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Abstract

Oxytocin (Oxt) is released in various hypothalamic and extrahypothalamic brain areas in response 

to anxiogenic stimuli to regulate aspects of emotionality and stress coping. We examined the 

anxiolytic action of Oxt in the hypothalamic paraventricular nucleus (PVN) while appraising if 

Oxt recruits GABA neurons to inhibit the behavioral, hormonal, and neuronal response to stress in 

female prairie voles (Microtus ochrogaster). Voles received an injection of Oxt in the PVN either 

before or after an elevated platform stress to determine a time-course for the effects of Oxt on the 

hormonal stress response. Subsequently, we evaluated if ante-stress injections of Oxt affected 

anxiety-like behaviors as well as neuronal activity in the PVN, using real-time in-vivo retrodialysis 

and immunohistochemistry with c-Fos expression as a biomarker of neural activity. In addition, 

we exposed voles to Oxt and a GABAA receptor antagonist, concurrently, to evaluate the impact 

of pharmacological blockade of GABAA receptors on the anxiolytic effects of Oxt. Elevated 

platform stress amplified anxiety-like behaviors and hypothalamic-pituitary-adrenal (HPA) axis 

activity—catalyzing corticotrophin-releasing hormone (CRH) neuronal activity and augmenting 

corticosterone release in circulation. Ante-stress Oxt injections in the PVN blocked these stress 

effects while promoting PVN GABA activity and release. Post-stress Oxt treatments were 

ineffective. The anxiolytic effects of Oxt were hindered by concurrent pharmacological blockade 

of GABAA receptors. Together, our data demonstrate ante-stress treatments of Oxt in the PVN 

inhibit stress activation of the HPA axis through recruitment of GABAergic neurons, providing 

insights to the local circuitry and potential therapeutically-relevant mechanisms.
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INTRODUCTION

The neuropeptide oxytocin (Oxt) is considered a key modulator of social cognition and 

behaviors (Churchland and Winkielman, 2012) and exerts anxiolytic effects (Smith and 

Wang, 2012). Stress exposure triggers the hypothalamic-pituitary-adrenal (HPA) axis1, 

rousing psychological and behavioral symptomology (Armario, 2006), but also secretion of 

Oxt in specific regions of the brain, potentially serving as a negative feedback or inhibitory 

mechanism. For example, Oxt is released in the paraventricular nucleus of the hypothalamus 

(PVN) of female prairie voles (Smith and Wang, 2014) and rats (Neumann et al., 2000; 

Wotjak et al., 1998) during a stressor. However, rather than precipitating the stress response, 

pharmacological studies have documented that Oxt in the brain, when delivered via an 

intracerebroventricular infusion (Windle et al., 2004; Windle et al., 1997) or a single 

injection (Bülbül et al., 2011), prevents stress-induced activity in the PVN, dampening HPA 

axis function and the behaviors it modulates. In addition, Oxt injected directly in the PVN 

can also reduce anxiety-like behaviors (Blume et al., 2008; Jurek et al., 2012; Smith and 

Wang, 2014). Furthermore, inhibition of Oxt action in brain regions that release Oxt in 

response to stress (i.e., PVN (Bosch et al., 2004; Smith and Wang, 2014) and central 

amygdala (Ebner et al., 2005)) potentiates the behavioral and physiological stress response. 

Correspondingly, Oxt research in the stress field has seen a major upsurge in the past two 

decades, and Oxt has been targeted as a therapeutic treatment of a wide range of anxiety 

disorders (Lin, 2012). Yet, a concern for clinical use of Oxt as an anxiolytic is the lack of 

mechanistic details, particularly as it pertains to the HPA axis.

It is possible Oxt modulates this stress pathway by acting directly on and inhibiting 

corticotrophin-releasing hormone (CRH)-expressing neurons in the PVN. Recently, Jurek 

and colleagues (2015) demonstrated an intracerebroventricular injection of Oxt delays the 

stress-induced rise in CRH transcription in the PVN. While local Oxt release does occur in 

the PVN (Smith and Wang, 2014), there is limited anatomical data demonstrating Oxt 

receptors colocalized on CRH-expressing neurons (Dabrowska et al., 2011). One ancillary 

inhibitory mechanism may include gamma-aminobutyric acid (GABA) signaling. GABA is 

the dominant inhibitory neurotransmitter in the mammalian brain, with GABA neurons in 

the PVN and surrounding areas (Decavel and Van den Pol, 1990; Herman et al., 2002). 

Furthermore, GABA receptors are colocalized on hypophysiotropic CRH-expressing 

neurons in the PVN (Cullinan, 2000; Herman et al., 2002), and PVN-projecting GABAergic 

neurons inhibit stress-enhanced CRH expression and neuronal firing via GABAA receptors 

(Bali and Kovacs, 2003; Bartanusz et al., 2004). Interestingly, the suppression of stress-

induced CRH expression in the PVN via global injections of Oxt is blocked by a GABAA 

receptor antagonist (Bülbül et al., 2011), and Oxt potentiates GABAA receptor function in 

vitro (Bowen et al., 2015). Thus, it could be postulated that the anxiolytic effects of Oxt 

occur via facilitating GABA inhibition of CRH neuronal activity.

