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Abstract

Numerous studies in animals and humans have established that oxytocin (OT) reduces anxiety. In 

rats, the prelimbic (PL) subregion of the medial prefrontal cortex (mPFC) is among the brain areas 

implicated in the anxiolytic actions of OT. However, questions remain about the anatomical and 

receptor specificity of OT and its mechanism of action. Here we assessed whether the regulation of 

anxiety by mPFC OT is restricted to the PL subregion and evaluated whether oxytocin receptor 

(OTR) activation is required for OT to have an anxiolytic effect. We also examined whether OT 

interacts with GABA in the mPFC to reduce anxiety and investigated the extent to which OT in the 

mPFC affects activation of mPFC GABA neurons as well as neuronal activation in the amygdala, a 

primary target of the mPFC which is part of the neural network regulating anxiety. We found that 

OT reduced anxiety-like behavior when delivered to the PL, but not infralimbic or anterior 

cingulate subregions of the mPFC. The anxiolytic effect of OT in the PL mPFC was blocked by 

pretreatment with an OTR, but not a vasopressin receptor antagonist as well as with a GABAA 

receptor antagonist. Lastly, administration of OT to the PL mPFC was accompanied by increased 

activation of GABA neurons in the PL mPFC and altered neuronal activation of the amygdala 

following anxiety testing. These results demonstrate that OT in the PL mPFC attenuates anxiety-

related behavior and may do so by engaging GABAergic neurons which ultimately modulate 

downstream brain regions implicated in anxiety.

1. Introduction

In addition to its well-known role in various social behaviors, (Bale et al., 2001; Bosch and 

Neumann, 2012; Calcagnoli et al., 2015; Caldwell, 2012; Engelmann et al., 1998; Lim and 

Young, 2006; Meyer-Lindenberg et al., 2011) the neuropeptide oxytocin (OT) has been 
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implicated in the regulation of anxiety (Benarroch, 2013; MacDonald and Feifel, 2014; 

Neumann and Landgraf, 2012; Veenema and Neumann, 2008). In rats and mice, exogenous 

OT has repeatedly been shown to attenuate anxiety-like behavior when administered 

peripherally or centrally (Ayers et al., 2011; Bale et al., 2001; Blume et al., 2008; Mak et al., 

2012; McCarthy et al., 1996; Ring et al., 2006; Sabihi et al., 2014b; Slattery and Neumann, 

2010; Uvnas-Moberg et al., 1994; Windle et al., 1997). The anxiolytic effect of OT in 

rodents translates to humans with several studies demonstrating that intranasal 

administration of OT suppresses anxiety responses in healthy individuals as well as patients 

with anxiety disorders (de Oliveira et al., 2012; Feifel et al., 2011; Guastella et al., 2009; 

Heinrichs et al., 2003; MacDonald and Feifel, 2014).

Numerous brain regions have been identified as sites of action for the anxiolytic effect of 

OT, including the hypothalamic paraventricular nucleus (Blume et al., 2008; Smith et al., 

2016), amygdala (Bale et al., 2001; Neumann, 2002), raphe nucleus (Yoshida et al., 2009), 

and most recently, the prelimbic (PL) region of the medial prefrontal cortex (mPFC) (Sabihi 

et al., 2014a; Sabihi et al., 2014b). In addition to the PL region, the mPFC of the rodent 

brain also includes the infralimbic (IL) and anterior cingulate (Cg1) cortices. The various 

subregions of the mPFC show different patterns of connectivity with subcortical and cortical 

structures which are known to regulate the expression of anxiety-like behavior (Calhoon and 

Tye, 2015; Hoover and Vertes, 2007; Likhtik et al., 2005; Myers-Schulz and Koenigs, 2012; 

Vertes, 2004) and as such have been shown in some studies to differentially contribute to 

anxiety (Albrechet-Souza et al., 2009; Bi et al., 2013; Gonzalez et al., 2000; Jinks and 

McGregor, 1997; Maaswinkel et al., 1996; Resstel et al., 2008; Saitoh et al., 2014; Shah et 

al., 2004; Stern et al., 2010; Suzuki et al., 2016). Thus, it is possible that the effect of 

exogenous OT within the mPFC on anxiety-like behavior may be subregion specific.

Oxytocin receptors (OTR) are expressed in the mPFC (Gould and Zingg, 2003; Insel and 

Shapiro, 1992; Liu et al., 2005; Mitre et al., 2016; Smeltzer et al., 2006) and so it is 

reasonable to assume that OT in the PL mPFC reduces anxiety by activating the OTR. 

However, receptors for the structurally similar neuropeptide, vasopressin (AVP), are also 

found in the mPFC (Kozorovitskiy et al., 2006; Smeltzer et al., 2006). Cross-reactivity at the 

receptor level has been described (Postina et al., 1998) due to OT’s moderate to strong 

affinity for the V1a subtype of the AVP receptor (Chini et al., 1996; Hicks et al., 2012) and 

there are studies showing that some behavioral effects of OT involve the V1a receptor 

(Bowen and McGregor, 2014; Hicks et al., 2012; Ramos et al., 2013; Sala et al., 2011). It 

remains to be determined whether exogenous OT may be acting as a partial agonist at the 

AVP V1a receptor to alter anxiety-like behavior.

Besides open questions about anatomical and receptor specificity, OT’s mechanism of action 

within the PL mPFC remains unclear. Several lines of evidence suggest that OT may be 

interacting with GABA, the main inhibitory neurotransmitter in the brain, to reduce anxiety 

(Nuss, 2015; Smith et al., 2016). For example, central OT has been shown to act directly on 

extrasynaptic GABAA receptors which are involved in the regulation of anxiety (Bowen et 

al., 2015). Further, within the amygdala (Huber et al., 2005; Knobloch et al., 2012) and PVN 

(Smith et al., 2016), GABA mediates the anxiolytic action of OT. Recent work has also 

shown that OTR are located on GABAergic interneurons (Marlin et al., 2015; Nakajima et 
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al., 2014) in the cortex where OT has been found to increase GABA levels (Qi et al., 2012). 

When combined with the observation that activation of GABAA receptors in the mPFC 

produces an anxiolytic-like response (Mihalek et al., 1999; Solati et al., 2013), it could be 

postulated that OT in the PL mPFC attenuates anxiety by enhancing local GABA activity. 

