge, no one has investigated 

whether OT infusions in the LS reduce anxiety-like responding towards non-social threat stimuli.  

Thus, one objective of my research was to analyze the effects of exogenous OT injections in the 

LS of rats using two non-social behavioural tasks: the elevated plus maze (EPM) and novelty-

induced suppression of feeding test (NSFT).  I hypothesized that OT infusions would reduce 

anxiety expression in both tests.   

Social housing is known to reduce anxiety-related defensive responses in rodents; a 

process referred to as social buffering (Hostinar et al., 2014).  Social buffering is thought to 

reflect, at least in part, enhanced functioning of the oxytocin system (Hostinar et al., 2014).  

Higher densities of OT-immunoreactive (-ir) labelled fibers in the LS mapped on to lower levels 

of behavioural fearfulness (Menon et al., 2018). Further, one study found that group-housed mice 

have more OT-ir cells in the paraventricular nucleus of the hypothalamus (Liu et al., 2013) than 
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single-housed mice.  However, such studies are few in number and the generality of their 

findings remains unclear. Thus, a second objective was to explore whether OT-ir cell count in 

various regions of the hypothalamus mapped onto differential levels of anxiety-related 

behaviour.  For this objective, two groups of rats were randomly assigned to either single- or 

paired-housing, then underwent behavioural testing in the EPM and a modified NFST.  Two 

weeks after behavioural testing, the brains were harvested and processed for OT-

immunoreactivity.  I expected that, compared to single-housed rats, pair-housed rats would 

display less anxiety-related behaviours and have more hypothalamic OT-ir positive cells. 
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Chapter 2 – Theoretical Context 

2.1. Anxiety and Defensive Behaviours 

Fear and anxiety are highly adaptive emotions which protect animals from aversive 

outcomes.  Potentially threatening stimuli elicit anxiety which promotes defensive behaviours 

(Blanchard et al., 1993).  Defensive behaviours entail a wide variety of adaptive responses to 

threats which serve to mitigate harm to the animal (Blanchard et al., 1993).  Each defensive 

response is specific to the threat context, thus measuring just one type of anxiety-related 

behaviour cannot sufficiently represent the whole spectrum of behavioural defense.  To remedy 

this, there are several ethological rodent models of anxiety, each providing unique information 

about their associated behavioural defense profiles.  Briefly, the elevated plus-maze (EPM) 

assesses the rats’ innate avoidance of open spaces (Treit et al., 1993; Walf & Frye, 2007), and 

the novelty-induced suppression of feeding test (NSFT) assesses the rats’ innate avoidance of 

novel stimuli, in this case a novel type of food (Merali et al., 2003).  Each of these tests will be 

described in more detail below. The overarching goal of ethologically based animal models is to 

simulate the animal’s natural environment under which the target behaviours are induced 

(Blanchard et al., 1993). 

2.1.1. Elevated Plus-maze 

The EPM contains four arms in the shape of a plus-sign raised off the ground.  Two of 

the arms opposite to each other are enclosed by walls (i.e. the closed arms), while the other two 

arms are not (i.e. the open arms).  Rats tend to avoid the open arms of the maze, and instead 

prefer to spend most of their time in the closed arms where they are presumably more protected 

from potential attack and/or predation.  Thus, anxiety in this test is indexed by lower levels of 

open-arm exploration conventionally depicted by the percentage of entries onto the open arms 
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and percentage of time spent on the open arms (Pellow et al., 1985).  Importantly, open arm 

activity increases following the administration of anxiolytic substances, including diazepam and 

chlordiazepoxide (Escarabajal et al., 2003; Pellow et al., 1985), and decreases following 

administration of anxiogenic substances, such as amphetamines and caffeine (Lawther et al., 

2018; Pellow et al., 1985).  The total number of closed arm entries and/or the total number of 

arm entries (open + closed) are used to index general locomotor activity (Rodgers & Johnson, 

1995).  Changes in anxiety occur when open-arm exploration is altered in the absence of changes 

in general locomotor activity (Bernal-Morales et al., 2017; Kask et al., 1998).   

Although the EPM is a widely used, extensively validated test of rodent defensive 

behaviour, it is important to note that it is sensitive to changes in appetite (Genn et al., 2003; 

Wauson et al., 2015).  For example, exposing rats to food deprivation increases the time spent on 

the open arms without changing anxiety levels in other ethologically based animal models of 

anxiety (Genn et al., 2003).  Thus, it is important to combine EPM testing with a test that can 

rule out treatment-induced changes in appetite, such as the NSFT.  

2.1.2. Novelty-induced Suppression of Feeding Test 

The NSFT measures rats’ latencies to initiate consumption of a palatable snack in a 

familiar (home-cage) versus a novel environment.  In this test, rats are habituated for four days in 

their home cage to a graham wafer, then on the fifth day, or home-cage test day, rats are treated 

with the pharmacological agent of interest just prior to being tested with the wafer in the home 

cage.  The habituation trials and home-cage test all occur in the colony room.  Twenty-four hours 

after the home-cage test, the rats are again administered their respective treatments after which 

they are transported to a separate testing room where they are provided with the now familiar 

palatable snack, but this time, in a novel cage.  Treatment-induced reductions in latency to 
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initiate feeding in the novel environment without changes in this measure in the home cage index 

specific reductions in anxiety-like behaviour, whereas changes in latency in the home cage 

indicate changes in appetite.  Anxiety-reducing substances, like diazepam, selectively decrease 

the latency to begin consuming the wafer in the novel-cage test (Merali et al., 2003) while 

anxiety-provoking substances, such as cocaine, increase this measure (White et al., 2016). 

2.2. Neural Regulation of Anxiety 

2.2.1. Lateral Septum and Anxiety 

The lateral septum (LS) is heavily implicated in behavioural defense, thus regulating the 

experience of anxiety (Lamontagne et al., 2016; Schwerdtfeger & Menard, 2008).  For example, 

Thomas and colleagues (2012) demonstrated that while activation of the LS increased on the 

open arms of the EPM, firing rates of the central nucleus of the amygdala (CeA), another region 

highly involved in anxiety regulation, simultaneously decreased.  During an anxiety-producing 

situation, such as being on the open arms, the LS may have inhibited the CeA in order to 

abrogate fear, thereby allowing the rat to employ more adaptive behaviours.  Furthermore, 

exposure to a predatory threat, i.e., cat fur, increased c-Fos expression in the LS in rats (Bowen 

et al., 2013).  Interestingly, active responders, that is, rats that innately demonstrated high levels 

of fur exploration, thus showing less anxiety-related behaviour, had lower activation of the LS 

than passive responders (Bowen et al., 2013).  Passive responders are rats that showed more 

anxiety-like behaviours, as indexed by higher levels of immobility and huddling with 

conspecifics (Bowen et al., 2013).  As such, in anxiety-inducing situations, rats that were more 

prone to displaying anxiety behaviours had higher activation of the LS.  

Finally, while anxiogenic drugs such as yohimbine increase LS activity (Singewald et al., 

2003), lesions and pharmacological inhibition (e.g., using anxiolytic substances like the GABA-
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A agonist, muscimol) of the LS reduce defensive behaviours in various tasks including in the 

EPM (Chee & Menard, 2013; Pesold & Treit, 1996; Trent & Menard, 2010), NSFT (Chee & 

Menard, 2013; Trent & Menard, 2011), and shock-probe burying test (Chee & Menard, 2011; 

Lamontagne et al., 2016; Pesold & Treit, 1996). 

2.3. The Oxytocin System, Stress and Anxiety 

Oxytocin (OT) is a peptide hormone produced in the paraventricular nucleus of the 

hypothalamus (PVN) and transported to the posterior pituitary for release into the bloodstream.  

The OT-producing cells of the PVN can be further divided into the magnocellular and 

parvocellular regions (Althammer & Grinevich, 2018). Innervation of the posterior pituitary is 

primarily from magnocellular OT cells (Althammer & Grinevich, 2018).  However, 

magnocellular OT cells also send out axonal projections to various limbic structures of the 

forebrain such as the amygdala, LS, and bed nucleus of the stria terminalis (BNST; Althammer 

& Grinevich, 2018).  Parvocellular OT cells mainly project to the brainstem and spinal cord to 

influence autonomic functions and may have collateral projections onto magnocellular cells to 

indirectly exert control on forebrain structures (Eliava et al., 2016). A diagram illustrating some 

of the key oxytocin circuits is provided in Figure 1. 
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Figure 1 

Schematic Diagram of Oxytocin Signalling in the Rodent Brain  

Note. Modified from Acevedo-Rodriguez et al. (2015). 
 

OT is known primarily for its roles in reproductive functions (i.e. lactation and uterine 

contractions during birthing) and social bonding (Dumais & Veenema, 2016).  Given the 

extensive OT-innervation of various brain regions implicated in behavioral defense, including 

the LS, it is not surprising that OT is also found to have powerful anti-stress and anxiety-

reducing properties (Neumann & Slattery, 2016).  Specifically, in rats, the secretion of OT into 

circulation is enhanced in response to a wide variety of stressors such as restraint, hypothermia, 

novelty, and electric shock (Gibbs, 1986). Furthermore, OT may suppress the hypothalamic-

pituitary-adrenal (HPA) axis through inhibitory action on neurons that produce corticotrophin-

releasing hormone (CRH; Blume et al., 2008). The release of CRH from the hypothalamus 
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activates the HPA axis in response to a stressor.  Interestingly, OT receptors are colocalized on 

CRH-expressing neurons (Dabrowska et al., 2011).  Thus, OT may play a direct role in 

neutralizing physiological responses to a threat source. 

