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Abstract

The hypothalamic-pituitary-adrenal (HPA) axis is activated in response to stressors and is
controlled by neurons residing in the paraventricular nucleus of the hypothalamus (PVN).
Although gonadal steroid hormones can influence HPA reactivity to stressors, the exact
mechanism of action is not fully understood. It is known, however, that estrogen receptor B (ERp)
inhibits HPA reactivity and decreases anxiety-like behavior in rodents. Since ERp is co-expressed
with oxytocin (OT) in neurons of the PVN, an ERB-selective agonist was utilized to test the
whether ERB decreases stress-induced HPA reactivity and anxiety-like behaviors via an OTergic
pathway. Adult gonadectomized male and female rats were administered diarylpropionitrile, or
vehicle, peripherally for 5 days. When tested for anxiety-like behavior on the elevated plus maze
(EPM), diarylpropionitrile-treated males and females significantly increased time on the open arm
of the EPM compared to vehicle controls indicating that ERP reduces anxiety-like behaviors. One
week after behavioral evaluation, rats were subjected to a 20 minute restraint stress. Treatment
with diarylpropionitrile reduced CORT and ACTH responses in both males and females.
Subsequently, another group of animals was implanted with cannulae directed at the lateral
ventricle. One week later, rats underwent the same protocol as above but with the additional
treatment of intracerebroventricular infusion with an OT antagonist (des Gly-NH, d(CHy)s
[Tyr(Me)2, Thr¥] OVT) or VEH, 20 minutes prior to behavioral evaluation. OT antagonist
treatment blocked the effects of diarylpropionitrile on the display of anxiety-like behaviors and
plasma CORT levels. These data indicate that ERP and OT interact to modulate the HPA reactivity
and the display of anxiety-like behaviors.
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Introduction

In female rodents, the response of the hypothalamo-pituitary-adrenal (HPA) axis to stress is
greater than that of males, as evidenced by a larger and more prolonged secretion of
adrenocorticotropic hormone (ACTH) and adrenal corticosterone (CORT) [1- 3]. Much of
this sex difference is attributed to activational effects stemming from sex differences in
circulating testosterone (T) and estradiol (E2), since adult gonadectomy reduces, and
hormone replacement reinstates, the sex difference [4 - 7]. In particular, studies show that E2
enhances, whereas T inhibits, HPA axis reactivity [8 -11], although some studies also have
shown E2-mediated inhibition of the HPA response to stress [12, 13]. It is known that E2
and T act by binding the classic estrogen receptors a or f (ERa, ERp) or the androgen
receptor (AR) in neuropeptide-containing cells located within, or projecting to, the
paraventricular nucleus (PVN) [14-17], the principal site for regulation of the HPA axis.

Estrogen receptors are localized within the PVN and surrounding hypothalamic regions,
albeit with differing patterns specific for ERa and ERB. Whereas few ERa.-expressing
neurons are found in the PVN proper [18], ERa is expressed by GABA containing neurons
in the periPVN region [14]. By contrast, ERp is highly expressed by OT-containing neurons
in the parvocellular PVN of both rats and mice [17- 20). Within the rat PVN, approximately
85% of OT-containing neurons co-express ERP (18). Furthermore, in wild-type mice,
exogenous E2 increases OT expression in the brain, but this increase is not observed in ERP
knockout mice (ERBKO) [21, 22]. Thus, substantial overlap in the anatomical distribution of
OT and ERB indicate the potential for interactions in the control of neuroendocrine function
and behavior.

Estrogen Receptor B knockout mice [23, 24] and OT knockout mice [25, 26] display
increased anxiety-like behavior and enhanced stress-induced plasma CORT levels,
suggesting that both ERp and oxytocin are normally involved in the control of the adult
stress response [27- 30]. Moreover, activation of ERp by a variety of ERP agonists
attenuates stress-induced hypothalamic-pituitary-adrenal (HPA) activity and decreases the
display of anxiety-like behaviors in rodents [31, 32]. Correspondingly, an endogenous ERP
ligand, 5a androstane 3p,17p diol, a metabolite of the non-aromatizable androgen,
dihydrotestosterone, has similarly been shown to increase PVN OT mRNA expression,
likely through direct actions of ERB on the OT promoter [33]. Nonetheless, the degree to
which ERB and OT regulatory mechanisms intersect in the control of HPA activity and
anxiety-like behaviors has not yet been explored.

Oxytocin is a hypothalamic neuropeptide that was originally shown to regulate parturition.
Release of OT from parvocellular PVN neurons that project to the median eminence and
release OT into the hypophyseal portal vessels to enhance HPA function and increase
adrenal glucocorticoid release by modulating the actions of CRF at the level of the anterior
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pituitary [34]. However, OT neurons in the PVVN also provide the predominant OTergic
projections to the forebrain where OT is released in response to psychological and
physiological stressors [35, 36] to exert anxiolytic actions and enable social interactions that
may otherwise be avoided [37]. When applied to the PVN, OT acts to inhibit HPA axis
activity [38] apparently through modulation of CRH neuron activity. Although baseline
diurnal rhythms of CORT do not differ between OTKO and wild-type (WT) mice [25, 26],
OTKO mice do display more anxiety-related behavior and have a greater plasma CORT
response to a stressor as compared to their WT counterparts [25,30], further supporting a
specific role for OT in the HPA reactivity to stress.