The resulting increase in inhibition might in turn inhibit glutamatergic projections from the 

PL mPFC to attenuate activity of downstream limbic areas that generate anxiety-like 

behavior. Of particular interest are the basolateral (BLA) and central (CEA) amygdala, two 

components of the neural network regulating anxiety that receive direct and indirect input 

from the mPFC (Adhikari, 2014; Berretta et al., 2005; Brinley-Reed et al., 1995; Gabbott et 

al., 2005; Leuner and Shors, 2013; McDonald et al., 1996; Vertes, 2004).

In the present study, we assessed whether the regulation of anxiety by OT within the mPFC 

is restricted to the PL subregion and evaluated whether OTR activation is required for OT to 

have an anxiolytic effect. We also examined whether OT interacts with the GABA system in 

the PL mPFC to reduce anxiety and investigated the extent to which OT in the PL mPFC 

affects activation of mPFC GABA neurons as well as neuronal activation in the BLA and 

CEA.

2. Materials and methods

2.1 Animals

Adult (9–12 weeks of age) male (300–350g) Sprague-Dawley rats (Taconic; Germantown, 

NY) were housed individually in a temperature and humidity controlled room and 

maintained on a 12h/12h light/dark cycle (lights on at 0600 hr) with access to food and water 

ad libitum. All procedures were conducted in accordance with The Guide for the Care and 

Use of Laboratory Animals published by the National Institutes of Health and approved by 

The Ohio State University Institutional Animal Care and Use Committee.

2.2 Surgical procedures

After at least 7 d of acclimation to the colony, rats were anesthetized with a 2–4% isoflurane 

gas/air mixture and aligned on a stereotaxic apparatus (Kopf Instruments, Tujunga, CA). 

Body temperature was maintained throughout the surgery with a warming pad. For 

Experiments 1, 2, 3 and 5, bilateral cannula guides (pedestal mounted 22-gauge stainless 

steel tubes with 1.5 mm separation and cut either 1.4 mm (Cg1), 3.5 mm (PL), or 4.6 mm 

(IL) below the pedestal; Plastics One, Roanoke, VA) were secured in a stereotaxic holder 

and lowered into one of the three mPFC subregions (Cg1: AP: + 2.7 mm, ML: ± 0.5 mm, 

DV: −1.4 mm; PL: AP: + 3.2 mm, ML: ± 0.5 mm, DV: −3.5 mm; IL: AP: + 3.2 mm, ML: 

± 0.5 mm, DV: −4.6 mm) (Paxinos and Watson, 1998). For Experiment 4, bilateral cannula 

guides were cut 2.7 mm below the pedestal and lowered into the PL mPFC. The cannula 

were secured by stainless steel screws and dental cement. A bilateral stainless steel obturator 

(0.35 mm diameter; Plastics One) extending 0.2 mm beyond the tip of the guide cannula was 

placed into the guide cannula after surgeries. Obturators for animals in Experiment 4 

extended 1.0 mm beyond the tip of the guide cannula in order to minimize damage to the PL 

region. The scalp was closed around the protruding portion of the cannula with sutures. Rats 

were allowed to recover 7 d before behavioral testing.
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2.3 Central infusions

On days 3 and 5 post-surgery, rats were habituated to the handling and infusion procedures. 

During habituation, rats were removed from their home cage and handled for 3 min while 

being lightly restrained in a terrycloth towel. The obturators were then removed and a 28-

gauge bilateral injection cannula extending 0.2 mm (or 1.0 mm for Experiment 4) beyond 

the tip of the guide cannula was inserted into the guide. The injection cannula was left in 

place for 3 min then removed and the obturator replaced. On the day of testing, rats 

underwent the same procedure as described above except that an injection cannula attached 

to a 1 µl Hamilton Syringe via PE-10 tubing was inserted into the guide cannula. Infusions 

were made using a Harvard Apparatus Pico Plus Elite infusion pump (Holliston, MA) which 

delivered a 0.5 µl volume over 1.5 min. The injector was left in place for an additional 1 min 

before withdrawal. Testing for anxiety-related behavior was done 15 min after the OT or 

saline infusion which is consistent with other studies examining the behavioral effects of OT 

(Bale et al., 2001; Lukas et al., 2011; Sabihi et al., 2014b). Because of the short half-life of 

brain OT (approximately 30 min), all behavioral testing was completed within 30 min of 

infusion (Gimpl and Fahrenholz, 2001).

2.4 Anxiety-like behavior

Anxiety-like behavior was evaluated one week post-surgery using the elevated plus maze 

(EPM) and/or social interaction (SI) test (Lapiz-Bluhm et al., 2008; Rotzinger et al., 2010). 

When both the EPM and SI test were done in the same animal, the order of the two tests was 

counterbalanced and were done 5 min apart.

The EPM consisted of a cross-shaped platform (height: 50 cm) with four arms (width: 10 

cm, length: 50 cm), two of which were enclosed by walls 50 cm in height. Rats were placed 

in the center of the platform (10 × 10 cm), facing a junction between an open and closed arm 

and allowed to explore for 5 min. The number of entries into the open arms and the 

percentage of time spent in the open arms (time in open arms/time in open and closed arms 

× 100) were used as measures of anxiety-like behavior (Cruz et al., 1994; Lapiz-Bluhm et 

al., 2008; Pellow et al., 1985). An increase in the percentage of time spent in the open arms 

and a greater number of open arm entries are indicative of reduced anxiety. Closed arm 

entries were used as a measure of locomotion independent of anxiety (Cruz et al., 1994; 

Lapiz-Bluhm et al., 2008; Pellow et al., 1985).

For the SI test, a 60 × 60 cm Plexiglas arena with walls 40 cm high was used. The 

experimental rat and an age and weight (+/− 10 g) matched novel male conspecific were 

placed in opposite corners of the arena for a 5 min test. Conspecifics were used a maximum 

of two times and were never used twice in the same day. The assignment of a conspecific to 

an experimental rat was random and not restricted to a particular drug or dose of drug. 

Active social behaviors initiated by the experimental rat were scored including grooming, 

sniffing, approaching, following, and climbing on or under the conspecific. Time spent 

simply in contact (e.g. if the two rats lay down next to each other, but with the attention of 

the test rat clearly oriented away from the stimulus rat) was not counted. The total time the 

experimental rat spent socially interacting with the novel conspecific was used as a measure 
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of anxiety-like behavior. Greater social interaction time is indicative of reduced anxiety (File 

and Seth, 2003).