1The HPA axis is one of the major biological stress pathways and is catalyzed through activation of CRH and vasopressin (AVP) 
neurons in the PVN. This stimulates a signaling cascade that increases circulating corticosterone, the end-product of the HPA axis, and 
rouses psychological and behavioral symptomology Armario (2006)
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Prairie voles (Microtus ochrogaster) while not commonly used in stress research provide 

some unique advantages to traditional laboratory rodents, varying from the dynamics of their 

social systems to their physiology. For example, female prairie voles do not display a 

spontaneous ovulation or estrous cycle, though ovulation can be induced 24 hr after 

exposure to a male conspecific (Roberts et al., 1999). This allows the use of reproductively 

intact females without the need for controlling the estrous cycle, which is often required 

given the distinct effects cycling ovarian steroids have on the stress response in females 

(Kajantie and Phillips, 2006). Recently, we noted Oxt release in the PVN in female prairie 

vole alleviates subsequent stress responses (Smith and Wang, 2014). In the current study, we 

investigated the local anxiolytic actions of Oxt in the PVN in female prairie voles. We 

established a pharmacological paradigm demonstrating intra-PVN injections of Oxt prevent 

the behavioral, hormonal, and neuronal response to stress while promoting GABAergic 

neuronal activity in the PVN. We then evaluated if the anxiolytic effects of Oxt are 

propagated by GABAergic excitation in the PVN.

METHODS

Subjects

Female prairie voles were descended from populations in southern Illinois and captive-bred 

at Florida State University. Housing conditions were previously described (Gobrogge et al., 

2007). All experiments were conducted in accordance with the guidelines of the Institutional 

Animal Care and Use Committee at Florida State University.

Experimental procedure

Figure 1 illustrates details for Experiments A–E. Female prairie voles underwent stereotaxic 

surgery to implant guide cannulae bilaterally (Experiments A–C and E) or a microdialysis 

probe (Experiment D) aimed at the PVN. We first determined if an intra-PVN injection of 

Oxt was sufficient in reducing the stress-induced rise in plasma corticosterone 

concentrations, considering drug treatment before (Experiment A) or after (Experiment B) 

stress exposure. For Experiment A, females received intra-PVN injections (200 nL/side) 15 

min before the start of the 10-min stressor, which consisted of a 5-min elevated platform 

stress (EPS) and 5-min EPM (see description below). For Experiment B, the Oxt injection 

was administrated immediately after the 10-min stressor. Blood was collected 25 min post-

injection for both experiments. We then employed the paradigm outlined in Experiment A to 

evaluate the impact that pre-stress intra-PVN injections of Oxt had on elevated plus maze 

(EPM) anxiety-like behaviors and neuronal activity in the PVN (Experiment C). Females 

received Oxt injections 15 min before the start of the 10-min stressor, and behavior was 

recorded during the 5-min EPM. Voles were perfused 80 min post Oxt injection to measure 

changes to c-Fos expression in PVN neurons with selected neurochemical phenotypes such 

as CRH, AVP, Oxt, and GABA. We also evaluated if infusing Oxt in the PVN for 30 min 

changed the local release of GABA via real-time in vivo retrodialysis (Experiment D), 

detailed below. Finally, we treated females 15 min before the start of the 10-min stressor 

with Oxt along with bicuculline, a GABAA receptor antagonist, to determine whether 

function of the GABAA receptor in the PVN was necessary to mediate the anxiolytic effects 
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of Oxt on the stress-induced behavioral and hormonal response (Experiment E). Blood was 

collected immediately after the end of the stressor.

Intra-PVN injections

Two 21-G guide cannulae were implanted 0.5 mm above the left and right PVN (AP, −0.74 

mm; ML, ± 1.5 mm; DV, 5.0 mm; angle, ± 15°, Figure 3a) and were given at least seven 

days to recover. The scheduling for site-specific injections of Oxt in the PVN during an EPS 

paradigm was adapted from Blume et al. (2008) and included an Oxt dose demonstrated to 

be sufficient in affecting the stress response in female prairie voles (Smith and Wang, 2014). 

Drug dosages for bicuculline were based on previous site-specific pharmacological studies 

in prairie voles (Curtis and Wang, 2005). Oxt (Bachem, Torrance, CA) and bicuculline 

(Sigma, St. Louis, MO) were dissolved in artificial cerebrospinal fluid (CSF (Smith and 

Wang, 2014)) and delivered to voles by infusion in a 200 nL volume over 60 s, with the 200 

micron microinjection needle —0.5 mm longer than the implanted guide cannulae — held in 

place for 30 s after injection to assure infusion. Females received either a single 200 nL 

injection (CSF or Oxt 10 ng per side; Experiment A–C) or two consecutive 200 nL 

injections (CSF/CSF; CSF/ Oxt 10 ng; bicuculline 5 ng/ Oxt 10 ng; bicuculline 50 ng/ Oxt 

10 ng; or bicuculline 50 ng/ CSF; Experiment E). At the end of the experiment, brains were 

collected for histological verification of cannulae placement.