Past research further showed that intra-cerebral ventricular (i.c.v.) infusions of OT 

produced anxiolytic-like effects on rodent behavioural responses to threat.  For example, i.c.v. 

infusions of OT increased the number of entries mice made onto the open arms of the EPM 

(McCarthy et al., 1996).  Furthermore, i.c.v. infusions of OT increased the amount of time mice 

spent in the open quadrants of the elevated zero-maze (i.e., similar to the open arms of the EPM) 

thus implying reduced anxiety (Ring et al., 2006).  More recently, investigators have been trying 

to localize the anxiolytic properties of OT to specific brain structures.  For example, female rats 

infused with OT into the medial prefrontal cortex spent significantly more time and made more 

entries onto the open arms of the EPM (Sabihi et al., 2014). Infusions of OT into the 

periaqueductal gray (PAG) increased the percentage of time spent on the open arms of the EPM 

in postpartum rats and, importantly, this measure was reduced by administration of an OT 

antagonist (OTA) into the PAG (Figueira et al., 2008). In the shock-probe burying test, where 

anxiety is measured as the amount of time spent burying an electrified probe, infusions of OT 

into the amygdala decreased the amount of time spent burying the probe (de la Mora et al., 

2016).  Finally, male rats infused with OT into the PVN spent more time on the open arms and 

made more open arm entries in the EPM, and these effects were reversed by the administration 

of a downstream inhibitor (i.e., MEK1/2 inhibitor; Blume et al., 2008). 
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2.3.1. Oxytocin and the Lateral Septum 

The LS expresses high levels of OT receptors (Ferris et al., 2015).  Using functional 

magnetic resonance imaging in rats, i.c.v. infusions of OT were associated with changes in the 

blood oxygen level-dependent signal in the LS as well as other regions with high densities of OT 

receptors (Ferris et al., 2015).  Other research found that higher densities of OT-immunoreactive 

(-ir) labelled fibers in the LS mapped on to lower levels of behavioural fearfulness in mice 

(Menon et al., 2018).  That is, as OT-ir fibre density increased in the LS, the mice exhibited less 

fear-related behaviours (Menon et al., 2018).  However, to the best of my knowledge, only three 

studies to date have directly examined the effects of exogenous OT in the LS on fear- and 

anxiety-related behaviours (Guzmán et al., 2014; Menon et al., 2018; Zoicas et al., 2014).  Each 

of these studies showed that, in mice, infusions of OT into the LS reduced fear-related 

behaviours in a conditioned social fear test.  This test involved presenting the subject with an 

unfamiliar same-sex conspecific and then giving a foot-shock for investigating the conspecific 

(Toth et al., 2012).  Thus, the subject was conditioned to associate the shock-induced pain with 

social investigation and learned to avoid the conspecific.  These social fear behaviours can be 

reversed with anxiolytics such as diazepam (Toth et al., 2012).  As such, when mice were infused 

with OT into the LS, they continued to investigate the conspecific in spite of the foot-shocks 

(Guzmán et al., 2014; Menon et al., 2018; Zoicas et al., 2014).  Unfortunately, it is not clear 

whether these reflect reductions in anxiety or memory deficits, per se.  As well, it is unknown 

whether infusions of OT into the LS would similarly reduce other (e.g., non-social and/or 

unconditioned) anxiety-related defensive behaviours.  Thus, my first objective was to investigate 

this possibility using the EPM and NSFT.  
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2.3.2. Oxytocin and Social Buffering 

Housing with or without conspecifics has been shown to alter anxiety-related behaviours 

in adult rodents (Harvey et al., 2019; Majercsik et al., 2003).  For example, adult rats housed in 

social isolation spent less time on the open arms of the EPM than group-housed rats (Harvey et 

al., 2019).  This supports the contention that social housing attenuates anxiety-like responding, a 

phenomenon known as social buffering.  In particular, having access to a familiar conspecific 

helps the animal recover from an aversive experience (Hostinar et al., 2014; Kiyokawa & 

Hennessy, 2018).  Support for social buffering has been found in a variety of rodents.  For 

example, when Siberian hamsters were administered a cutaneous wound, then exposed to chronic 

restraint stress, the stress increased cortisol levels and impaired healing only in the single-housed 

hamsters and not the pair-housed hamsters (Detillion et al., 2004).  In another study, after 

experiencing social defeat, male rats were either pair-housed or single-housed for two weeks and 

then tested in the EPM (Nakayasu & Ishii, 2008).  Here, single-housed rats spent less time on the 

open arms of the EPM, thus displaying more anxiety-like behaviours, than pair-housed rats, 

which supports the social buffering hypothesis.  According to a third study, after one hour of 

restraint stress, female prairie voles that recovered alone exhibited a lower percentage of open 

arm entries and duration in the EPM than females allowed to recovery with their male partner 

(Smith & Wang, 2014). 

Moreover, social housing is associated with changes in oxytocin levels.  For example, 

socially isolated rats displayed decreased plasma OT levels compared to group-housed rats 

(Harvey et al., 2019).  The effects of housing on OT expression can even be localized to specific 

brain regions.  For instance, chronic social isolation for 28 days downregulated hypothalamic OT 

receptor expression in adult prairie voles (Pournajafi-Nazarloo et al., 2013) and single-housed 
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mice exhibited a lower number of OT-ir cells in the PVN than group-housed mice (Liu et al., 

2013). Liu and colleagues (2013) suggested that social contact upregulates the OT system.  

Specifically, prosocial contact, in the form of skin-to-skin contact, between maternal rats and 

pups upregulated the pups’ central OT release in the hypothalamus (Kojima et al., 2012).  Since 

the release of OT and its subsequent activation of other OT-producing cells stimulates the 

production of more OT (Belin & Moos, 1986), the frequent prosocial contact created by social 

housing may heighten demand for OT and thus promote OT expression via this feedforward loop 

(Liu et al., 2013).  As such, social buffering may be mediated, at least in part, by the OT system.  

As noted above, pair-housed Siberian hamsters given a cutaneous wound healed faster than 

single-housed hamsters, however, this healing slowed drastically when pair-housed hamsters 

were given an i.c.v. infusion of an OTA (Detillion et al., 2004).  Conversely, intraperitoneal (i.p.) 

injections of OT in the single-housed hamsters prevented stress-induced increases in cortisol and 

increased the rate of healing (Detillion et al., 2004).  The authors suggested that wound healing 

was promoted through the OT-induced attenuation of the HPA axis response (Detillion et al., 

2004).  In another study, cerebral microdialysis revealed that female prairie voles allowed to 

recover from immobilization stress with their male partner displayed higher PVN OT protein 

expression than those that recovered in isolation (Smith & Wang, 2014).  Additionally, intra-

PVN infusions of OT in females recovering from restraint stress alone increased open arm time 

and duration in the EPM, thus demonstrating a decrease in anxiety-like behaviours (Smith & 

Wang, 2014).  In contrast to this, intra-PVN infusion of an OTA in females recovering with their 

partner decreased open arm time and duration, abolishing the social buffering effects of a partner 

(Smith & Wang, 2014).  Given the anti-stress properties of OT, it is likely that the OT system 

plays a role in the regulation of the anxiolytic-like effects of social housing.  My second 
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objective was to determine whether the effects of social housing on rats’ anxiety-related 

responses in the EPM and NSFT map onto changes in the brain’s OT system.  

2.4. Objectives 

It is currently unknown if the anxiolytic-like effects of OT in the LS are specific to social 

threat stimuli and/or conditioned fear.  To the best of my knowledge, no one has investigated 

whether OT infusions in the LS reduce rats’ defensive responses towards non-social, unlearned 

threat stimuli.  Thus, my first objective was to examine the effects of exogenous OT injections (1 

μg/side) on rats’ innate behavioural defense profiles in two tests that do not involve social threat.  

It was hypothesized that OT infusions into the LS would reduce rats’ defensive responses in the 

EPM and NSFT. 

A second objective was to explore whether social housing reduces rats’ defensive 

responses in the EPM and NSFT and whether any housing-induced changes in behaviour map 

onto changes in the number of OT-labelled cells in the hypothalamus.   For this objective, rats 

were randomly assigned to either be single- or pair-housed.  Then, after five weeks of housing in 

their respective groups, the rats were behaviourally tested (EPM, NSFT) and, two weeks later, 

their brains were harvested and processed for OT-immunoreactivity.  I expected that relative to 

single-housed rats, pair-housed rats would display less anxiety-related behaviours and more OT-

ir cells in the hypothalamic regions of interest. 
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Chapter 3 – Methods and Results 

Experiment 1: Establishing the Effects of Exogenous Oxytocin in the Lateral Septum 

3.1. Subjects 

Twenty-four adult male Long-Evans rats (Charles River Laboratories, Inc., Quebec, 

Canada) weighing 275-325 g at the time of surgery were included.  Four rats were removed from 

this study due to post-surgical infections.  Rats were housed in independently ventilated 

Plexiglas cages (904 cm2 floor area; Sealsafe Plus GR900, Tecniplast) in a colony room situated 

in the rodent research facility at Botterell Hall, Queen’s University.  They were maintained on a 

12-h/12-h light-dark cycle (lights on at 0700 h), with unrestricted access to food (Lab Diet, PMI 

Nutrition International; Brentwood, MO, USA) and water.  Cages were changed once per week 

and contained 5 cm of corn cob bedding (Bed-O’Cobs, The Andersons, Delphi, Indiana).  The 

cages also contained a plastic tube (15.2 long x 7.6 inside diameter x 0.32 wall thickness cm; 

Bio-Serv, Flemington, NJ) and a wooden gnawing block (3 x 3 x 3 cm; Bio-Serv, Flemington, 

NJ).  Rats were pair-housed for one week to acclimatize them to the facility, and then 

individually housed post-surgery in accordance with our lab’s guidelines for surgically prepared 

rats for the remainder of the study.  All procedures were conducted in accordance with the 

guidelines of the Canadian Council on Animal Care and were approved by the Queen’s 

University Animal Care Committee.  All efforts were made to minimize the number of rats used 

and enhance animal welfare. 