All behavioral tests were performed under normal fluorescent overhead ambient lighting of 

~550 lux which generated high levels of anxiety in the EPM. Although light phase and time 

of day have not been shown to influence behavior on the EPM, tests were performed within 

the same time range each day (approximately 0900–1300h), which is sufficiently separated 

from light-dark transitions to avoid any potential diurnal variations in exploratory behavior 

(Becker and Grecksch, 1996; Lapiz-Bluhm et al., 2008; Pellow et al., 1985). Tests were 

digitally recorded and later scored blind by a trained observer using BEST Collection and 

BEST Analysis software (Education Consulting Inc., Hobe Sound, FL).

2.5 Experimental design

Experiment 1 investigated the extent to which the anxiolytic effect of OT in the mPFC is 

subregion specific. Separate groups of male rats received infusions of OT (cat# O6379; 

Sigma, St. Louis, MO) into one of the three regions of the mPFC (Fig.1). OT was dissolved 

in 0.5 µl saline at a dose of 0.1 µg (Cg1: n = 6; PL: n = 6; IL: n = 9) or 1.0 µg (Cg1: n = 6; 

PL: n = 6; IL n = 10). Doses were selected based on prior studies of anxiety-like behavior 

using site specific administration of OT (Ayers et al., 2011; Bale et al., 2001; Lee et al., 

2005; Sabihi et al., 2014b). Control rats received a 0.5 µl infusion of saline (Cg1: n = 7; PL: 

n = 6; IL: n = 8). All rats were tested for anxiety-like behavior on both the EPM and SI test. 

For this experiment and all others, the number of animals in each experimental group does 

not include missed cannula placements and thus represent the final number of animals with 

correct cannula placements that were included in statistical analyses.

Experiment 2 evaluated whether the anxiolytic effect of OT in the PL mPFC is dependent on 

OTR activation. Separate groups of male rats received an infusion of saline, OTR antagonist 

(OTR-A; 0.1 µg) or AVPR antagonist (AVPR-A; 0.1 µg) followed 10 min later (Sala et al., 

2011; Yosten and Samson, 2010) by an infusion of saline or OT (1 µg) resulting in the 

following six groups: saline+saline (n = 7), saline+OT (n = 7), OTR-A+saline (n = 5), OTR-

A+OT (n = 7), AVPR-A+saline (n = 5), AVPR-A+OT (n = 7). Testing for anxiety-related 

behavior was done using only the SI test since both anxiety tests yielded similar results in 

Experiment 1. All drugs were dissolved in 0.5 µl saline. The OTR-A (desGly-NH2-

d(CH2)5[D-Tyr2,Thr4]OVT, courtesy of Dr. Maurice Manning, University of Toledo) is 

highly specific, being 95 times more selective for the OTR over the V1a receptor (Manning 

et al., 2008). The AVPR-A (d[Tyr(Me)2, Dab5]AVP, courtesy of Dr. Manning) is highly 

specific to the V1a receptor and is devoid of any anti-OT activity in vivo, thus allowing for 

the discrimination between V1a and OT receptors (Manning et al., 2012). Both antagonists 

have been used in rodent behavioral studies at the dose used here (Lukas et al., 2011; Sabihi 

et al., 2014a). This dose was lower than that of the peptide (Bales et al., 2004; Cho et al., 

1999) since OTR and AVPR antagonists have been shown to be approximately 10–100 times 

more effective in receptor binding than the natural ligands (Barberis and Tribollet, 1996).

Experiment 3 evaluated whether OT in the PL mPFC exerts an anxiolytic effect by recruiting 

GABA neurons. Separate groups of male rats received one 0.5 µl infusion of saline followed 

by an infusion of 1.0 µg OT (S+OT; n = 6), one infusion of bicuculline methiodide (BIC), a 
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specific GABAA receptor antagonist at a dose of 2.5 ng followed by an infusion of 1.0 µg 

OT (BIC+OT; n = 7), or one infusion of BIC (2.5 ng) followed by an infusion of saline (BIC

+S; n=7). OT and BIC were both dissolved in 0.5 µl saline. An additional group of rats 

received two 0.5 µl infusions of saline (S+S; n = 6). In each case, the second infusion 

occurred 5 min after the first. Anxiety-like behavior was evaluated in both the EPM and SI 

test since it could be possible for OT-GABA interactions to affect anxiety differently in non-

social versus social contexts.

Experiment 4 examined how OT in the PL mPFC affects activation of GABA neurons in this 

region following exposure to the EPM. Separate groups of male rats received infusions of 

OT dissolved in 0.5 µl saline at a dose of 1.0 µg (n = 9) or 0.5 µl saline (n = 8) and were 

tested for anxiety-like behavior in the EPM. Rats were euthanized and brains removed ~70 

min after anxiety testing consistent with previous studies and peak c-Fos expression (Bossert 

et al., 2011; Knapska and Maren, 2009; Rey et al., 2014).

Experiment 5 examined how OT in the PL mPFC affects neuronal activation in the BLA and 

CeA following exposure to the EPM. Separate groups of male rats received infusions of OT 

dissolved in 0.5 µl saline at a dose of 1.0 µg (n = 6) or 0.5 µl saline (n = 5) and were tested 

for anxiety-like behavior in the EPM. Rats were euthanized and brains removed ~70 min 

after anxiety testing.

2.6 Tissue Collection and Processing

Rats were deeply anesthetized and transcardially perfused with 4% paraformaldehyde. For 

experiments 1–3, brains were postfixed for 24 hr at 4°C, transferred to 0.1M PBS, and a 

Vibratome used to obtain 40 µm thick coronal sections throughout the area of the cannula 

implant. Sections were stained with 0.2% cresyl violet for verification of correct placement. 

Those animals with cannula placements outside of the intended region of the mPFC (n = 5 

Experiment 1, n = 1 Experiment 2, and n = 1 Experiment 3) were excluded from analyses. 

These missed cannula placements either hit the ventricles, dorsal peduncular cortex, or were 

unevenly placed and for Experiment 1 included different drug and dosage groups. As such, 

statistical analyses could not be completed in order to examine behavioral effects of OT 

outside of the intended region.

For experiment 4, brains were postfixed overnight at 4 °C and then transferred to 30% 

sucrose in 0.1M PBS until sectioning. 50 µm coronal sections extending through the mPFC 

(AP: 4.2 to 2.0 mm) were obtained with a cryostat and stored in a sucrose-based 

cryoprotectant at −20°C until immunohistochemical processing on free-floating sections. 

Four sections (1:6 series) were processed for double-labeling for GAD67 and c-Fos. GAD67 

was chosen as a marker of inhibitory neurons as it is an isoform of glutamate decarboxyalse 

(GAD), the enzyme that synthesizes GABA from glutamate (Tillakaratne et al., 1995). 