EPS and EPM

This stressor test used an EPM apparatus (Columbus Instruments, Columbus, OH) 

comprised of two open arms (35 L × 6.5W cm) and two closed arms (35 L × 5W × 15H cm) 

that cross in the middle, and is elevated 45 cm off the ground. Females were placed on and 

restricted to one open arm of the EPM for 5 min, creating a mild stress referred to as an EPS 

(Blume et al., 2008). Next, the 5-min EPM test was conducted to assess anxiety-like 

behaviors by placing the subject in the center of the EPM facing an open arm. In the EPM 

test, a conflict is established in rodents between an innate explorative drive and fear of open, 

exposed environments, which has been previously used and validated in voles (Hendrie et 

al., 1997; Smith and Wang, 2014). A trained observer blind to the treatment used J-Watcher 

V1.0 (Macquarie University and UCLA; http://www.jwatcher.ucla.edu/) to quantify 

behaviors for anxiety-like responses (latency to enter the open arm, percentage of time spent 

on the open arms versus total arm time, and percentage of open arm entries versus total arm 

entries) and locomotor activity (total arm entries).

Blood collection and corticosterone radioimmunoassay

Trunk blood (~400 µL) was collected in 20 µl EDTA and double centrifuged (6000 rpm for 

15 min at 4°C) before plasma was store at −80°C. Plasma corticosterone (1:1000) was 

measured, in duplicates, using a commercially available kit (Diagnostic Products Corp., Los 

Angeles, CA) previously used and validated in prairie voles (Smith and Wang, 2014). 

Detecting limit for corticosterone was 7.7 ng/ mL. The intra-assay and inter-assay 

coefficient of variation (CV) were 2.72% and 0.46%, respectively.
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Tissue preparation and double-labeled immunohistochemistry

Subjects, from Experiment C, were deeply anesthetized and transcardially perfused with 

0.9% saline followed by 4% paraformaldehyde solution. Brains were harvested, postfixed 

for 4 h in 4% paraformaldehyde, stored in 30% sucrose in phosphate buffer (PB) at 4°C, and 

then cut into 30 µm coronal sections using a sliding microtome.

A 1:4 series through the PVN of each brain was processed for double-labeling for CRH-ir/c-

Fos-ir, Oxt-ir/c-Fos-ir, AVP-ir/c-Fos-ir, and GABA-ir/c-Fos-ir, respectively, using 

previously established protocols for light microscopy (Gobrogge et al., 2007). A two-step 

immunohistochemistry protocol was followed by first using nickel-enhanced 

diaminobenzidine (DAB-Ni) or SG to reveal black or blue/grey, respectively, nuclear 

staining for c-Fos and then by using DAB only to reveal brown cytoplasmic staining for 

CRH, Oxt, or AVP or 3-amino-9-ethylcarbazole (AEC) to reveal red cytoplasmic staining 

for GABA. Sections were rinsed initially in 0.1 M PB for 5 min (3×) and again after each of 

the following steps: incubation in 1% NaHBO4 in PB for 10 min; incubation in 3% H2O2 in 

PB in order to block endogenous peroxidase activity; and block in 10% normal goat serum 

(NGS) in 0.5% triton-PB (TPB). Each set of sections was incubated first with c-Fos 

antibody (1:20k; Millipore Corporation, Temecula, CA) in 2% NGS in TPB for 48 h at 4 °C. 

Thereafter, sections were rinsed in TPB for 5 min (3×) and incubated in a solution 

containing biotinylated goat anti-rabbit secondary antibody (1:3k; Vector Laboratories, Inc., 

Burlingame, CA) for 2 h and then in ABC complex (Vector Laboratories, Inc.) for 90 min. 

Lastly, sections were stained with either a DAB-Ni for sets double-labeled for CRH, Oxt, or 

AVP or SG for the sections double-labeled for GABA (Vector Laboratories, Inc.). The 

sections were rinsed in TPB for 5 min (3×), blocked in 10% NGS in 0.5% TPB, and 

incubated with CRH polyclonal guinea pig IgG antibody (1:8k; 48 h; Peninsula 

Laboratories, San Carlos, CA), Oxt polyclonal rabbit IgG antibody (1:70k; 48 h; 

ImmunoStar, Inc., Hudson, WI), AVP monoclonal mouse IgG antibody (1:50k; 24 h; 

Antibodies-online Inc., Atlanta, GA), or GABA polyclonal rabbit IgG antibody (1:10k, 72 h, 

Sigma) in 2% NGS in TPB 4 °C. Thereafter, sections were rinsed in TPB for 5 min (3×) and 

incubated in a solution containing biotinylated goat anti-guinea pig secondary antibody (for 

CRH), biotinylated goat anti-mouse secondary antibody (for AVP), or biotinylated goat anti-

rabbit secondary antibody (for Oxt and GABA) (1:300 Vector Laboratories, Inc., 

Burlingame, CA) for 2 h and then in ABC complex (Vector Laboratories, Inc.) for 90 min. 