3.2. Surgery 

Two days prior to surgery, the rats were given apple slices to familiarize them to the 

snack.  On surgery day, the rats were anesthetized with isoflurane (4.5% for induction; 1-2.5% 

for maintenance) in oxygen.  The top of the head was shaved from the ears to the eyes, and a 
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local anesthetic (i.e., bupivacaine; 2 mg/kg) was injected subcutaneously (s.c.) into the incision 

site.  The ear canals were treated with a topical anesthetic (i.e., Xylocaine; one pea-sized drop), 

and an analgesic was administered s.c. (i.e., meloxicam; 2.0 mg/kg) immediately preceding the 

operation.  The rats were then placed in a Kopft stereotaxic instrument, tail-marked, and given 5 

ml of Lactated Ringer’s solution (LRS).  The incision site was thoroughly scrubbed with Germi-

stat, an antimicrobial cleanser, for 30 seconds, four times each.  Then, the incision site was 

cleaned with iodine, then alcohol, three times.  An incision was made along the midline of the 

scalp and the fascia was scraped loose and clamped open.  Two burr holes were then drilled into 

the skull and two 23-gauge, stainless-steel guide cannulae were bilaterally lowered to 1.5 mm 

above the LS according to brain atlas coordinates (+0.5 mm AP and ±1.2 mm ML from bregma, 

-3.2 mm DV at 7° medial angle from dura; Paxinos & Watson, 1998).  The guide cannulae were 

secured to the skull using four small jeweller’s screws and dental acrylic.  Once the dental 

acrylic had hardened, another 5 ml of LRS was administered s.c. and the incision site was 

cleaned with 10 ml of saline.  Finally, a topical antibiotic (i.e., Polysporin; two pea-sized drops) 

was applied with a cotton swab along the incision.  To prevent blockage, a pin was inserted into 

each guide cannulae.  Immediately post-surgery, the rats were placed under a heat lamp in a 

clean cage for a minimum of 1 hour.  When the rats began to wake up, they were administered an 

opioid analgesic s.c. (i.e., tramadol; 20 mg/kg).  After the hour had elapsed or the rat has woken 

up, which ever was later, the rat was given 10 pellets of food and apple slices and was then 

transferred to the colony room.  For the following three days post-surgery, the rats were 

administered s.c. injections of meloxicam (2.0 mg/kg) and tramadol (20 mg/kg) daily, and LRS 

as needed.  The rats’ weight was also closely monitored during this period. 
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3.3. Infusions 

Oxytocin acetate salt hydrate (O6379; Sigma-Aldrich, ON, Canada; OT) was dissolved in 

0.9% saline to achieve a final concentration of 2 μg/μl and stored in aliquots at -20 °C until use.  

A fresh aliquot was used on each testing day.  One week after surgery, the rats were randomly 

assigned to one of two treatments: saline 0.5 μl/side (n = 9) or OT 1 μg/side delivered in a 

volume of 0.5 μl/side (n = 9-11). The dose of OT chosen was based on the literature (Sabihi et 

al., 2014). Sabihi and colleagues (2014) demonstrated that injections of 1 μg/side of OT into the 

prelimbic medial prefrontal cortex of adult male and female rats: (1) increased open arm activity 

in the EPM and (2) increased the amount of time spent investigating an unfamiliar conspecific in 

a social interaction test, compared to saline-treated controls.  This suggests that OT injections in 

this region induced anxiolytic-like effects. 

For four consecutive days, the rats underwent infusion habituation training during which 

they were transferred to the infusion room in their home cage, gently restrained using a towel or 

the experimenter’s hands, and their pins were removed and replaced.  On testing day, the rats 

were gently restrained, the pins removed, and bilateral 30-gauge stainless steel internal injectors 

were lowered to ~1.5 mm below the tip of the cannulae guides.  Polyethylene tubing (PE20) was 

used to connect each injector to a 10 μl constant rate Hamilton micro-syringe mounted onto a 

dual micro-syringe infusion pump (KD Scientific, MA).  The infusion rate was set to 1 μl/min. 

for a total infusion of 0.5 μl/side.  After the substance had been infused, the injectors were left in 

place for an additional minute to allow diffusion.  Drug flow was verified by monitoring the 

movement of an air bubble inside the polyethylene tubing.  Before the pins were replaced, the tip 

of the injectors and the cannulae guides were examined for fluid efflux.  The infusion-test-

interval was 20 min. 
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3.4. Behavioural Testing 

 Twenty min. after their first infusion the rats were tested in the EPM. Seven to nine days 

later the rats received a second infusion followed by the home-cage test of the NSFT and 24 hrs 

later, a third infusion, followed by the novel-cage test of the NSFT. Rats remained in their 

respective treatment groups throughout.  All tests were conducted between 0900 h and 1600 h.  

Testing order for each day was counterbalanced according to treatment group.  

3.4.1. Elevated Plus-maze 

 The EPM is a wooden cross in which two of the opposing arms (10 X 50 X 50 cm) have 

walls, and the other two opposing arms do not have walls (10 X 50 cm).  The entire maze was 

raised 50 cm above the floor.  The test room was dimly lit with a mixture of red and white light.  

To reduce potential transport stress and the novelty of the test room, rats were individually 

transported in their home cage, from the colony to the EPM testing room, where they remained 

for 5 min.  On testing day, 20 min. after the rat had been given an infusion, it was transported to 

the testing room, immediately removed from its home cage, and placed in the center of the maze 

facing a closed arm.  The 5 min. test began immediately after the rat was placed on the maze.  

Once the rat was placed on the maze, the experimenter quietly moved to an adjacent room and 

observed the rat through a monitor connected to a video camera within the testing room.  Each 

session was taped and later coded using Observer XT (Noldus, MA) for the following behaviors: 

number and duration of open/closed arm entries, number and duration of grooming bouts 

(licking/ grooming itself), rearing (standing on hind legs only), and risk assessment behaviours: 

unprotected/ protected head dips (lowering head below the wooden arm while being on an open 

(unprotected) or closed arm (protected)), and unprotected/ protected stretch attends (stretching 

out and then quickly retracting to its original body position while being on an open (unprotected) 
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or closed arm (protected)).  An arm entry was defined as having all 4 paws in the given arm.  The 

maze was cleaned with a 5% alcohol solution after each trial to minimize odor cues.  Anxiety 

was indexed by the percentage of open arm entries (open entries/open + closed entries) and the 

percentage of open arm time (open time/open + closed time).  Overall locomotor activity was 

indexed by the total number of arm entries (open + closed) and the total number of closed arm 

entries. 

3.4.2. Novelty-induced Suppression of Feeding Test 

 For five consecutive days, the rats received a palatable snack (i.e., 10 g of graham wafer) 

in a dish in their home cage in the colony room.  On the fifth day, the rats were administered an 

infusion 20 min. prior to being given the wafer in the home cage.  On the sixth day, the rats again 

received an injection, and 18 min. later were then moved to the testing room in their home cage.  

At the end of the 20 min. infusion-test-interval, the rats were transferred to a novel, opaque cage 

with a novel lid.  The rats were immediately given the now familiar graham cracker, but in a 

novel dish.  Anxiety was indexed as the latency to bite the cracker, which was recorded on all 

days.  If the latency surpassed 600 sec., the observation was recorded as 600 sec.  Burying and 

grooming behaviours were also recorded. Burying occurred when the rat pushed the bedding 

with its forepaws towards the bowl to cover it. Grooming involved a series of actions including 

licking of the forepaws and then using them to wash its face and ears as well as licking its 

shoulders, flanks and hind quarters. 

3.5. Histology 

 After completing the battery of behavioural tests, the rats were euthanized using CO2 

(3%).  The brains were extracted and preserved in 10% formalin for one week prior to slicing.  

Thirty μm coronal slices were taken using a cryostat, then dry mounted onto glass slides.  In 
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order to be included in analysis, both internal cannulae (injector) tips needed to be located in the 

LS, however, no exclusions were made based on this criterion (see Figure 1). 

3.6. Statistical Analyses 

All statistical analyses were performed using Statistical Package for Social Sciences 

(SPSS) version 25 for MacOS.  EPM data was analyzed using ANOVAs, with the between-

subjects factor being Treatment (OT vs. saline).  NSFT data was analyzed using two separate 

mixed measures ANOVA. For the analysis of the Habituation data, the within-subjects factor 

was Day (day 1 vs. day 2 vs. day 3 vs. day 4) and the between-subjects factor was Intended 

Treatment (OT vs. saline).  For the analysis of the Test data, the within-subjects factor was Test 

(home-cage vs. novel-cage) and the between-subjects factor was Treatment (OT vs. saline). The 

assumption of sphericity was evaluated using Mauchly’s test.  Assumptions of homogeneity of 

variance were evaluated using Levene’s test.  Gross violations of the assumptions are addressed 

in the results section. In all cases, the alpha value was set at p ≤ .05. 
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3.7. Results 

3.7.1. Histological Findings 

Visual inspection of the slices revealed that all the cannulae tips of all 20 subjects were 

bilaterally situated in the dorsal aspects of the lateral septum (see Figure 1). 

 

Figure 2 

Histological Verification of Infusion Sites 

 

Note.  Schematic diagrams displaying the estimated sites of bilateral lateral septum injector tip 

placements. Diagrams are modified from Swanson (2004). Numbers correspond to coordinates 

anterior to bregma. 
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3.7.1. Elevated Plus-maze 

A preliminary ANOVA revealed that the OT-treated rats (n = 11) engaged in a higher 

number of grooming bouts, F(1,18) = 5.67, p = .03,	𝜂2 = .24, and trended towards an increase in 

total duration of time spent grooming during the EPM test, F(1,18) = 5.66, p = .07,	𝜂2 = .17, 

compared to controls (n = 9; see Table 1).  As both variables grossly violated the assumption of 

homogeneity of variance, the scores were transformed (Log10) and reanalyzed; number of 

grooming bouts (Log 10), F(1,18) = 6.47, p = .02,	𝜂2 = .28, grooming duration (Log 10), F(1,18) 

= 7.01, p = .02,	𝜂2 = .27 (see Figure 2).  Because grooming behaviour could alter open arm 

activity, EPM data was subsequently analysed using an ANCOVA, with the number of grooming 

bouts and duration of grooming as covariates.  

 

Table 1 

Mean Activity (± SEM) in the Elevated Plus-maze after Infusions of Saline (n = 9) or Oxytocin (n 

= 11) into the Lateral Septum 

   Saline   Oxytocin 
Open Arm Duration (%)   3.78 ± 1.63   5.62 ± 2.81 
Open Arm Entries (%)   6.60 ± 2.38   8.10 ± 3.90 
Grooming Duration (s)     2.44 ± 14.90     40.91 ± 13.48* 
Grooming Frequency   0.33 ± 0.67   2.45 ± 0.60 
No. of Closed-arm Entries 12.11 ± 1.15 10.00 ± 1.24 
No. of Total Entries 13.00 ± 1.21 11.09 ± 1.34 

 
Note. ANOVA revealed that the oxytocin group had a significantly higher grooming duration 

compared to controls (p = .03).   