Further, since it is found throughout the cytoplasm (Lonstein et al., 2014) it can be easily 

colocalized with c-Fos. Briefly, sections were washed in 0.1M PBS and then incubated with 

0.1% Tween in for 10 min. Next, sections were blocked in 10% normal goat serum (NGS) 

and 0.3% Triton X in PBS for 60 min followed by incubation in rabbit anti-Fos primary 

antibody (1:300; Santa Cruz Biotechnology, Santa Cruz, CA) in PBS with 1% Triton X and 

3% NGS for 72 hr at 4°C. After a PBS rinse, sections were incubated for 2.5 hr at room 
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temperature in goat anti-rabbit secondary antibody with Alexa 488 (1:500; Vector 

Laboratories, Burlingame, CA) and rinsed in PBS. Sections were then incubated in mouse 

anti-GAD67 primary antibody (1:2000; Millipore, Billerica, MA) in PBS with 0.5% tween 

overnight at 4°C. After a PBS rinse, sections were incubated for 1 hr at room temperature in 

DyLight 549 horse anti-mouse secondary antibody (1:500; Vector Laboratories, Burlingame, 

CA). After a final rinse, all sections were mounted on SupraFrost Plus microscope slides, 

coverslipped with DABCO and kept in the dark at 4°C until imaging. As the 200 micron 

microinjection needle creates mechanical tissue disturbance in some of the PL mPFC, we 

preferentially selected sections with minimal or no tissue damage for quantification (Smith 

et al., 2016).

For experiment 5, brains were kept in 4% paraformaldehyde for 4 hr at 4°C then switched to 

a solution of 0.1M PBS with 0.01% NaN3 until coronal sections (1:6 series) extending 

through the amygdala (AP: −1.6 to −2.8 mm) were obtained with a Vibratome. For c-Fos 

immunohistochemistry, sections were washed in 0.1M PBS, quenched for 30 min with 3% 

H202 in 50% EtOH, and rinsed with PBS. Sections were then blocked for 60 min in 3% 

NGS in 0.6% Triton-X followed by incubation in rabbit anti-Fos primary antibody (1:2000; 

Santa Cruz Biotechnology, Santa Cruz, CA) for 48 hr at 4°C. After a PBS rinse, sections 

were incubated for 2 hr in biotinylated goat anti-rabbit secondary antibody (1:200; Vector 

Laboratories, Burlingame, CA), rinsed in PBS, and then incubated for 1 hr in avidin-biotin 

complex (ABC Vectastain kit, Vector Laboratories). Following another rinse in PBS, 

sections were reacted in diaminobenzadine (Vector Laboratories) for 7 min. After a final 

rinse, sections were mounted on SupraFrost Plus microscope slides, dehydrated through a 

graded alcohol series, cleared with xylene, and coverslipped with Permount.

For Experiments 4 and 5, separate sections throughout the area of the cannula implant were 

stained with 0.2% cresyl violet for verification of correct placement. There were no animals 

with cannula placements outside of the intended region of the mPFC, however, the integrity 

of brain tissue slices from one animal receiving OT in Experiment 4 was compromised 

during tissue collection and slicing and was consequently removed from the c-Fos analysis.

2.7 c-Fos Analysis

For Experiment 4, a Nikon 90i confocal microscope was used to obtain four unilateral image 

stacks of the PL mPFC at 20× (~100 steps in 0.3 µm intervals along the z-plane). 

Identification of this region was conducted with reference to illustrations from a standard 

stereotaxic rat brain atlas (Paxinos and Watson, 1998) and landmarks such as the location of 

the corpus callosum. Image stacks were projected using NIS Elements software and on these 

images, c-Fos+, GAD67+, and GAD67+/c-Fos+ double-labeled cells were quantified in 4 

regions of interest (ROIs) by a rater blind to experimental conditions. For each ROI, counts 

were divided by the area of the ROI (250 mm2) to yield the number of single- or double-

labeled cells per 1 mm2. Percentages of GAD67+ cells expressing c-Fos were calculated by 

dividing the number of cells expressing c-Fos by the number of single-labeled cells 

expressing GAD67. Densities and percentages were averaged across ROIs for each animal 

and the group mean determined from these values.
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For experiment 5, densities of c-Fos+ cells were quantified in the BLA and CEA. 

Identification of these regions was conducted with reference to illustrations from a standard 

stereotaxic rat brain atlas (Paxinos and Watson, 1998) and landmarks such as the location of 

white matter tracts (e.g., fornix, optic tracts), corpus callosum, caudate putamen, and 

ventricles. Images of four bilateral sections per rat were taken at 10× with a camera (Zeiss 

AxioCam and software) affixed to a microscope (Zeiss Axio Imager M2). On these images, 

c-Fos+ cells (i.e. round or oval-shaped nuclei with brown-black immunostaining darker than 

background) were counted manually by a rater blind to experimental conditions in 4–6 ROIs 

using StereoInvestigator (Williston, VT). For each ROI, counts were divided by the area of 

the ROI (averaging 0.112 mm2 for the BLA and 0.097 mm2 for the CEA) then averaged for 

each animal and the group mean determined from these values. Data are expressed as the 

number of c-Fos+ cells per 1 mm2.

2.8 Statistical analysis

All statistical analyses were performed using GraphPad Prism software version 5.01 (La 

Jolla, CA). For Experiment 1, data from the EPM (percent time in open arms, number of 

open arm entries, number of closed arm entries) and SI test (time interacting) were analyzed 

using a two-way Analysis of Variance (ANOVA) with region (Cg1, PL or IL) and infusion 

type (saline, 0.1 µg OT or 1.0 µg OT) as factors followed by Bonferroni’s post-hoc 

comparison test. SI test data from Experiment 2, as well as SI and EPM data from 

Experiment 3, were analyzed using one-way ANOVA followed by Tukey’s HSD post-hoc 

comparison test. c-Fos and EPM data from Experiments 4 and 5 were analyzed using 

Student’s one-tailed t-tests. Data are expressed as the mean + SEM. Significance was set at p 

< 0.05.