Lastly, sections were stained with either DAB (for sets double-labeled for CRH, Oxt, or 

AVP) or AEC (for the sections double-labeled for GABA) (Vector Laboratories, Inc.), 

mounted on slides, and cover-slipped.

As the 200 micron microinjection needle will create mechanical tissue disturbance in some 

the PVN, we preferentially selected sections with minimal or no tissue damage for 

quantification (example image is provided in Figure 3b). Densities of single- and double-

labeled cells in the PVN were counted, resulting in two sections counted per stain per vole 

brain. The average of the counted single-labeled cells, immunoreactive to one of the 

neurochemical markers (i.e., CRH, AVP, Oxt, and GABA) or c-Fos, across all sections for 

each animal was then divided by the area of the PVN (averaging 0.225 mm2 per 

hemisphere) to yield the number of single-labeled cells per 0.1 mm2. Percentages of CRH-, 
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AVP-, Oxt- and GABA-ir cells expressing c-Fos were calculated by dividing the number of 

these cells expressing c-Fos by the total number of single-labeled cells for the respective 

neurochemical marker.

Real-time in-vivo retrodialysis in the PVN and quantification of GABA by high-performance 
liquid chromatography (HPLC)

Microdialysis probe construction and dialysate collection were previously described (Smith 

and Wang, 2014). The active area of the dialysis membrane was 1.0 mm with a molecular 

weight cutoff of 18 kDa. Probes were perfused continuously at 1.0 µL/min with a CSF 

solution using a glass Hamilton syringe connected to an automatic micropump (World 

Precision Instruments). Voles were anesthetized and then stereotaxically implanted with a 

microdialysis probe aimed at the PVN (nose bar; AP, −0.7 mm; ML, 0.15 mm; DV, 6.35 

mm, Figure 3m). Voles were given 24 h to recover, then dialysate samples were collected 

every 30 min for 2 h to establish an equilibrium between the inside and outside of the 

microdialysis membrane and acclimate the vole to the collection procedure. We adapted a 

procedure for retrodialysis of Oxt in the PVN that has been previously reported in female 

rats for use in prairie voles (Bosch et al., 2005). Baseline samples were collected over 30 

min. The inflow tubing filled with CSF solution was then switched with an inflow tubing 

containing Oxt (1 µg/mL), and this Oxt-containing perfusion solution was allowed to flow 

through the probe for 10 min before the 30-min retrodialysis sample was collected, as this 

was the calculated time for the drug to reach the target site. It is expected that at least 0.16 

ng of Oxt was delivered to the surrounding tissue during the retrodialysis period as 

estimated in vitro (Engelmann et al., 1992). Samples were collected into vials containing 5 

µl 0.1 N HCl and immediately frozen on dry ice. All samples were stored at −80°C until 

processed, and brains were collected for histological verification of probe placement. GABA 

concentration was measured by the HPLC and a pre-derivatization with ortho-pthalaldehyde 

(OPA) at the NHLBI Biochemistry Core Facility. The Agilent 1100 HPLC (Agilent 

technologies) was equipped with a reverse phase column, Zorbax Eclipse Plus C18 (3.0 × 

150mm, 3.5µm, Agilent Technologies) and the fluorescence detector (FLD; G1321A, 

Agilent Technologies) to detect the pre-derivatized GABA at Ex340/Em450. The HPLC-

reverse phase column was calibrated with varying concentration of standard GABA 

solution. In vitro recoveries for the microdialysis membranes used in the sampling of the 

PVN were calculated by dipping probes (n = 3) in the CSF perfusion solution containing 1 

µM of GABA measured. The CSF solution was pumped through the probes at 1.0 µL/min 

over 30 min and collected into vials containing 5 µl 0.1 N HCl and immediately frozen on 

dry ice, replicating in vivo collection conditions. The mean in vitro recovery for the 

microdialysis probes was 10.3% for GABA.

Data analysis

Data were analyzed using IBM SPSS Statistics 19 (SPSS, Inc.) and were expressed as mean 

± SEM. Independent samples t-tests were used to analyze plasma corticosterone levels in 

Experiment A and B and EPM behavior in Experiment C. All neurochemical measures in 

Experiment C were analyzed with a two-way ANOVA (stress × drug treatment). Significant 

interactions (p < 0.05) were further assessed with a Student–Newman–Keuls (SNK) post-

hoc test for group differences. Paired-sample t-test were used to analysis GABA 
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concentrations in Experiment D. In Experiment E, one-way ANOVAs were used to analyze 

EPM behaviors and corticosterone concentrations with SNK post-hoc test for group 

differences. All alpha levels were set at p < 0.05.