*p < .05 
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Figure 3 

Mean Grooming Activity (Log10) (± SEM) in the Elevated Plus-maze after Infusions of Saline (n 

= 9) or Oxytocin (n = 11) into the Lateral Septum 

 

Note. ANOVA revealed that the oxytocin group spent significantly more time grooming (p = .02) 

and made significantly more grooming bouts compared to controls (p = .02).  

*p < .05  

 

The ANCOVA revealed that the OT group spent a marginally greater percentage of time 

on the open arms, F(1,16) = 3.61, p = .08, 𝜂2 = .18, but percentage of open-arm entries did not 

differ, F(1,16) = 2.95, p = .10, 𝜂2 = .16, relative to controls (see Figure 3).  OT-treated rats also 

displayed marginally fewer protected stretch attends, F(1,16) = 3.63, p = .08, 𝜂2 = .19, while all 

other indices of risk assessment, i.e. protected and unprotected head dips and unprotected stretch 

attends, yielded no group differences (all p’s > .30; see Figure 4a and b).  Furthermore, indices of 
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locomotor activity, the number of closed arm entries and total number of arm entries, did not 

differ between groups (both p’s > .10; see Table 1).   

 

Figure 4 

Estimated 𝑋% of Open Arm Activity (± SEM) in the Elevated Plus-maze after Infusions of Saline (n 

= 9) or Oxytocin (n = 11) into the Lateral Septum 

 

Note. ANCOVA, using the frequency and duration of grooming as covariates, revealed a 

moderately significant increase in the percentage of open-arm time for oxytocin-treated animals 

compared to controls (p = .08). 
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Figure 5 

Mean Number (± SEM) of (A) Head Dips and (B) Stretch Attends in the Elevated Plus-maze after 

Infusions of Saline (n = 9) or Oxytocin (n = 11) into the Lateral Septum 

A)  

B)  

Note. ANCOVA, using the frequency and duration of grooming as the covariates, revealed 

marginally decreased protected stretch attends for oxytocin-treated animals (p = .08).  
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3.7.2. Novelty-induced Suppression of Feeding Test 

 Two OT-treated rats were not included in the analysis because one was euthanized before 

the NSFT occurred and the other was an outlier for latency to initiate consumption in the novel-

cage test (z-score = 2.85).  This yielded n’s of 9 in each group.   

 
Habituation Days.  For the habituation data, there was a significant main effect of Day, 

F(3,48) = 15.07, p < .001, 𝜼2 = .49, such that latency to initiate wafer consumption (first bite) 

decreased across days (see Figure 5).  Importantly, there were no main effects of Assigned 

Treatment or a Day X Assigned Treatment interaction (both p’s > .30), suggesting that the two 

groups experience a similar degree of habituation to the wafer. 
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Figure 6 

Mean Latency (± SEM) to Initiate Wafer Consumption (s) across Habituation Days in the 

Novelty-induced Suppression of Feeding Test 

 

Note. Mixed measures ANOVA revealed that latency across both groups decreased over time (p 

< .001).  

 

 

 

 

 

 

 

 



 
ROLE OF OXYTOCIN ON DEFENSIVE BEHAVIOURS 
 

 26 

 Test Days. OT infusions tended to increase grooming duration as shown by a marginally 

significant effect of Treatment on the duration of time spent grooming; F(1,16) = 3.86, p = .07, 

𝜂2 = .19, but not on the number of grooming bouts; F(1,16) = 3.07, p = .10, 𝜂2 = .16  (see Table 

2).  The main effect of Day and Day X Treatment interactions were not significant (all p’s > .26).  

It was not possible to covary out the potential influence of grooming behaviours on latencies 

using mixed measures analysis. 

 

Table 2 

Mean Activity (± SEM) in the Home- and Novel-cage Tests in the Novelty-induced Suppression 

of Feeding Test after Infusions of Saline (n = 9) or Oxytocin (n = 9) into the Lateral Septum 

   Saline     Oxytocin 
Home-cage Test   
   Latency to Initiate Consumption (s) 121.00 ± 17.99   239.89 ± 57.87 
   Grooming Duration (s)   0.67 ± 0.67     32.22 ± 20.45 
   Grooming Frequency   0.11 ± 0.11     1.44 ± 0.82 
Novel-cage Test   
   Latency to Initiate Consumption (s) 470.44 ± 46.48 599.33 ± 0.67 
   Grooming Duration (s)   3.33 ± 2.23     29.11 ± 10.43 
   Grooming Frequency   0.44 ± 0.29     0.89 ± 0.20 

 
Note. Mixed measures ANOVA revealed that latencies to initiate consumption were higher in the 

novel- relative to the home-cage test (p < .001), and that oxytocin-treated rats had longer 

latencies to initiate consumption (p = .006)  and marginally longer grooming durations (p = .08) 

than saline-treated rats. 
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The mixed-measure ANOVA revealed a significant main effect of Day, F(1,16) = 92.24, 

p < .001, 𝜼2 = .85, such that latencies were higher in the novel- relative to the home-cage test, 

and a significant main effect of Treatment, F(1,16) = 9.87, p = .006, 𝜼2 = .38, such that OT-

treated rats displayed longer latencies relative to saline-treated rats (see Table 2).  There was no 

Day X Treatment interaction, F(1,16) = .02, p = .89,  𝜼2 = .001.  

Since the assumption of homogeneity of variances for the latency data was grossly 

violated (Levine’s test: home-cage test, p < .02; novel-cage test, p = .000), nonparametric testing 

was required. Thus, I performed a Mann-Whitney U to determine if the rank order of latencies 

was significantly different between groups.  There were no group differences for the distribution 

of latencies on the home-cage test, U = 55, p = .22 (see Figure 6), and a marginal group 

difference on the novel-cage test, U = 61, p = .08 (see Figure 7).  It appears that on the novel-

cage test, OT-treated rats had moderately higher latencies to begin eating the wafer than controls.  
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Figure 7 

Independent Samples Mann Whitney U Test Ranking Latency to Initiate Consumption (s) in the 

Home-cage Test after Infusions of Saline (n = 9) or Oxytocin (n = 9) into the Lateral Septum 

 

Note. Mann Whitney U showed no group differences for the distribution of latencies on the 

home-cage test (p = .22). 
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Figure 8 

Independent Samples Mann Whitney U Test Ranking Latency to Initiate Consumption (s) in the 

Novel-cage Test after Infusions of Saline (n = 9) or Oxytocin (n = 9) into the Lateral Septum 

 

Note. Mann Whitney U showed that OT-treated rats ranked moderately higher on their latencies 

than did controls on the novel-cage test (p = .08). 
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Experiment 2: Does Social Housing Decrease Rats’ Anxiety-related Behaviours by Altering 

the Number of Oxytocin-positive Cells in the Hypothalamus? 

3.8. Subjects 

Twenty adult male Long-Evans rats weighing 176-200 g (Charles River Laboratories, 

Inc., Quebec, Canada) were housed in open top Plexiglas cages (26 x 48 x 20 cm) in a 

temperature- (21°C ± 2°C) and humidity-controlled (~50%) colony room situated in the rodent  

research facility at Humphrey Hall, Queen’s University.  They were maintained on a 12-h/12-h 

light-dark cycle (lights on at 0700 h), with unrestricted access to food (as previously described) 

and water.  Cages contained 5 cm of aspen chips (BetaChips, NEPCO; Warrensburg, NY, USA).  

All cages also contained a black PVC tube (15 long x 8 diameter x 0.5 wall thickness cm) for 

enrichment.  On arrival, rats were immediately randomly assigned to be pair-housed with a 

conspecific (n = 10) or single-housed (n = 10).  Cage changes were carried out twice weekly for 

pair-housed rats and once per week for single-housed rats.  On the second cage-change day, the 

single-housed rats were handled for the same amount of time as the pair-housed rats. 

3.9. Behavioural Testing 

After five weeks of housing in their respective groups, the rats were tested in the EPM 

using identical procedures as described previously, however, only the number of open and closed 

entries and the duration of time spent on the open arms were manually recorded by an 

experimenter standing quietly in the test room. One week later, the rats were tested in a modified 

version of the NSFT.  For four consecutive days, the rats were removed from their home cages 

and then individually placed in a separate, initially novel opaque cage after which they were 

given the palatable snack (as previously described).  The cages were cleaned with water in 

between rats.  All testing occurred in the home colony.  Pair-housed rats were simultaneously 
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tested in different cages to eliminate the potential confound of being isolated in their home cage 

while their cage-mate was being tested.  Latency to initiate consumption of the graham wafer 

was recorded each day. 

3.10. Immunohistochemistry 

At the end of behavioural testing, the rats were euthanized using Euthanyl (100 mg/kg, 

i.p.).  When the rat stopped breathing, it was transcardially perfused with 250 ml of cold 

phosphate-buffered saline (PBS; 0.1 M, pH 7.4), followed by 250 mL of 4% paraformaldehyde 

in PBS.  The brains were post-fixed for 30 minutes in 4% paraformaldehyde in PBS and then 

cryoprotected in 20% sucrose-infused PBS at 4°C for 48 h or until they sunk, whichever was 

later.  The brains were then flash frozen using isopentane and stored at -80°C.  Fifty μm coronal 

sections were collected using a cryostat and the sections were stored at −20°C in a cryoprotective 

buffer containing 25% glycerol, 30% ethylene glycol, and 45% 0.1 M PBS.  Sections were 

collected in a series of 3 vials such that each vial contained every third slice. 

Free-floating sections were first rinsed in 0.1 M PBS (3x for 15 min. each), then 

quenched with 0.3% H2O2 in PBS for 30 min. and placed for 1 hour in a blocking solution (10% 

normal goat serum, 0.1% Triton X-100 in PBS).  The tissue was then incubated in primary rabbit 

antibody targeting OT (1:6000, ImmunoStar, Hudson, WI) for 1 hour on a shaker at room 

temperature, then ~24 hours at 4°C.  Then, the tissue was rinsed in PBS (3x for 15 min. each) 

and incubated for 90 min. at room temperature with Vector’s “Ready to Use” biotinylated 

secondary anti-rabbit antibody (MJSBiolynx Inc., Brockville, ON).  After three more rinses in 

PBS (15 min. each), the tissue was incubated for 90 min. in avidin–biotin–peroxidase complex 

(Vectastain Elite ABC kit, MJSBiolynx Inc.).  Following three final PBS rinses, the sections 

were placed in a nickel-DAB (3,3'-diaminobenzidine) HRP solution containing 0.05% 
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diaminobenzidine and 0.03% H2O2 for 2 min. The reaction was stopped in PBS.  Sections were 

mounted onto gelatin-coated slides, dehydrated, and coverslipped.  To control for non-specific 

labelling, 2-3 randomly selected sections were incubated with the primary antibody alone or the 

secondary antibody alone.  