3. Results

3.1 Experiment 1: OT in the PL, but not IL or AC, mPFC reduces anxiety-like behavior

In the EPM, OT had a subregion specific effect on anxiety-like behavior (Fig.1). For the 

number of open arm entries (Fig. 1b) there was a significant main effect of infusion type 

(F2,55 = 4.48, p = 0.016) and brain region (F2,55 = 6.98, p = 0.002) as well as an infusion 

type X brain region interaction (F4,55 = 3.51, p = 0.013). Post-hoc analysis revealed that 

within the PL mPFC, the group receiving 1.0 µg OT had a greater number of open arm 

entries as compared to groups receiving either the 0.1 µg dose of OT or saline (p’s < 0.05) 

which did not differ from one another (p > 0.05). For the percentage of time spent in the 

open arms (Fig. 1c), there were also significant main effects of infusion type (F2,55 = 4.56, p 

= 0.015) and brain region (F2,55 = 7.55, p = 0.001) and a trend for an infusion type X brain 

region interaction (F4,55 = 2.24, p = 0.076) likely driven by the high percentage in the group 

that received 1.0 µg OT in the PL mPFC. Indeed, within the PL mPFC, the group receiving 

1.0 µg OT spent a greater percentage of time in the open arms of the EPM compared to those 

receiving either the 0.1 µg dose of OT or saline (p’s < 0.05), which did not differ from one 

another (p > 0.05). Locomotor activity as measured by the number of closed arm entries 

(Fig. 1d) was not altered by infusion type (F2,55 = 2.21, p = 0.120) or region of infusion 

(F2,55 = 0.08, p = 0.920) and there was no significant infusion type X brain region 

interaction (F4,55 = 0.36, p = 0.830).
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In the SI test (Fig. 1e), there was a significant main effect of infusion type (F2,55 = 3.47, p = 

0.038) and brain region (F2,55 = 8.54, p = 0.001) and a significant infusion type X brain 

region interaction (F4,55 = 4.33, p = 0.004) on the amount of time spent interacting with an 

unknown stimulus rat. Post-hoc analysis showed that within the PL mPFC, the group 

receiving 1.0 µg OT spent more time interacting with a novel conspecific as compared to 

those receiving either the 0.1 µg dose of OT or saline (p’s < 0.05) which did not differ from 

one another (p > 0.05).

3.2 Experiment 2: The anxiolytic effect of OT in the PL mPFC is dependent on OTR 
activation

The anxiolytic effect of OT in the PL mPFC was blocked by pretreatment with an OTR-A, 

but not an AVPR-A (Fig. 2). There was a significant effect of treatment in the SI test (F5,41 = 

9.14, p < 0.0001) with post-hoc analysis revealing that the group infused with S+OT and 

AVPR-A+OT spent more time interacting with an unknown conspecific than the group 

treated with OTR-A+OT (p’s < 0.05) which did not differ from the S+S group (p > 0.05). 

Neither antagonist alone affected anxiety-like behavior as social interaction time did not 

differ among the S+S, OTR-A+S or AVPR-A+S groups (p’s > 0.05).

3.3 Experiment 3: The anxiolytic effect of OT in the PL mPFC relies on GABAergic 
neurotransmission

The anxiolytic effect of OT in the PL mPFC was blocked by pretreatment with the GABAA 

receptor antagonist, BIC (Fig. 3). In the EPM, there was a significant effect of treatment for 

the number of open arm entries (Fig. 3a; F3,25 = 7.16, p = 0.002) and percentage of time 

spent in the open arms (Fig. 3b; F3,25 = 6.68, p = 0.002). Post-hoc analysis revealed that the 

S+OT group made a greater number of entries into the open arms and spent more time in the 

open arms as compared to all other groups (p’s < 0.05), which did not differ from each other 

(p’s > 0.05) This anxiolytic effect of OT in the PL mPFC was prevented by pretreatment 

with BIC as the number of open arm entries and the percentage of time spent in the open 

arms did not differ between the BIC+OT and S+S groups (p > 0.05). In addition, the BIC+S 

group did not differ from the S+S group on either measure of anxiety-like behavior 

indicating the BIC itself was without effect (p’s > 0.05). Locomotor activity, as measured by 

the number of closed arm entries (Fig. 3c), was not altered by treatment (F3,25 = 0.24, p = 

0.868).

In the SI test (Fig. 3d), there was also a significant effect of treatment (F3,25 = 19.43, p < 

0.0001) on the amount of time spent interacting with an unknown stimulus rat. Post-hoc 

analysis showed that the S+OT group spent a greater amount of time interacting with a novel 

conspecific when compared to all other groups (p’s < 0.05) which did not differ from each 

other (p’s > 0.05). Again, this anxiolytic effect of OT in the PL mPFC was prevented by 

pretreatment with BIC as indicated by a similar amount of time spent interacting with an 

unknown conspecific (Fig. 3d) in the BIC+OT and S+S groups (p > 0.05). BIC itself did not 

affect anxiety-like behavior in the SI test as the BIC+S group did not differ from the S+S 

group (p > 0.05).
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3.4 Experiment 4: OT in the PL mPFC increases activation of GABAergic neurons in this 
region

Reduced anxiety-like behavior following OT in the PL mPFC was accompanied by greater 

activation of GABA neurons (Fig. 4). Compared to the saline group, the OT group displayed 

more open arm entries (Fig. 4a; t(15) = 3.50, p = 0.003) and an increase in the percentage of 

time spent in the open arms (Fig. 4b; t(15) = 3.99, p < 0.0001) but no change in the number 

of closed arm entries (Fig. 4c; t(15) = 0.26, p = 0.796). Furthermore, OT in the PL mPFC 

resulted in more c-Fos+ cells (Fig. 4d; t(15) = 2.58, p = 0.021) without affecting the density 

of PL mPFC GAD67+ cells (Fig. 4e; t(15) = 0.35, p = 0.731). OT in the PL mPFC also 

yielded a significant increase in the density (Fig. 4f; t(15) = 2.35, p = 0.033) and percentage 

(Fig. 4g; t(15) = 2.46, p = 0.027) of GAD67+ cells co-expressing c-Fos in the PL mPFC 

indicating greater activation of GABA neurons.

3.5 Experiment 5: OT in the PL mPFC alters neuronal activation in the amygdala

OT in the PL mPFC reduced anxiety-like behavior and altered neuronal activation in the 

amygdala (Fig. 5). Once again, OT increased both the number of open arm entries (Fig. 5a; 

t9 = 2.51, p = 0.017) and the percentage of time spent in the open arms (Fig. 5b; t9 = 2.08, p 

= 0.034) without altering the number of closed arm entries (Fig. 5c; t9 = 0.91, p = 0.194). 

Compared to saline, OT in the PL mPFC was also accompanied by fewer c-Fos+ cells in the 

BLA (Fig. 5d, e; t8 = 2.38, p = 0.022). In contrast, the density of c-Fos+ cells in the CEA 

was increased following OT in the PL mPFC (Fig. 5d, f; t8 = 2.94, p = 0.009).