RESULTS

Ante-stress Oxt treatment limits stress hormones and behavior

In Experiment A, females injected with Oxt in the PVN before a stressor, the EPS, had 

significantly lower corticosterone levels immediately following the stressor than CSF-

injected females (t(20) = 3.32, p < 0.005, Figure 2a), a result that acquiesces with previous 

literature (Heinrichs et al., 2003). In contrast, a post-stress Oxt injection did not affect 

plasma corticosterone concentrations in females in Experiment B (Figure 2b).

Notably, in Experiment C, an ante-stress injection of Oxt in the PVN also decreased the 

display of anxiety-like behaviors in the EPM (Figure 2), an apparatus designed to evoke 

both exploratory and fear drives with higher anxiety manifesting as limited exploration of 

the open, exposed arms. Specifically, Oxt-treated females went into the open arms faster 

(open arm latency: t(17) = 2.42, p < 0.05; Figure 2c), more often (% open arm frequency: 

t(17) = 4.89, p < 0.0005; Figure 2d), and for a longer duration (% open arm duration: t(17) = 

4.81, p < 0.005; Figure 2d). Oxt treatment did not influence locomotor behavior (i.e., total 

arm entries) in the EPM (Figure 2e). Thus, Oxt treatment directly affects anxiety-like 

behaviors in a behavior-specific manner rather than being secondary to modulated 

locomotion.

Ante-stress Oxt treatment modulates PVN neural activity and GABA release

Neither the stress nor Oxt treatment altered the density of AVP-immunoreactive (-ir), Oxt-ir, 

CRH-ir, or GABA-ir neurons in the PVN (Table 1). However, stress tended to increase the 

c-Fos-ir density in the PVN (F(1, 19) = 3.95, p = 0.06, control: 29.44 ± 12.92; stress: 65.14 ± 

12.49) and yielded a significant increased in expression of c-Fos in CRH-ir neurons (F(1, 19) 

= 17.82, p < 0.0005, control: 2.52 ± 1.52; stress: 12.20 ± 1.47). This stress-induced increase 

in c-Fos expression was selective to CRH-ir neurons as no such effect of c-Fos expression 

was observed in AVP-ir (control: 5.71 ± 2.53; stress: 8.21 ± 2.45), Oxt-ir (control: 2.56 ± 

2.67; stress: 7.33 ± 2.58), or GABA-ir (control: 10.83 ± 3.98; stress: 9.56 ± 3.85) neurons in 

the PVN.

Interestingly, the Oxt treatment decreased c-Fos-ir density (F(1, 19) = 5.12, p < 0.05, Figure 

3d) and c-Fos expression in CRH-ir neurons (F(1, 19) = 18.87, p < 0.0005, Figure 3c,e) in the 

PVN. This is consistent with the inhibition of CRH mRNA expression observed after 

intracerebroventricular injections of Oxt in rats (Bülbül et al., 2011). In addition, while not 

affecting c-Fos expression in AVP-ir (Figure 3g,h) or Oxt-ir (Figure 3i,j) neurons, Oxt 

treatment increased c-Fos expression in GABA-ir neurons in the PVN (F(1, 19) = 5.29, p < 

0.05, Figure 3k,l). Oxt treatment did not affect the density of AVP-ir, Oxt-ir, CRH-ir, or 

GABA-ir neurons (Table 1). Furthermore, in Experiment D, we used real-time in-vivo 

retromicrodialysis with HPLC and observed a significant increase in GABA release in the 

PVN when Oxt was infused in our probe (t(6) = 3.56, p < 0.05, Figure 3m,n). Thus, Oxt 
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treatment selectively inhibited CRH neuronal activity while fostering local GABA neuronal 

activity and release, without affecting expression of either neurochemical.

Finally, stress increased expression of c-Fos in CRH-ir neurons in the PVN, but this stress-

induced increase was blocked by Oxt injections prior to the stress exposure (F(1, 19) = 26.59, 

p < 0.0001; Figure 3c,f). Stress and Oxt interactions were not found on the density of AVP-

ir, Oxt-ir, or GABA-ir neurons in the PVN or the c-Fos expression in these cells (Table 1). 

Together, an intra-PVN injection of Oxt provides an inhibitory regulation of stress outputs 

in the PVN, as observed in the suppressed c-Fos expression in CRH-ir neurons, while 

promoting GABAergic activity.

Blockade of GABAA receptors abates Oxt-induced anxiolytic effects

Oxt treatment significantly decreased EPM anxiety-like behavior and corticosterone levels 

in female prairie voles, but this anxiolytic effect was interrupted by a concurrent injection of 

bicuculline, a GABAA receptor antagonist (Figure 4). Oxt-treated females had a 

significantly reduced latency to enter the open arm (F(4, 38) = 4.12, p < 0.01, Figure 4a), 

entered the open arm more frequently (F(4, 38) = 7.94, p < 0.0001, Figure 4b), spend a 

greater percentage of time in the open arm (F(4, 38) = 3.92, p < 0.01, Figure 4b), and 

displayed no stress-induced rise in plasma corticosterone levels (F(5, 45) = 4.99, p < 0.001, 

Figure 4d) as compared to CSF-treated females. However, bicuculline injected concurrently 

with Oxt eliminated the Oxt-induced effect on these behaviors and corticosterone 

concentrations such that females who received Oxt and bicuculline prior to the EPS 

displayed no behavioral or hormonal differences to CSF-treated females in the EPM. 