3.11. Stereologic Analyses of Oxytocin-immunoreactive Cells in the Hypothalamus 

Using a Nikon E80i light microscope coupled to a computer with the optical fractionator 

from StereoInvestigator (MBF Bioscience, Williston, VT, USA), each region of interest (ROI; 

anterior hypothalamus (AH), BNST, lateral hypothalamus (LH), PVN, anterior parvocellular 

region of PVN (PaAP), parvocellular dorsal cap of PVN (PaDC), medial parvocellular region of 

PVN (PaMP), ventral parvocellular region of PVN (PaV), anterior magnocellular region of PVN 

(PaAM), lateral magnocellular region of PVN (PaLM), and supraoptic nucleus (SON)) was 

traced at low magnification (4X) using a rat brain atlas (Paxinos & Watson, 1998).  Then OT-

positive cells were counted at 40X magnification within systematic randomly selected dissector 

frames (50 X 50 μm), each within a 110 X 100 μm grid, set by StereoInvestigator.  

Approximately 9-10 tissue sections were analyzed per subject.  The sample sizes for the single 

and pair-housed rats for each ROI was n = 10 and n = 10, respectively.  The estimated population 

of the OT-ir cells was calculated for each ROI according to the following equation: 

Equation 1    𝑁	 = 	∑𝑄! ∙ "
#
∙ $
%&'

∙ $
&&'

 

where: 

∑𝑄! = the total number of OT-ir cells counted in the ROIs within the sampled sections  

t = the mounted section thickness (~22-23 μm) collected at every ~10th site and averaged 

for each ROI per subject 
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h = the dissector frame height (10 μm) which contained a 2.5 μm guard zone to ensure 

the microscope would remain focused within the tissue 

asf = the area sampling fraction which was the ratio of the dissector frame area (2500 

μm2) to the grid area (12100 μm2) 

ssf = the section sampling fraction (ssf) which was the number of sections sampled 

divided by the total number of sections i.e. 1/3 because every third tissue section was 

stained and analyzed 

The coefficients of error (CE; smoothness constant, m = 1) of the population estimate of 

OT-ir cells for each ROI was calculated according to Gundersen and colleagues (1999).  The CE 

was the variance caused by the stereological sampling method, in this case, the optical 

fractionator. CE < .10 indicated low methodologically introduced variance. 

3.12. Statistical Analyses 

ANOVAs were used to analyze EPM data and the estimated number of OT-positive cells 

in various ROIs, with the between-subjects factors being Housing condition (single vs. paired).  

NSFT data was analyzed using a mixed measures ANOVA, with the within-subjects factor being 

Day (day 1 vs. day 2 vs. day 3 vs. day 4) and the between-subjects factors being Housing 

condition (single vs. paired).  The assumption of sphericity was evaluated using Mauchly’s test.  

Levene’s test was used to evaluate the ANOVA assumptions of homogeneity of variance.  In all 

cases, the alpha value was set at p ≤ .05. 
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3.13. Results 

3.13.1. Elevated Plus-maze 

The ANOVAs revealed no differences on either the measures of open-arm exploration: 

percentage of open-arm time, F(1,18) = 2.23, p = .15, 𝜂( = .11, percentage of open-arm entries, 

F(1,18) = 1.38, p = .26, 𝜂( = .07 (see Figure 8) or the measures of general locomotor activity: 

closed arm entries, F(1,18) = 2.92, p = .11, 𝜂( = .14; total number of entries, F(1,18) = 0.01, p = 

.94, 𝜂( = .00 (see Table 3). 
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Figure 9 

Mean Open Arm Activity (± SEM) in the Elevated Plus-maze after being Single- (n = 10) or 

Pair-housed (n = 10) for Five Weeks 

 

Note. ANOVA revealed no group differences (all p’s > .15). 

 

Table 3 

Mean Activity (± SEM) in the Elevated Plus-maze after being Single- (n = 10) or Pair-housed (n 

= 10) for Five Weeks 

 Single Paired 
No. of Closed-arm Entries 10.80 ± 0.55   9.50 ± 0.52 
No. of Total Entries 11.60 ± 0.40 11.50 ± 1.18 

 
Note. ANOVA revealed no group differences (all p’s > .11). 
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3.13.2. Novelty-induced Suppression of Feeding Test 

One pair-housed rat was removed from analysis because it was an outlier on days 2, 3, 

and 4 (z-scores = 2.38-2.53).  There was a significant main effect of Day, F(3,51) = 33.42, p < 

.001, 𝜂( = .66, but no Day by Housing interaction, F(3,51) = 1.70, p = .18, 𝜂( = .09.  However, 

there was a main effect of Housing such that pair-housed rats had shorter latencies to begin 

consumption than single-housed rats, F(1,17) = 5.23, p = .04, 𝜂( = .24 (see Figure 9). 
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Figure 10 

Mean Latency (± SEM) to Initiate Wafer Consumption (s) across the Four Days in the Novelty-

induced Suppression of Feeding Test after being Single- (n = 9) or Pair-housed (n = 10) for Six 

Weeks 

 

Note. ANOVA revealed that pair-housed rats had shorter latencies to begin consumption than 

single-housed rat (p = .04). 
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3.13.3. Oxytocin-immunoreactive Cell Count 

An example of a stained section from a pair-housed animal can be seen in Figure 10. 

ANOVA displayed no group differences for any region outside of the PVN (all p’s > .10, see 

Table 4).  Within the PVN, the only region to show a significant difference was the ventral 

parvocellular region (PaV) where pair-housed rats had significantly more OT-ir cells, F(1,18) = 

4.45, p = .05, 𝜂( = .20, CE(m=1) = .15.  Although CE > .10, the group difference was 

sufficiently large as to yield significance, thus variance introduced by the methodology was 

inconsequential to the results. 
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Figure 11 

DAB-immunohistochemistry Stained Coronal Brain Sections (50 μm) of OT-producing Cells in 

the Hypothalamus of a Pair-housed Rat 

 

Note. The bregma schematic was modified from Brain Maps (Swanson, 2004). PaDC, 

parvocellular dorsal cap of the paraventricular nucleus (PVN); PaLM, lateral magnocellular 

PVN; PaMP, medial parvocellular PVN; PaV, ventral parvocellular PVN.  
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Table 4 

Estimated Population (± SEM) of Oxytocin-immunoreactive Cells (N), p-values, and Average 

Gundersen’s Coefficient of Error (m = 1) in the Target ROIs after being Single- (n = 10) or 

Pair-housed (n = 10) for Seven Weeks 

Region Single Paired p CEa 
AH 1661 ± 178   1715 ± 158 .82 .15 
BNST   815 ± 121     965 ± 137 .42 .22 
LH 3853 ± 296   4533 ± 416 .20 .09 
PVN 18367 ± 1189 20179 ± 995 .26 .05 
   Parvocellular regions 14728 ± 1060 15691 ± 957 .51 .05 
      PaAP 7794 ± 804   7588 ± 874 .86 .08 
      PaDC 1273 ± 185   1549 ± 118 .23 .17 
      PaMP 3724 ± 242   4046 ± 516 .58 .10 
      PaV 1687 ± 338   2508 ± 194   .05* .15 
   Magnocellular regions 3644 ± 312   4479 ± 517 .18 .10 
      PaAM   758 ± 223     984 ± 225 .48 .23 
      PaLM 2509 ± 441   3406 ± 472 .18 .12 
SON 8004 ± 513   9452 ± 689 .11 .06 

 
Note. Significant group differences are bolded. N was calculated according to equation 1. AH, 

anterior hypothalamus; BNST, bed nucleus of stria terminalis; LH, lateral hypothalamus, PVN, 

paraventricular nucleus; PaAP, anterior parvocellular PVN; PaDC, dorsal cap PVN; PaMP, 

medial parvocellular PVN; PaV, ventral parvocellular PVN; PaAM, anterior magnocellular 

PVN; PaLM, lateral magnocellular PVN; SON, supraoptic nucleus. 

aCE was calculated according to Gundersen et al. (1999). 

*p = .05 
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Next, I ran correlations between the estimated population of OT-ir cells in the PVN and 

the percentages of open arm entries and duration in the EPM as well as latency to initiate 

consumption on Days 1 to 4 of the NSFT (see Figures 11-13).   Data was collapsed across 

Housing conditions for all regions (n = 20).  Significance was set at p ≤ .05.  

For the EPM data, there were no significant correlations between the percentage of open 

arm entries or duration and the estimated population of OT-labelled cells in any ROIs (all p’s > 

.12). For the NSFT data, there was a negative correlation between the latency to initiate 

consumption on Day 1 and the estimated population of OT-labelled cells in the PaV, r = -.54, p = 

.02, PaLM, r = -.47, p = .04, and a trend-level correlation in the PaMP, r = -.43, p = .06 (see 

Figures 11-13).  Thus, a higher number of PaV, PaLM, and PaMP OT-ir cells was associated 

with a shorter latency to initiate consumption on Day 1. 

 

 

 

 

 

 

 

 

 

 

 

 



 
ROLE OF OXYTOCIN ON DEFENSIVE BEHAVIOURS 
 

 42 

Figure 12 

Correlation between Estimated Population of Oxytocin-immunoreactive Cells in the PaV (N) and 

Latency to Initiate Consumption on Day 1 of the Novelty-induced Suppression of Feeding Test 

after being Single- or Pair-housed for Seven Weeks (n = 20) 

 

Note. There was a negative correlation between the estimated population of oxytocin-labelled 

cells and latency to initiate consumption on Day 1 (p = .02). N was calculated according to 

equation 1. PaV, ventral parvocellular region of the paraventricular nucleus. 