4. Discussion

Numerous studies in animals and humans have established that OT reduces anxiety (Ayers et 

al., 2011; Bale et al., 2001; Blume et al., 2008; de Oliveira et al., 2012; Feifel et al., 2011; 

Guastella et al., 2009; Heinrichs et al., 2003; MacDonald and Feifel, 2014; Mak et al., 2012; 

McCarthy et al., 1996; Ring et al., 2006; Sabihi et al., 2014b; Slattery and Neumann, 2010; 

Uvnas-Moberg et al., 1994; Windle et al., 1997). In rodents, the mPFC is among the brain 

regions implicated in the anxiolytic actions of OT (Sabihi et al., 2014a; Sabihi et al., 2014b). 

Here we assessed whether the regulation of anxiety by OT within the mPFC is restricted to 

the PL subregion and evaluated whether OTR activation is required for OT to have an 

anxiolytic effect. We also examined whether OT interacts with the GABA system in the PL 

mPFC to reduce anxiety and investigated the extent to which OT in the mPFC affects 

activation of mPFC GABA neurons and neuronal activation of the BLA and CeA, two 

primary targets of the mPFC which are components of the neural network regulating anxiety 

(Adhikari, 2014; Calhoon and Tye, 2015). We confirm and extend previous work by 

demonstrating that infusion of OT into the PL region of the mPFC, but not the IL or Cg1 

regions, decreased anxiety-like behavior. We also show that the attenuation in anxiety-like 

behavior following OT administration into the PL mPFC is abolished when the binding of 

OT to the OTR was impeded by pretreatment with a selective OTR-A or with a GABAA 

receptor antagonist. Further, the reduction in anxiety-like behavior following OT in the PL 

mPFC was accompanied by increased c-Fos expression in GAD67+ neurons in the PL 

mPFC suggesting greater activation of GABA neurons. Lastly, administration of OT to the 

PL region had differential effects on neuronal activation in the BLA and CEA following 
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EPM exposure. Taken together, these results demonstrate that OT, acting on OTR in the PL 

mPFC, attenuates anxiety-related behavior and may do so by engaging GABAergic neurons 

which ultimately modulate downstream brain regions implicated in anxiety.

Here we used two ethologically relevant tests for anxiety-like behavior in rodents – the EPM 

and the SI test. While the EPM features exploration and relies on the rat's innate fear of open 

spaces, the SI test places emphasis on social behavioral responses (Lapiz-Bluhm et al., 2008; 

Rotzinger et al., 2010). The anxiolytic effect of OT in the PL mPFC in both tests suggests 

that anxiety in non-social and social contexts is sensitive to PL OT although for the SI test, it 

is difficult to attribute the increased social interaction time to diminished anxiety alone since 

OT administration is also widely known to promote prosocial behavior (Benarroch, 2013; 

Lukas et al., 2011; Meyer-Lindenberg et al., 2011; Neumann and Slattery, 2016). Thus, 

while the SI test has been validated behaviorally, physiologically, and pharmacologically as 

a test for anxiety rather than a test for social behavior (File and Seth, 2003) it is still possible 

that the anxiolytic effects observed could be due to OT attenuation of anxiety-like behavior, 

OT facilitation of social interaction, or both (Bethlehem et al., 2014).

The EPM testing conditions in the current study produced high levels of anxiety in the 

control groups making it necessary that a large threshold be breached for an anxiolytic effect 

of OT to be observed. Our results from Experiment 1 show that a 1 µg, but not a 0.1 µg, dose 

of OT in the PL mPFC was able to overcome this threshold and reduce anxiety. Although 1 

µg OT is a relatively high dose, this dose was also shown to be anxiolytic in the amygdala 

(Bale et al., 2001). However, in the Cg and IL subregions of the mPFC, neither the 1 µg nor 

the 0.1 µg dose of OT was effective, even though both regions have also been implicated in 

fear and anxiety regulation (Cg1: Bissiere et al., 2008; Albrechet-Souza et al., 2009; but see 

Bissiere et al., 2006; IL: Vidal-Gonzalez et al., 2006; Sierra-Mercado et al., 2011; Bi et al., 

2013). Importantly, OT’s influence was likely limited to each subregion of the mPFC 

targeted by the microinjection as a previous study found that when a larger volume of 

radiolabeled OT was injected into the CEA, which has a slightly smaller area than 

subregions of the mPFC, there was no spread beyond this region (Lee et al., 2005). As such, 

it appears that anxiety-like behavior is differentially sensitive to exogenous OT depending on 

the mPFC subregion although it could be the case that the Cg and IL subregions may require 

a different OT dose than tested here for an effect on anxiety to be revealed. As nonlinear 

effects of OT have been reported (Figueira et al., 2008; Leuner et al., 2012), a dose lower 

than 0.1 µg could possibly yield a different outcome. Consistent with this possibility are 

findings showing that 0.01 µg OT in the IL mPFC promotes fear extinction (Lahoud and 

Maroun, 2013), although these results could also suggest that learned fear versus innate 

anxiety, and the different paradigms used to assess these processes, may not be equally 

sensitive to mPFC OT. It is also important to consider emerging evidence that OT is not 

solely involved in reducing fear and anxiety but can also have the opposite action and can 

increase fear and anxiety (Bartz et al., 2011; Grillon et al., 2013; Guzman et al., 2013; 

Lahoud and Maroun, 2013; Toth et al., 2012). However, as noted above, anxiety levels in the 

EPM were already fairly high which could have precluded the ability to detect an anxiogenic 

effect of OT. In this regard, it is worth noting that baseline anxiety levels in the SI test were 

not high and yet, like the EPM, OT was anxiolytic when administered in the PL mPFC at a 

dose of 1 µg. Even so, it is possible that different EPM testing conditions would yield 
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anxiolytic effects of OT at lower doses in the PL mPFC and/or in the other mPFC 

subregions. It is also possible that different testing conditions could reveal increased anxiety 

after OT administration.