Moreover, females who only received intra-PVN injections of Oxt displayed less anxiety-

like behavior and changes in plasma corticosterone levels than females who received intra-

PVN Oxt and bicuculline injections (i.e., reduced open arm latency and increased percentage 

of open arm frequency and duration). Neither Oxt nor bicuculline injections significantly 

affected locomotor behavior in the EPM (i.e., total arm entries, Figure 4c). High 

concentrations of bicuculline injections in the PVN (greater than 1.8 ug) have reported to 

ameliorate stress-induced HPA axis function (e.g., increasing plasma corticosterone levels) 

in rats. However, in the current study, injecting a lower concentration of bicuculline (50 ng) 

alone had no effect on any of the observed behaviors and hormones in prairie voles. 

Together, our data demonstrates Oxt modulates the HPA axis stress response and anxiety-

like behaviors through a GABAA receptor-mediated pathway in the PVN.

DISCUSSION

Previous research has documented the anxiolytic effects of Oxt when released or injected in 

the PVN (Smith and Wang, 2012). The PVN is the catalyzing site for the HPA axis in the 

brain, so it is logical to envisage Oxt effects on HPA axis function includes modulation of 

this brain region. The current study reports that Oxt in the PVN limits the stress-induced rise 

in CRHergic neuronal activity and, subsequently reduces plasma corticosterone levels and 

anxiety-like behavior in female prairie voles. In addition, Oxt increased GABAergic 

neuronal activity and GABA release in the PVN, and when administered concurrently, a 

GABAA receptor antagonist, bicuculline, blocks the stress inhibition of Oxt. Together, these 
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data suggest a potential local circuit in the PVN through which Oxt prevents the activation 

of the HPA axis.

The anxiolytic effects of Oxt in the PVN have been observed in the context of social 

buffering and as a stress-coping strategy. Recently, we reported Oxt release in the PVN is 

promoted through social interactions with a pair-bonded partner and serves as an anxiolytic 

agent in female prairie voles (Smith and Wang, 2014). Oxt release in the PVN is also 

observed during suckling in lactating rats (Neumann et al., 1993) and mating in male rats 

(Waldherr and Neumann, 2007). This has lead to the assertion that the reduced anxiety and 

increased calmness following such social interactions is attributable to this local 

neuropeptide release. Moreover, Oxt release in the PVN occurs during various stressful 

stimuli (e.g., immobilization (Smith and Wang, 2014); EPS (Blume et al., 2008); forced 

swim (Wotjak et al., 1998); shaker stress (Nishioka et al., 1998); and maternal defeat (Bosch 

et al., 2004)). Such a physiological response may be an adaptive stress-coping strategy, 

functioning as either a preventive inhibitory or negative feedback mechanism for the HPA 

axis response. Pharmacological studies have documented that various exogenous Oxt 

treatments reduce the stress response in multiple species (e.g., intranasal (Heinrichs et al., 

2003); intraperitoneal (Detillion et al., 2004); subcutaneous (Petersson et al., 1999); 

intercerebroventricular (Bülbül et al., 2011; Windle et al., 2004; Windle et al., 1997); site-

specific (Blume et al., 2008; Smith and Wang, 2014)). Our data support local anxiolytic 

effects of Oxt as site-specific injections blunted the stress-induced activation of CRHergic 

neurons in the PVN in female prairie voles, as well as downstream effects including the rise 

in plasma corticosterone and anxiety-like behaviors. However, the blunted stress response 

only occurred when the local administration of Oxt preceded the stressful event, and not 

afterward. This suggests Oxt action in the PVN functions in a preventive inhibitory 

mechanism rather than a negative feedback loop.

Autoexcitation occurs with Oxt neurons (Ludwig and Leng, 2006; Moos et al., 1984), and 

Oxt release may arise from neuronal somata and dendrites in Oxt synthesizing brain regions, 

namely the PVN and supraoptic nucleus of the hypothalamus (SON) (Ludwig and Leng, 

2006; Neumann et al., 1993; Russell et al., 1992). This suggests Oxt release in the PVN 

could promote Oxt neuronal activity, but this did not occur in the current study. It is possible 

that the concentration of Oxt used in this experiment was insufficient to modulate Oxt 

neuronal activity, as dose-dependent effects of Oxt on neuronal activity have been 

documented in other brain regions. For example, a high concentration of Oxt (1 µM) 

disinhibits Oxt neurons in the SON via calcium-dependent depression of inhibitory inputs to 

those cells and reduced GABAA receptor function (Brussaard et al., 1996). However, lower 

concentrations of Oxt (25–100 nM) in the SON facilitates GABAA receptor mediated inhibit 

transmission (Israel et al., 2008). Nevertheless, in the current study, oxytocin increased 

GABA release and transmission in the PVN, and the anxiolytic effects of Oxt were inhibited 

by concomitant treatment of a GABAA receptor antagonist. We conclude Oxt release in the 

PVN results in local GABA release and GABAA receptor-mediated inhibition of the stress 

response.