 
ROLE OF OXYTOCIN ON DEFENSIVE BEHAVIOURS 
 

 43 

Figure 13 

Correlation between Estimated Population of Oxytocin-immunoreactive Cells in the PaLM (N) 

and Latency to Initiate Consumption on Day 1 of the Novelty-induced Suppression of Feeding 

Test after being Single- or Pair-housed for Seven Weeks (n = 20) 

 

Note. There was a negative correlation between the estimated population of oxytocin-labelled 

cells and latency to initiate consumption (p = .04). N was calculated according to equation 1. 

PaLM, lateral magnocellular region of the paraventricular nucleus. 
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Figure 14 

Correlation between Estimated Population of Oxytocin-immunoreactive Cells in the PaMP (N) 

and Latency to Initiate Consumption on Day 1 of the Novelty-induced Suppression of Feeding 

Test after being Single- or Pair-housed for Seven Weeks (n = 20) 

 

Note. There was a trend-level negative correlation between the estimated population of oxytocin-

labelled cells and latency to initiate consumption (p = .06). N was calculated according to 

equation 1. PaMP, medial parvocellular region of the paraventricular nucleus. 
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Chapter 4 – Discussion 

Overall, this study provides evidence for the behavioural effects of exogenous OT in the 

LS and further implicates endogenous OT in the impact of social housing on rats’ anxiety-like 

behaviours.  As expected, in Experiment 1, OT infusions into the LS marginally increased the 

percentage of time spent on the open arms while marginally decreasing risk assessment 

behaviours in the EPM.  Surprisingly, in the NSFT, OT-treated rats trended towards a longer 

latency to initiate snack consumption in the novel-cage test relative to controls, suggesting that 

the effects of OT may be test-specific.  In Experiment 2, while no group differences were found 

in the EPM, pair-housed rats were faster to initiate wafer consumption in the NSFT.  

Furthermore, pair-housed rats displayed moderately more OT-ir cells in the PaV of the PVN than 

single-housed rats.  While no relationships were found between any EPM behaviours and OT-ir 

cell count, there was a negative correlation between PVN OT-ir cell count and latency to begin 

consuming the wafer on Day 1 of the NSFT.  Thus, OT and social housing appear to play 

important roles in rats’ anxiety-like behaviours, although this relationship might be more evident 

in some tests than others. 

 

4.1. Oxytocin Infusions into the Lateral Septum Minorly Reduced Anxiety-like Behaviours 

only in the Elevated Plus-maze 

In Experiment 1, the group differences in grooming behaviours were significant in the 

EPM and trend-level in the NSFT such that OT-treated rats engaged in more grooming than 

controls.  Several studies have shown that OT infusions into the brain induce grooming (Drago et 

al., 1991; Eguibar et al., 2015; Granjeiro et al., 2014; Marroni et al., 2007; Olson et al., 1991; 

Peterson et al., 1991; van Erp et al., 1993; Witt et al., 1992).  In fact, Marroni and colleagues 
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(2007) created an animal model of compulsive disorder by injecting OT into the CeA of rats in 

order to induce a hyper-grooming phenotype.   

There are two main empirically supported, yet conflicting, hypotheses as to why rodents 

groom in response to a stressor.  The first states that grooming is a displacement behaviour 

meaning it appears out of context with the situation and immediately follows physiological 

arousal in order to initiate a process of dearousal and restore homeostasis (Delius, 1967).  In this 

case, grooming should peak immediately following the stressor and the amount of grooming 

should be positively associated with severity of the stressor (Moyaho & Valencia, 2002).  In 

support of this theory, after Moyaho and Valencia (2002) exposed rats to two separate sessions 

of footshocks, they found that grooming rates (number of bouts / 60 min.) were highest within 

the first 30 min. following the presentation of the shocks and tapered off afterwards (Moyaho & 

Valencia, 2002).  Additionally, grooming rates decreased across sessions which falls in line with 

the expectation that repeated exposure to the footshocks decreased their perceived severity, thus 

eliciting a weaker grooming response (Moyaho & Valencia, 2002).  As such, in accordance with 

Hypothesis #1, the researchers suggest that grooming occurred as the initial response to the 

stressor in order to counter arousal. 

The second hypothesis argues that grooming occurs only after the stressor (and resulting 

stress response) has dissipated thereby marking the return to a more restful state (van Erp et al., 

1994).  This theory predicts that grooming levels will be low initially following a stressor and 

that latency to begin, rather than the amount of, grooming will be positively associated with the 

severity of the stressor (van Erp et al., 1994).  That is, more severe stressors will require a longer 

recovery period before grooming emerges (van Erp et al., 1994).  Consistent with this, van Erp 

and colleagues (1994) demonstrated that grooming duration only peaked 15 – 20 min. after rats 
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were exposed to different stressors: novel box, restraint, or experience as an intruder.  As well, 

they showed that, after the intruder experience, rats that encountered social defeat (i.e., a more 

severe stressor) groomed more than rats that did not encounter social defeat (i.e., a less severe 

stress experience) but only after a 20 min. delay (van Erp et al., 1994).  In line with Hypothesis 

#2, this shows that grooming was not the initial response to the stressor and only returned to 

normal levels once the stress response had settled. 

In rats, acute stressors similar to those described above promote the immediate release of 

corticosterone into circulation, and it takes approximately 30 min. for baseline levels to be 

restored (Windle et al., 1997).  However, i.c.v. infusions of OT prior to the stressor have been 

shown to dramatically dampen stress-induced corticosterone release (Windle et al., 1997).  As 

such, it is possible that OT’s anti-anxiety properties may be related to its ability to induce 

grooming, which falls in line with Hypothesis #1 that grooming is a direct counter response to 

stress.  Thus, it might be the case that the OT-induced increases in grooming behaviour observed 

in my study across both tests reflected this dearousal process. 

Because group differences in grooming behaviour observed in the EPM could mask 

potential treatment effects on open arm exploration, I evaluated that data by covarying out the 

potential influence of grooming behavior. In doing so, I found that rats infused with OT into the 

LS exhibited minor increases in open arm activity in the EPM that were not accompanied by 

group differences in the number of closed arm or total arm entries.  Thus, the effects of OT 

appeared specific to anxiety reduction rather than being secondary to treatment effects on general 

locomotor activity.  This was in line with my hypothesis that OT would act as an anxiolytic.  My 

findings accord with prior evidence that i.c.v. infusions of OT increase rats’ open arm activity 

(Windle et al., 1997).  Similarly, anxiolytic-like effects were observed in the EPM following 
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local infusion of OT into the PAG (Figueira et al., 2008), CeA (László et al., 2016), and PVN 

(Blume et al., 2008).  In fact, the anxiety-reducing effects of OT in the EPM can even be seen 

when rats are administered OT peripherally.  For example, males and females given i.p. 

injections of OT spent more time on the open arms of the EPM than control rats (Balmus et al., 

2018; Black et al., 2009).  Thus, it appears that the LS provides another target site for OT 

infusions in order to reduce EPM measures of anxiety. 

Risk assessment behaviours comprise a group of defensive behaviours rodents use to 

assess potential danger.  These mirror the vigilance behaviours seen in field studies (Rodgers & 

Dalvi, 1997).  While I saw a slight decrease in the number of protected stretch attends in the OT-

treated rats, which typically indicates lower anxiety (Rodgers & Dalvi, 1997), Figueira and 

colleagues (2008) found that OT affected only mean stretch-attend duration, not frequency.  That 

is, rats infused with 2 ng of OT into the PAG produced shorter stretch attends than control rats 

(Figueira et al. 2008).  They interpret this to mean that shorter risk assessment durations indicate 

less hesitation, thus less anxiety, during investigation of the EPM apparatus (Figueira et al., 

2008).  Thus, similar to the current study, OT has been shown to have an anxiolytic effect on risk 

assessment behaviours. 

To my knowledge, no one has examined the behavioural effects of intracranial OT 

infusions using the NSFT.  On both the home- and novel-cage tests, OT-treated rats took, on 

average, over 100 sec. longer to initiate consumption of the wafer.  However, in the home-cage 

test, the longer latencies displayed by OT-treated rats did not hold after performing a Mann 

Whitney U.  Typically, longer latencies in the novel-cage test without the same increases in the 

home-cage test, as seen here, indicate an increase in anxiety-like behaviour.  This is opposite to 

what I observed in the EPM where OT infusions into the LS evoked anxiolytic-like increases in 
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open-arm exploration.  It should be noted that, in the novel-cage test, 8/9 rats in the OT infusion 

group failed to even initiate snack consumption.  A pitfall of latency measures is that if a given 

group fails to exhibit a behaviour, the resulting low variance can favor obtaining significant 

group differences. Furthermore, although group differences were still somewhat apparent when 

the novel-test data were analyzed with a Mann-Whitney U (i.e., the latencies of OT-treated rats 

ranked moderately higher than those of controls), this approach did not take the effects of OT on 

grooming behaviour into account.  Thus, the higher latencies displayed by OT-treated rats to 

initiate wafer consumption during the novel-cage test should be interpreted with caution. 

This finding is also inconsistent with the wealth of evidence that OT reduces anxiety-like 

responding across a wide range of rodent tests of anxiety (Neumann & Slattery, 2016).  That 

being said, a study in humans showed that intranasal administration of OT increased anxiety to 

unpredictable threats (Grillon et al., 2013).  In the predictable condition, shocks were paired with 

visual cues (i.e., a coloured block on a computer screen), and in the unpredictable condition, 

shocks were administered randomly (Grillon et al., 2013).  Anxiety was measured as startle 

magnitude such that a larger eyeblink indexed a stronger startle response thus indicating higher 

anxiety.  While OT had no effect on startle magnitude in the predictable condition, in the 

unpredictable condition, OT increased startle magnitude compared to a placebo (Grillon et al., 

2013).  Grillon and colleagues (2013) reasoned that increased anxiety to unpredictable threats is 

evolutionarily adaptive.  As such, OT might increase the salience of unpredictable threats in 

order to allow us to efficiently employ the appropriate defensive responses (Grillon et al., 2013).  