OTR are located in the mPFC (Duchemin et al., 2017; Gould and Zingg, 2003; Insel and 

Shapiro, 1992; Liu et al., 2005; Mak et al., 2012; Mitre et al., 2016; Nakajima et al., 2014; 

Smeltzer et al., 2006) although little is known about subregional differences in OTR density 

which may be another factor contributing to the observed behavioral variations across mPFC 

subregions. Nonetheless, it is reasonable to assume that within the PL mPFC, OT reduces 

anxiety by acting on the OTR. However, receptors for the structurally similar neuropeptide, 

vasopressin (AVP), are also found in the mPFC (Kozorovitskiy et al., 2006; Smeltzer et al., 

2006). Cross-reactivity at the receptor level has been described (Chini et al., 1996; Hicks et 

al., 2012; Postina et al., 1998) due to OT’s moderate to strong affinity for the V1a subtype of 

the AVP receptor and there are studies showing that some behavioral effects of OT, 

particularly social behaviors, involve the V1a receptor (Bowen and McGregor, 2014; Hicks 

et al., 2012; Mak et al., 2012; Ramos et al., 2013; Sala et al., 2011). Thus, central OT at high 

concentrations could possibly act as a partial agonist at the AVP V1a receptor to alter 

anxiety. Although this is unlikely because activation of the V1a receptor has been linked to 

anxiogenic effects (Neumann and Landgraf, 2012), we addressed this issue directly in 

Experiment 2 using a co-administration design in which OT was administered along with 

highly specific antagonists for either the OTR or the V1a receptor prior to the SI test 

(Manning et al., 2012). Our results demonstrate that the anxiolytic effect of OT in the PL 

region of the mPFC was blocked by the OTR-A, but not the AVPR-A, and thus confirm the 

anxiolytic actions of OT through its binding to the OTR. In doing so, these data eliminate the 

possibility that OT’s anxiety reducing actions occur through effects on the AVPR and 

indicate that activation of the OTR is required to have behavioral significance, at least for 

anxiety-like behavior as assessed in the SI test.

In contrast to exogenous OT, endogenous OT in the PL mPFC does not appear to be directly 

involved in regulating anxiety-like behavior in the SI test since administration of an OTR-A 

alone was without effect in Experiment 2. This finding is consistent with numerous studies 

using anxiety tests which lack a social component (i.e. EPM, OF, light-dark box) that have 

shown an anxiolytic effect of endogenous brain OT only during periods of high OT system 

activity such as the postpartum period (Lukas et al., 2011; Neumann, 2002; Neumann et al., 

2000; Sabihi et al., 2014a; Slattery and Neumann, 2010). That we did not find an anxiolytic 

effect of endogenous PL OT on social anxiety may be somewhat surprising given the 

prosocial effects of endogenous brain OT (Dumais and Veenema, 2016) and emerging 

studies implicating PFC OT in various social behaviors (Marlin et al., 2015; Nakajima et al., 

2014; Sabihi et al., 2014a; Sabihi et al., 2014b; Young et al., 2014). Methodological aspects 

of the SI test versus other tests of social behavior (i.e. social preference, social memory) may 

explain this discrepancy although the possibility remains that anxiety in a social context is 

meditated by components of the endogenous brain OT system other than the PL mPFC 

(Neumann and Slattery, 2016). It should also be noted that like the OTR-A, administration of 

the AVP V1a receptor antagonist into the PL mPFC had no effect on anxiety-like behavior in 

the SI test. Thus, although AVP also modulates anxiety-like behavior and some aspects of 

social behavior (Dumais and Veenema, 2016; Neumann and Landgraf, 2012; Veenema and 
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Neumann, 2008), our data suggest that endogenous action of AVP at the V1a receptor in the 

PL mPFC is not essential.

While the mPFC is often regarded as having an inhibitory influence on fear and anxiety, 

numerous studies suggest that it can also stimulate fear and anxiety (Calhoon and Tye, 2015; 

Quirk and Beer, 2006). This bidirectional regulation of anxiety by the mPFC can be 

attributable to differences among the subregions with the more dorsally located PL region 

having an excitatory influence through its glutamatergic projections to downstream limbic 

regions including the amygdala (Adhikari, 2014; Berretta et al., 2005; Brinley-Reed et al., 

1995; Gabbott et al., 2005; Leuner and Shors, 2013; McDonald et al., 1996; Vertes, 2004). 

Because these glutamatergic projection neurons within the PL mPFC are modulated by local 

GABA interneurons, which have been shown to express OTR (Marlin et al., 2015; Nakajima 

et al., 2014) one way OT could attenuate anxiety would be by engaging local GABAergic 

inhibition. This possibility is supported by evidence that OT increases GABA release in the 

mPFC (Qi et al., 2012) and balances cortical inhibition (Marlin et al., 2015) as well the the 

demonstration that activation of mPFC GABAA receptors is anxiolytic (Solati et al., 2013). 

Our results from Experiments 3 and 4 provide further support for an OT-GABA interaction 

in the PL mPFC. First, in Experiment 3, we show that the anxiolytic effect of OT in the PL 

mPFC was inhibited by concomitant treatment with the GABAA receptor antagonist BIC. 

Notably, higher concentrations of BIC infusions in the mPFC (> 0.25 µg) have been reported 

to increase anxiety (Solati et al., 2013) while the current study used a lower concentration 

(2.5 ng) of BIC which did not. Second, in Experiment 4, we found that the decrease in 

anxiety-like behavior following OT delivery to the PL mPFC was accompanied by increased 

activation of GAD67 neurons in this region. These findings suggest that OT in the PL mPFC 

may reduce anxiety-like behavior by acting on receptors located on GABAergic 

interneurons, thus increasing local inhibition and altering GABAergic output. Interestingly, 

GABA has also been previously shown to mediate the anxiolytic action of OT within the 

amygdala (Huber et al., 2005; Knobloch et al., 2012) and PVN (Smith et al., 2016) 

suggesting a similar mechanism across these brain regions. Although it also possible that OT 

may directly influence glutamatergic neurotransmission in the mPFC to affect anxiety 

(Ninan, 2011; Qi et al., 2012; Qi et al., 2009), this seems unlikely as all studies to date have 

only found OTR on GABAergic interneurons (Nakajima et al., 2014).