Expanding on this idea, CRH neurons in the PVN are under complex afferent regulatory 

control from various chemical inputs. Nearly half of all synapses in the PVN are 
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GABAergic, observed in electron microscopic (Decavel and Van den Pol, 1990; Miklos and 

Kovacs, 2002) and electrophysiological studies (Tasker and Dudek, 1993). In addition, over 

half of all CRH neurons in the PVN express GABAA receptors (Cullinan, 2000). 

Pharmacological studies demonstrate this neurotransmitter provides an inhibitory regulation 

of stress outputs, via inhibition of CRH mRNA expression (Bülbül et al., 2011) and CRH 

secretion (Hillhouse and Milton, 1989; Plotsky et al., 1987) in the PVN. While GABAergic 

neurons are located in the PVN proper, a greater population of PVN-innervating GABA 

neurons is found in the hypothalamic zones immediately surrounding the PVN (Tasker and 

Dudek, 1993). Still, our data provide evidence that the GABA neurons located in the PVN 

are responsive to Oxt stimulation, yielding increased GABA release. This Oxt-induced 

GABAergic transmission coincided with an inhibition of basal and stress-induced CRHergic 

activity in the PVN. CRH neuronal activity promotes an increase in the secretion of 

corticosterone from the adrenal cortex into circulation through increased 

adrenocorticotrophin hormone (ACTH) secretion from the pituitary gland (Ontjes et al., 

1977; Vale et al., 1981). Thus, it is not surprising that in addition to the decreased CRHergic 

activity in the PVN, Oxt treatment lowered plasma corticosterone levels. Interestingly, the 

anxiolytic effects of Oxt were blocked by the local injection of a GABAA receptor 

antagonist in the PVN. Together, our data suggests exogenous Oxt in the PVN suppresses 

basal and stimulated HPA axis function and anxiety-like behavior through GABAA 

receptor-mediated inhibitory transmission. Recently, it was observed that Oxt potentiates 

GABAergic activity by acting directly on δ-GABAA receptors in Xenopus oocytes devoid of 

Oxt receptors (Bowen et al., 2015), imbuing a potential secondary mechanism for the Oxt-

GABA interaction in the PVN.

Anxiety disorders are commonly treated with GABAA receptor positive allosteric 

modulators called benzodiazepines, such as diazepam and lorazepam. Diazepam binds 

allosterically to GABAA receptors to augment their function (Pritchett and Seeburg, 1990). 

Interestingly, Oxt and diazepam have similar inhibitory effects on anxiety-like behaviors 

(e.g., EPM: Oxt (Smith and Wang, 2014), diazepam (Griebel et al., 2000); light-dark box: 

Oxt (Waldherr and Neumann, 2007), diazepam (Griebel et al., 2000); novel-object: Oxt 

(Veenema et al., 2007), diazepam (Depino et al., 2008); open field: Oxt (Veenema et al., 

2007), diazepam (Depino et al., 2008)). Moreover, Oxt and diazepam potentiate GABAergic 

transmission in the PVN through presynaptic (current study) and postsynaptic (Zahner et al., 

2007) modulation, respectively. Therefore, it is possible to speculate that Oxt may succor 

the effects of current anti-anxiety drugs, such as diazepam, leading to greater therapeutic 

benefits. Further work is required to better understand the Oxt-GABAA receptor connection 

in the PVN and the implications as stand-alone or adjunct pharmacotherapeutic drugs. Still, 

GABA and Oxt act in the PVN to inhibit stress-induced corticosterone secretion and 

anxiety-like behavior (GABA (Marques de Souza and Franci, 2008); Oxt: current study). By 

demonstrating that GABAA receptor action modulates the anxiolytic effects of Oxt, our 

current work provides an initial evaluation of the inhibitory mechanism underlying this 

circuit.
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Highlights

• Elevated platform stress increases HPA axis function and anxiety-like behaviors

• Ante-stress injections of Oxt blocks the stress response

• Oxt injected in the PVN increase GABAergic neuronal activity and local GABA 

release

• GABAA receptor antagonism hinders anxiolytic effects of Oxt
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Figure 1. 
Testing schedules of each experiment (A–E). Female prairie voles underwent stereotaxic 

surgery to implant guide cannulae bilaterally (A–C,E) or a microdialysis probe (D) aimed at 

the PVN 7 days or 24 h before behavioral testing, respectively. Females received intra-PVN 

injections (200 nL/side) either 15 min before (A, C, E) or immediately following (B) the 

start of the 10-min stressor (Min 0). Blood was collected at Min 10 (A, E) or 25 (B). 