Interestingly, the NSFT novel-cage test of the current study is comparable to Grillon and 

colleagues’ (2013) unpredictable threat condition in that the subjects of both tests are presented 

with a familiar visual cue (i.e., coloured block or graham cracker) yet in a different, unfamiliar 
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context, thus eliciting anxiety-like behaviours.  It is possible that OT infusions into the LS 

heightened the salience of this unfamiliar context, thereby turning the familiar visual cue (i.e., 

graham cracker) into a threat cue.  As such, this threat cue could have evoked anxiety-like 

responses from the OT-treated animals, indexed by a longer latency to begin consuming the 

cracker.  

Alternatively, OT is an anorexigenic, meaning it suppresses appetite (Arletti et al., 1990; 

Klockars et al., 2018), which could yield higher latencies to initiate snack consumption in the 

NSFT.  However, I found no evidence of this.  In the current study, the increase in latency of 

OT-treated rats in the home-cage test disappeared after using nonparametric testing (Mann 

Whitney U).  If appetite had been affected by OT infusions, there would have been a 

corresponding increase in latency in both the home- and novel-cage tests.   

Intriguingly, depending on the method and location of administration, OT can have 

differential effects on different aspects of appetite. That is, when mice were given i.p. injections 

of an OTA, they consumed more of a highly palatable sucrose solution than control rats, yet 

overall intake of their energy-dense chow was the same across groups (Olszewski et al., 2010).  

The authors suggested that peripheral OTA administration increased the desire the eat for 

palatability without influencing the desire to eat for energy intake.  Palatability of a food can be 

described as the hedonic reward, or pleasure, derived from eating a delicious snack (Olszewski & 

Levine, 2007). Conversely, infusions of OT into the ventromedial hypothalamus (VMH) of rats 

had no effect on sucrose solution consumption, yet reduced chow intake (Klockars et al., 2017).  

This indicated that OT in the VMH decreased food intake that was driven by energy need, not 

palatability.  Finally, rats infused with OT into either the CeA or basolateral amygdala (BLA) 

consumed 25% less chow than controls, however, only the BLA infusions reduced sucrose 
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solution intake as well (Klockars et al., 2018).  While OT in the BLA reduced the desire to eat 

for both energy intake and palatability, OT in the CeA only abolished the desire to eat for energy 

intake, without affecting the impulse to eat for palatability. Thus, it is clear that OT can have 

differing effects on appetite depending on its target location. It remains possible that a different 

test (other than the NSFT) might reveal an effect on appetite following OT infusions into the LS.  

It is important to note that, similar to the OT-treated rats, saline-treated control rats in the 

current study seemed highly stressed in the NSFT.  The average latency for the control rats to 

initiate consumption was ~470 sec. and four of the control rats failed to initiate consumption at 

all.  This latency is much higher than that displayed by most control groups.  Other studies using 

the NSFT have shown that following control infusions of saline into the LS, rats typically take 

between ~160 – 380 sec. to begin eating the cracker in the novelty test (Chee & Menard, 2013; 

Trent & Menard, 2011).  It is unclear why the current controls appeared so stressed, however it 

may be due to the fact that they were housed in individually ventilated cages (IVC’s).  Consistent 

with this, studies have shown higher levels of anxiety in this housing system (Kallnik et al., 

2007; Logge et al., 2013).  For example, female mice spent less time on the open arms of the 

EPM when housed in IVC’s versus conventional open-top cages (Logge et al., 2013).  Although 

the exact cause of anxiogenesis is unknown, Logge and colleagues (2013) postulate that IVC’s 

cause sensory deprivation from the acoustic and olfactory cues of other rats in the colony room.  

Another possible explanation may be sound pollution.  In the room where testing took place, in 

Botterel Hall, I detected ~20 kHz frequencies (when no rats were present).  This is a potential 

problem as rats emit ~20 kHz alarm calls when exposed to threat (van Erp et al., 1994), and 

display fear responses when exposed to playback recordings of ~20 kHz frequencies (Brudzynski 

& Chiu, 1995).  Furthermore, all of the rats used in the Menard Lab in the new research facility 
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in Botterell Hall the year I did this experiment showed abnormally high levels of stress-related 

anxiety behaviours.  Given the unusually high levels of stress displayed by rats in either the EPM 

or NSFT, it did not seem prudent to conduct further infusion work testing a broader range of OT 

doses and/or examining the effects of an OT antagonist.  Consequently, a decision was made to 

complete the rest of my experiments in Humphrey Hall.  

 

4.2. Effects of Social Buffering were only Present in the Novelty-induced Suppression of 

Feeding Test 

 In Experiment 2, I found no significant effect of housing in the EPM, although the means 

were in the expected direction for social buffering; i.e., open-arm exploration was greater in pair-

housed rats.    Although others have similarly found that open arm activity did not differ between 

single- and pair-housed rats in the EPM (Joshi et al., 2017; Pinelli et al., 2017), some studies 

report that socially-housed rats displayed less anxiety-like behaviours than single-housed rats in 

the EPM in the form of increased open arm duration (Majercsik et al., 2003; Nakayasu & Ishii, 

2008).  In the current study, the EPM was implemented as the first behavioural test in order to 

avoid the confound of previous exposure to other etiological models of anxiety.  The order in 

which behavioural tests are presented has been shown to affect behaviour in rats in the open field 

test and forced swim test (Blokland et al., 2012).  As such, it is possible that the effects of social 

buffering were simply too subtle to be pulled out by this test because the rats were not exposed to 

a stressor beforehand.  In both studies which found social housing to be anxiolytic, an acute 

threat source was presented before the EPM was conducted (Majercsik et al., 2003; Nakayasu & 

Ishii, 2008).  Specifically, Nakayasu and Ishii (2008) first exposed the rats to social defeat by 

placing them in an aggressive rat’s cage, while Majercsik and colleagues (2003) first 
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administered i.p. injections of saline to naïve rats (i.e. rats that had not experienced i.p. injections 

before).  In both cases, the rats presumably experienced increased arousal prior to the EPM.  

Thus, the researchers were likely observing the single-housed rats’ inability to cope with a prior 

acute, novel threat rather than EPM-induced increases in anxiety.  The socially-housed rats may 

have shown less anxiety in the EPM simply because they developed more effective coping 

mechanisms (due to social buffering) in response to the prior threat than did the single-housed 

rats.  In the current study, the rats were not exposed to an acute threat source prior to any test, 

and so lacked the opportunity to develop coping strategies before being tested. 

 To date, no one has examined the anxiolytic effects of social housing using the NSFT.  

The NSFT seemed to be more sensitive to the subtle effects of social buffering than the EPM, as 

indexed by pair-housed rats’ shorter latencies to initiate wafer consumption.  This effect was 

most apparent on Day 2 and by Day 3, the latency of single-housed rats had decreased to that of 

pair-housed rats and the groups were indistinguishable from each other.  This suggests that the 

pair-housed rats needed less time to become familiar with the wafer than the single-housed rats.  

In order to test the paired rats simultaneously, they were transferred to a novel cage before being 

given the wafer across all four days.  Thus, unlike the original version of the NSFT, the four days 

were not performed in the rats’ home cages and there was no final test day in a novel room.  

Thus, it is difficult to discern which factor, appetite or anxiety, altered behaviour, although the 

former seems unlikely given the anorexigenic properties of OT (Arletti et al., 1990; Klockars et 

al., 2018).  Another issue is that pair-housed male rats commonly form dominance hierarchies, 

with the dominants receiving preferred access to food (Cumming et al., 2014).  These hierarchies 

also could have influenced the results; e.g., subordinate rats may have been hungrier and 

therefore faster to initiate snack consumption.  That being said, latency to initiate consumption of 
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the wafer decreased drastically across all days similar to what is typically seen in the original 

NSFT model (Merali et al., 2003), thereby confirming the efficacy of this modified version of the 

test. 

 

4.3. Social Housing Upregulated the Oxytocin System 

 I saw slightly more PVN OT-ir cells in pair- compared to single-housed rats specifically 

in the PaV of the PVN.  This ventral region contains parvocellular OT cells which primarily 

innervate the brainstem and spinal cord, influencing autonomic functions (Lee et al., 2013).  Lee 

et al. (2013) found that PaV OT projections relay in the rostral ventrolateral medulla of the 

brainstem to regulate sympathetic cardiovascular functions, thus providing further evidence for 

OT’s role in the HPA axis flight-or-flight response.  It is important to note that the current 

research was exploratory in nature.  Thus, I did not use a corrected alpha when analysing the 

number of OT-positive cells in the various regions of the PVN.  As such, my results should be 

interpreted with caution.  Future studies should aim to determine if my findings replicate. 

 Although, there is some evidence of neurogenesis in the hypothalamus (Lee & 

Blackshaw, 2012), the upregulation of OT-ir cells in the PaV of pair-housed rats is more likely 

the result of neurotransmitter switching, which occurs when cells switch production from one 

type of peptide to another in order to adapt to their environment while maintaining homeostasis 

(Meng et al., 2018).  For example, when Meng and colleagues (2018) extended rats’ light cycles 

(i.e., from 12 hours light + 12 hours dark to 19 hours light + 5 hours dark), the number of PVN 

dopaminergic neurons decreased and the number of PVN somatostatin neurons increased.  

Similarly, housing rats individually or in pairs in my study could have triggered hypothalamic 

cells to upregulate their production of OT.  However, more research is needed to clarify whether 
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an increase in OT-ir cells reflects either neurotransmitter switching or newly born cells, or a 

combination of the two. 

Findings on OT expression as a function of social housing have been mixed. While I saw 

slightly more PVN OT-ir cells in pair-housed rats, Grippo et al. (2007) observed the opposite in 

voles.  They saw more PVN OT-ir cells in single-housed compared to pair-housed females, and 

yet there was no difference between single- and pair-housed male voles.  Furthermore, Ruscio et 

al. (2007) found no difference in OT expression between single- and pair-housed male and 

female prairie voles.  That being said, when male rats were exposed to chronic stress (i.e. 7 

consecutive days of varying stressors), PVN OT mRNA expression was higher, yet PVN CRH 

mRNA expression was lower, in pair-housed rats than either single-housed or non-stressed rats 

(Babygirija et al., 2010).  CRH is an important stress hormone that activates the HPA axis, thus, 

the authors suggested that OT release was stimulated by social contact and directly attenuated the 

HPA axis response.  Then, in 2012, Babygirija and colleagues used maternally-separated (MS) 

rats to compare two social housing conditions: 1) mixed-MS, in which one MS rat was housed in 

adulthood with two controls or 2) pure-MS, in which three MS rats were housed together in 

adulthood.  They found that mixed-MS rats had more OT-ir and less CRH-ir cells in the PVN 

than pure-MS rats, and termed this phenomenon “social rescue”.  Housing highly stressed 

conspecifics (i.e., MS rats) with control rats restored aberrant HPA axis activity through positive 

social contact which may have promoted OT production (Babygirija et al., 2012).  In the current 

study, the OT system appeared to be upregulated in paired rats perhaps due to increased social 

contact, however, it would have been interesting to measure their CRH-ir cell count as I would 

hypothesize that it would be lower than single-housed rats due to decreased HPA axis activation.  