Increased activation of GABAergic interneurons in the mPFC could ultimately impact 

downstream limbic regions, such as the amygdala. Indeed, our results from Experiment 5 

show that OT in the PL mPFC was associated with altered amygdala activation such that c-

Fos expression was reduced in the BLA but increased in the CEA. The BLA is the main 

target of glutamatergic projections from the PL mPFC (Gabbott et al., 2005; Vertes, 2004) 

and increased activation of the BLA is associated with heightened anxiety (Hale et al., 2006; 

Tye et al., 2011; Wang et al., 2011). Thus, reduced neuronal activation of the BLA after OT 

administration and the accompanying attenuation of anxiety-like behavior is consistent with 

diminished excitatory drive to BLA neurons and corroborates other work showing reduced 

amygdala activation following peripheral OT administration (Sobota et al., 2015). The 

reason for the opposite pattern of c-Fos expression in the CEA, which receives robust direct 

projections from the BLA (Tye et al., 2011), isn’t entirely clear but may be explained by the 

fact that there are also intercalated cells (ITCs) interposed between the BLA and CEA 
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(Cassell et al., 1999; Millhouse, 1986) which generate feedforward inhibition in CEA (Pare 

et al., 2003; Royer et al., 1999). Thus, the c-Fos responses detected in the CEA might in part 

be attributable to changes in BLA efferent activity via the ITC. Without examining the 

phenotype of the activated cells or differentiating among the different subregions within the 

CEA (medial vs lateral CeA), which can have opposing influences on anxiety (Calhoon and 

Tye, 2015; Ressler, 2010), it is difficult to make any further conclusions.

In summary, these results demonstrate that OT in the PL mPFC attenuates anxietyrelated 

behavior via a GABAergic mechanism which may ultimately calm the downstream 

excitatory circuitry that would otherwise produce an anxious state. In doing so, our results 

provide novel mechanistic insights into OT’s anxiolytic actions for which little is currently 

known despite its potential therapeutic uses.
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Highlights

• OT infusion into the PL mPFC decreases anxiety-like behavior

• Anxiety-like behavior is not altered following OT infusion into the Cg1 or IL 

subregions of the mPFC

• Blockade of OTR, but not AVPR, prevents the anxiolytic effect of OT in the 

PL mPFC

• GABAA receptor antagonism blocks the anxiolytic effect of OT in the PL 

mPFC

• OT in the PL mPFC increases mPFC GABAergic neuronal activity and alters 

activation in the amygdala
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Figure 1. 
OT in the PL mPFC decreases anxiety-like behavior (Experiment 1). (a) Schematic 

representation of mPFC regions in which bilateral cannula were implanted (blue = Cg1, red 

= PL, black = IL; adapted from Paxinos and Watson 1998). In the EPM, (b) the number of 

open arms entries and (c) the percentage of time spent in the open arms was greatest in the 

group that received 1.0 µg OT in the PL region of the mPFC. (d) Locomotor activity, as 

measured by the number of closed arm entries, was not altered by infusion type or region of 

infusion. (e) In the SI test, the group infused with the 1.0 µg dose of OT in the PL mPFC 

spent a greater amount of time interacting with a novel conspecific. Bars represent mean + 

SEM; *p < 0.05 within PL mPFC 1.0 µg OT vs. 0.1 µg OT and saline. Abbreviations: OT = 

oxytocin, PL = prelimbic, mPFC = medial prefrontal cortex, Cg1 = anterior cingulate, IL = 

infralimbic, EPM = elevated plus maze, SI = social interaction.
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Figure 2. 
OT acting on the OTR in the PL mPFC decreases anxiety-like behavior in the SI test 

(Experiment 2). The AVPR-A+OT and S+OT groups spent more time interacting with an 

unknown conspecific than the group treated with OTR-A+OT indicating that the anxiolytic 

effect of OT in the PL mPFC was blocked by pretreatment with an OTR-A, but not an 

AVPR-A. The S+S, OTR-A+OT, OTR-A+S and AVPR-A+S groups all showed similar 

levels of anxiety-like behavior in the SI test. Bars represent mean + SEM; *p < 0.05 S+OT 

and AVPR-A+OT vs. all other groups. Abbreviations: S = saline, OT = oxytocin, OTR = 

oxytocin receptor, PL = prelimbic, mPFC = medial prefrontal cortex, SI = social interaction, 

OTR-A = oxytocin receptor antagonist, AVPR-A = vasopressin receptor antagonist.
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Figure 3. 
OT interacts with GABA in the PL mPFC to decrease anxiety-like behavior (Experiment 3). 

In the EPM, the group that received an infusion of OT in the PL mPFC (a) made more open 

arm entries and (b) spent a greater percentage of time in the open arms unless they also 

received an mPFC infusion of the GABAA antagonist, BIC which by itself did not affect 

anxiety-like behavior in the EPM. (c) Locomotor activity (closed arm entries) was not 

altered by infusion type. (d) In the SI test, OT increased time spent interacting with an 

unknown stimulus rat, but BIC blocked this anxiolytic effect. Bars represent mean + SEM; 

*p < 0.05 S+OT vs. all other groups. Abbreviations: S = saline, OT = oxytocin, PL = 

prelimbic, mPFC = medial prefrontal cortex, EPM = elevated plus maze, BIC = bicuculline 

methiodide, SI = social interaction.
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Figure 4. 
OT in the PL mPFC decreased anxiety-like behavior and increased activation of GABAergic 

neurons in the PL mPFC (Experiment 4). OT in the PL mPFC increased the (a) number of 

open arm entries and (b) time spent in the open arms of the EPM but did not alter (c) closed 

arm entries. OT in the PL mPFC also resulted in (d) more c-Fos+ cells (per 1 mm2) without 

affecting the density of GAD67+ cells (e). In addition, the density (f) and percentage (g) of 

GAD67+ neurons expressing c-Fos in the PL mPFC was increased by OT. (h) Confocal 

images of a cell positive for c-Fos (green, top), GAD67 (red, middle), and GAD67/c-Fos 

colabeling (bottom). Bars represent mean + SEM; *p < 0.05. Abbreviations: OT = oxytocin, 

PL = prelimbic, mPFC = medial prefrontal cortex, EPM = elevated plus maze.
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Figure 5. 
OT in the PL mPFC reduces anxiety-like behavior and alters neuronal activation in the 

amygdala (Experiment 5). In the EPM, OT increased both (a) the number of open arm 

entries and (b) the percentage of time spent in the open arms without altering (c) the number 

of closed arm entries. (d) Schematic representation of regions throughout the BLA and CEA 

in which c-Fos counts were taken. Grey shaded regions = CEA; black shaded regions =BLA 

(adapted from Paxinos and Watson, 1998). (e) In the BLA, fewer c-Fos+ cells (per 1 mm2) 

were observed following an infusion of OT in the PL mPFC. (f) In contrast, the density of c-

Fos+ cells was increased in the CEA following OT in the PL mPFC. Scale bars = 100µm. 

Bars represent mean + SEM; *p < 0.05. Abbreviations: OT = oxytocin, PL = prelimbic, 

mPFC = medial prefrontal cortex, EPM = elevated plus maze, BLA = basolateral amygdala, 

CEA = central amygdala.
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