Females were perfused and brains were harvested at Min 65 (C). Behaviors were recorded 

for five min started at Min 5 (C, E), as denoted by a grey box. Dialysate samples were 

collected 30 min before and during infusion of Oxt (1 µg/mL for 30 min) in probe fluid. EPS 

= elevated platform stress; EPM = elevated plus maze; CSF = artificial cerebrospinal fluid; 

Oxt = oxytocin (10 ng/200 nL/side); Bic = bicuculline (5 ng or 50 ng/200 nL/side).
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Figure 2. 
Oxytocin (Oxt) treatment prevents stress-induced rise in plasma corticosterone levels and 

anxiety-like behaviors. (A) Intra-PVN injections of artificial cerebrospinal fluid (CSF) with 

Oxt (10 ng/200 nL/side) 15 min before exposure to elevated platform stress for 10 min led to 

significantly lower plasma corticosterone levels in female prairie voles compared to females 

treated with CSF only. (B) In contrast, the same Oxt treatment immediately following the 

elevated platform stress exposure did not affect plasma corticosterone levels 25 min later. 

(C–D) Females receiving an intra-PVN injection of Oxt (10 ng/200 nL/side) 15 min prior to 

exposure to elevated platform stress displayed significantly less anxiety-like behavior in the 

EPM test. (E) No effects were observed on total arm entries in the EPM, a locomotor 

measurement. Bars labeled with asterisks indicate a significant difference between the CSF-

treated females (CSF) and Oxt-treated females (Oxt) for a specific measure as determined by 

Independent Sample’s T-test (p < 0.05). A–E, Data are expressed as mean ± SEM.
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Figure 3. 
Oxytocin (Oxt) treatment increased GABA release and affected basal and stress-induced c-

Fos expression in specific cytoplasmic neuronal populations in the PVN. Representative 

photomicrograph of vole brain section illustrating the (A) location of guide cannula 

placement in the PVN and (B) absence of tissue disturbance in the sections selected for 

immunohistochemistry staining and quantification in the PVN (staining includes c-Fos and 

AVP-ir using DAB-nickel and DAB, respectively). (D) In general, more c-Fos-

immunoreactive (-ir) neurons (per 0.1 mm2) were observed in females injected with artificial 

cerebrospinal fluid (CSF) with Oxt (10 ng/200 nL/side) compared to females injected with 

CSF only. (E) In addition, Oxt-treatment decreased the percentage of neurons double-

labeled for corticotrophin-releasing hormones (CRH) and c-Fos. (F) More specifically, Oxt 

decreased the stress-induced rise in the percentage of CRH neurons expressing c-Fos. No 

effect was observed on the density (neurons per 0.1 mm2) of (H) AVP/Fos-ir neurons or (J) 

Oxt/Fos-ir neurons. (L) Oxt did increase the percentage of neurons double-labeled for 

gamma-aminobutyric acid (GABA) and c-Fos. (M) Schematic drawing (left) and 

representative photomicrograph of vole brain section (right) illustrate location of 

microdialysis probe placement in the PVN. (N) Dialysate samples collected during the 30 

min infusion of Oxt (Oxt; 1 µg/mL) had significantly more GABA than samples collected 

during basal conditions (Basal), labeled with an asterisk and determined by Independent 

Sample’s T-test (p < 0.05). (C,G,I,K) Double-immunohistochemical staining of c-Fos (either 

(C,G,I) black or (K) blue) and (C) CRH (brown), (G) AVP (brown), (I) Oxt (brown), or (K) 

GABA (pink). White arrowheads indicate CRH-ir, AVP-ir, Oxt-ir, and GABA-ir neurons, 
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black arrowheads c-Fos-ir neurons, and grey arrows both-ir neurons. (A,B) Scale = 200 µm. 

(C,G,I,K) Scale = 10 µm. (D,E,L,N) Bars labeled with asterisks indicate a significant 

difference between the CSF-treated females (CSF) and Oxt-treated females (Oxt) for a 

specific measure as determined by a significant main effect for the Oxt treatment in a two-

way ANOVA (stress × treatment, p < 0.05). Data are expressed as mean ± SEM.
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Figure 4. 
Oxytocin (Oxt) inhibition of stress-induced behavior and hormones requires activation of 

GABAA receptors in the PVN. (A–B) Females receiving an intra-PVN injection of Oxt (10 

ng/200 nL/side) 15 min prior to exposure to elevated platform stress displayed significantly 

less elevated plus maze (EPM) anxiety-like behavior unless they also received an intra-PVN 

bicuculline (Bic; 5 ng or 50 ng/200 nL/side), a GABAA receptors antagonist. (C) No effects 

were observed on total arm entries in the EPM, a locomotor measurement. (D) Oxt treatment 

prevented the stress-induced rise in plasma corticosterone levels, but Bic (50 ng/200 nL/

side) blocked this anxiolytic effect. (A–D) Bic treatment alone had no effect on behavior or 

plasma corticosterone levels. Bars labeled with different letters differ significantly by SNK's 

post-hoc test in which a significant main effect for the drug treatment was detected in a one-

way ANOVA (p < 0.05). (A–D) Data are expressed as mean ± SEM.
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