In line with this prediction, Liu et al. (2013) showed that chronic stress upregulated serum 
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corticosterone levels only in single- compared to pair-housed mice, and pair-housed mice had 

more PVN OT-ir cells, suggesting that social housing downregulated physiological arousal while 

upregulating the OT system. 

 

4.4. Oxytocin-immunoreactivity was Associated with lower Anxiety Only in the Novelty-

induced Suppression of Feeding Test 

Along with my interpretations on the possibility that OT was upregulated by social 

housing, my correlational data needs to be interpreted with caution as no alpha correction was 

made. That being said, OT-ir cell count did not correlate with the percentages of open arm 

duration and entries in the EPM.  In line with this finding, in the only study that, to my 

knowledge, ran correlations between OT levels and EPM activity, the percentage of time spent 

on the open arms did not correlate with plasma OT concentrations in male or female rats (Harvey 

et al., 2019).  Additionally, while pair-housed rats displayed higher plasma OT than single-

housed rats, there was no difference on EPM measures between single- and pair-housed rats 

(Harvey et al., 2019).  However, they also found the percentage of open arm time to be 

negatively correlated with plasma vasopressin in males and females and that vasopressin was 

increased in single- compared to pair-housed rats (Harvey et al., 2019).  The OT findings very 

closely resemble the findings in my study.  Harvey and colleagues (2019) suggested that 

increased anxiety as a function of single-housing was likely the result of increased vasopressin, 

not decreased OT.  Vasopressin is a neuropeptide that, similar to OT, is synthesized in the PVN 

and transported to the posterior pituitary (Neumann & Landgraf, 2012).  In response to a stressor, 

vasopressin is released in conjunction with CRH to initiate HPA axis activation and works in 

opposition to OT in order to increase physiological arousal (Neumann & Landgraf, 2012).  
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Although vasopressin levels were not measured in the current study, I predict that the single-

housed rats had increased vasopressin, indicating they were more highly aroused, compared to 

pair-housed rats. 

In the aforementioned study comparing mixed- to pure-MS rats, the authors found that 

mixed-MS rats demonstrated less anxiety-like behaviour (i.e. spent more time on the open arms 

of the EPM) and had more PVN OT-ir cells than pure-MS rats (Babygirija et al., 2012).  This 

falls in line with my expectation that open arm activity should have increased with more OT-

labelled cells.  If OT had anxiolytic effects, then rats with high levels of OT-ir cells should have 

been less anxious and thus showed heightened activity in the open arms. 

On the other hand, when Sun and colleagues (2014) tested male prairie voles in the EPM 

after experiencing partner loss for four weeks, they found that males who lost their partners 1) 

made less open arm entries and yet 2) had more OT-ir cells in the PVN than males who did not 

experience partner loss.  This seems counterintuitive as rats with higher OT levels exhibited 

more anxiety-like behaviours.  They suggested that the increased OT immunoreactivity may 

have occurred to counter the stress-induced downregulation of OT release or OT receptor 

activity.  Additionally, they admit that they could not determine if these behavioural and 

neurochemical changes were caused specifically by partner loss or social isolation in general 

(Sun et al., 2014).  Thus, there seems to be no clear consensus on the relationship between OT 

expression and EPM anxiety-like behaviours as they relate to social housing. 

Finally, a decreased latency to initiate consumption of the wafer on NSFT Day 1 was 

correlated with an increased number of PaV, PaLM, and PaMP OT-ir cells.  Thus, an increase in 

OT was seen across both magnocellular (i.e. PaLM) and parvocellular regions (i.e. PaMP, PaV).  

Since rats with more hypothalamic OT-labelled cells began to eat the graham wafer quicker than 
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rats with fewer hypothalamic OT-labelled cells, this suggests that OT may have had an 

anxiolytic-like effect.  It may seem counterintuitive to expect higher OT levels to be correlated 

with a faster latency to begin consuming the wafer when, in fact, OT has been shown to suppress 

appetite (Arletti et al., 1990; Klockars et al., 2018).  Following this line of thought, if OT 

mitigates hunger, then perhaps rats with higher hypothalamic OT-labelled cell counts should take 

longer to approach the wafer.  However, I would argue that in the presence of a novel 

environment and novel snack, the stress response is mobilized.  Thus, I would expect that the 

anxiolytic-like effects, not the appetitive effects, of OT are going to be what drives behaviour in 

order to counter HPA axis activation.  Reducing stress is likely more evolutionary adaptive than 

suppressing hunger in this situation. 

So far, no one has tested the relationship between OT expression and NSFT behaviour.  

In fact, the only studies that measure plasma OT levels as a function of novelty-induced anxiety 

demonstrated that when male rats were exposed to a novel cage, plasma OT did not change from 

baseline (Onaka & Yagi, 1993; Wotjak et al., 1996).  While these studies test the rats’ fear of 

novelty, they do not have an appetitive component similar to the NSFT.  Although Linfoot and 

colleagues (2009) did not use the NSFT to measure anxiety-like behaviours, they too found high 

anxiety to be linked with lower OT expression across both magnocellular and parvocellular 

regions of the PVN.  Here, rats were exposed to a mousetrap that was remotely triggered, and 

then categorized as low- or high-burying (Linfoot et al., 2009).  The researchers suggested that 

an innate preference to bury more indicated that those rats saw the mousetrap as a greater threat, 

and were thus more anxious, than rats that buried less (Linfoot et al., 2009).  As such, high-

burying rats had lower OT mRNA expression in the posterior magnocellular and dorsal 

parvocellular regions of the PVN, although in that study, unlike mine, OT mRNA expression in 
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the ventral region of the PVN (i.e. PaV) was similar across groups (Linfoot et al., 2009).  It 

might be the case that OT availability in different regions of the PVN map onto distinct fear-

related behaviours. 

 

4.4. Limitations 

The first limitation of this research was that only males were used, making it difficult to 

generalize the findings to females or identify sex-specific effects.  OT administration and social 

housing have each been shown to have differential consequences based on sex (De Jong et al., 

2014; Grippo et al., 2007; Pinelli et al., 2017).  Secondly, due to abnormally high stress levels in 

my control rats in Botterell Hall, I did not test whether the effects of OT in the LS can be 

blocked by co-infusions of an OTA in order to ensure specificity of OT action.  However, 

previous research has shown that OTA infusions in the LS of mice did, in fact, block OT-induced 

decreases in defensive behaviours (Guzmán et al., 2014; Menon et al., 2018; Zoicas et al., 2014).  

Thirdly, although I could not find any studies specifically measuring physiological levels of OT 

release in the LS, it seems highly likely that the OT dose I used was of a far greater concentration 

relative to that of endogenously released OT.  This is especially problematic because I was not 

able to test whether the effects of OT were blocked by co-administration of an OTA.  Thus, it 

remains possible that the effects I observed were not specific to the actions of OT at the OT 

receptor.  Fourthly, Experiment 2 required the use of a modified version of the NSFT in order to 

simultaneously test pair-housed rats.  This means that all four days were performed in a novel 

cage (rather than the home cage) in the colony room and there was no final test day in which the 

rats are tested in a novel room.  In essence, the novel cage test occurred on the very first 

exposure (i.e., the rats were removed from their home-cage, made of clear Plexiglas, and put into 
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an opaque cage).  As such, these changes make it difficult to compare my results to previous 

research using the NSFT.  Future research should aim to address the aforementioned limitations 

when assessing the effects of OT on anxiety-like responses in rats. 

 

4.5. Future Directions 

Firstly, in order to parse out the difference between the appetitive and anxiolytic effects 

of OT, a fifth day could be added to the modified NSFT from Experiment 2 in which the rats are 

tested in a novel cage and in a novel room.  This would function as the novel-cage test day as 

seen in the original version of the NSFT.  Secondly, since the LS is well-known for its influence 

on defensive behaviours in rodents (Lamontagne et al., 2016; Schwerdtfeger & Menard, 2008), 

the next step should be to explore whether endogenous levels of OT innervation in the LS map 

onto differential levels of anxiety-related behaviour using stereology.  Thirdly, to begin 

addressing the mechanism driving hypothalamic OT upregulation, future OT-labelling studies 

should estimate the number of new neurons using BrdU (i.e., a tracer of DNA replication that 

labels newborn neurons) in order to determine whether cell proliferation in the PVN differs 

between single- and pair-housed rats.  No group differences on this measure along with group 

differences in the number of OT-ir cells would support the idea of neurotransmitter switching.  

This would indicate that more pre-existing neurons are now simply producing OT as their 

primary peptide.  Fourthly, future studies could analyze the effects of social housing on the 

colocalization of OT in vasopressin- or CRH-producing cells as the latter two hormones often 

work in opposition to OT (Neumann & Landgraf, 2012). 
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Conclusion 

 This study provides evidence for the anxiolytic effects of OT and social buffering on rats’ 

defensive behaviours.  OT infusions into the LS slightly reduced anxiety-like responses in the 

EPM and increased grooming behaviours in both the EPM and NSFT.  Social housing had no 

effect in the EPM, but reduced anxiety-like responding in the NSFT.  Finally, pair-housed rats 

had slightly more OT in a region of the PVN than single-housed rats, and higher PVN OT-

labelled cell counts were correlated with lower latencies in the NSFT.  However, given the 

exploratory nature of the immunohistochemical analysis, replication is needed before conclusive 

interpretations can be made. Nevertheless, my findings suggest that the contribution of OT to 

anxiety regulation is complex.  Further research is needed to determine whether OT serves as a 

salience factor rather than reducing anxiety in general. 
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