Oxytocin receptors are expressed at high levels in limbic brain regions [39]. Following
testing of female OTKO and WT mice on the elevated plus maze, c-Fos expression in the
medial amygdala of female OTKO mice was greater than that observed in WT counterparts
[25]. The medial amygdala is a limbic region important for the processing of psychogenic
stress and anxiety and also contains OT receptor expressing neurons [39]. Moreover,
following restraint stress, upregulation of CRH mRNA in the PVN was observed with
OTKO mice exhibiting a greater increase in CRH mRNA than did WT mice [40].
Correspondingly, central administration of an oxytocin antagonist, increases anxiety-like
behaviors and HPA function as indicated by increased levels of plasma ACTH and CORT
[38] supporting the hypothesis that central release of OT in response to stress may act to
attenuate the stress-induced increase in HPA reactivity, thereby enabling social interactions
beneficial to the animal such as reproduction and feeding [37].

In the current experiments, we tested the hypothesis that activation of ERB neurons with a
selective ERp agonist inhibits the reactivity of the HPA-axis and reduces anxiety-like
behaviors through activation of OT-containing neurons in both males and females. To our
knowledge, this is the first study directly comparing effects of the ERB agonist,
Rdiarylpropionitrile (R-DPN) on neuroendocrine stress responses and stress related
behaviors across both sexes. Our studies demonstrate a sex difference in the response to ERB
activation and further,,,activation of ERp utilizes an oxytocinergic pathway to temper
anxiety-like behaviors and HPA activation.

Male and female adult Sprague-Dawley rats were purchased from Charles River
Laboratories (San Diego, CA) and housed at the laboratory animal research facility at
Colorado State University. A total of 118 animals were used in these studies. Animals were
group housed in temperature and humidity controlled rooms on a 12:12 light:dark cycle
(lights on at 0600h) and placed onto a phytoestrogen free diet (AIN-93G modified, DYETS
Inc, Allentown PA, with corn oil substituted for soy oil) with water and food available ad
libitum. Young adult rats were bilaterally gonadectomized under isoflurane anesthesia one
week after arrival as described [41]. Following gonadectomy, animals were returned to their
home cage and allowed to awaken prior to the administration of post-operative
buprenorphine hydrochloride (0.05 mg/kg). 7 days later, animals began an experimental
treatment regimen consisting of daily subcutaneous (S.C) injections of the biologically
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active R-isomer of the ERp agonist diarylpropionitrile (R-DPN, 2mg/kg S.C.)[31] or vehicle
(VEH; 27% hydroxypropyl p-cyclodextran in 0.9% saline S.C.). Beginning two days
preceding the initiation of peripheral R-DPN treatment, animals were handled for 3-5
minutes daily and then daily throughout the course of the study. All behavioral tests and
restraint testing were performed in the morning between 0800 to 1200h in order to avoid the
diurnal rise in corticosterone that occurs in the afternoon in rodents. All animal protocols
followed NIH guidelines and were approved by the Animal Care and Use Committee at
Colorado State University.

Experiment 1. Effect of R-DPN on anxiety and depressive-like behaviors and hormonal
response to restraint stress in gonadectomized male and female rats

Male and female Sprague-Dawley rats (30 males, 32 females) were gonadectomized and one
week later, were started on a regimen of once daily injections of R-DPN (2mg/kg BW, S.C.)
or vehicle (250 ul/animal). 2-4 hrs after the 51 injection, animals were tested for behaviors
in the elevated plus maze (EPM, see below). Following testing, animals were returned to
their home cage. Animals were allowed to rest for two days and following the 7t injection,
animals were introduced to the forced swim test (FST, see below). Behaviors in the FST
were scored 2-4 hrs after the 8™ daily injection the following day. Following the FST,
animals were returned to their home cage. Restraint testing (see below) was initiated 4 days
later, 2-4 hrs after the 12! injection and trunk blood was collected by decapitation
immediately following the 20 min. restraint stress. Control animals were killed immediately
after being removed from their home cage and trunk blood collected.

Experiment 2. Effect of central treatment with an OT antagonist on ERp agonist effects

One week following gonadectomy, a separate group of 56 male and female rats received an
intracerebroventricular (ICV) cannula directed at the lateral ventricle. Five days later,
animals were started on a treatment regimen of 5 daily injections of either R-DPN (2mg/kg)
or VEH. On the fifth day, animals received a central infusion of either an oxytocin receptor
antagonist (des Gly-NH2 d(CH2)5 [Tyr(Me)2, Thr4] OVT,; Sigma) or VEH (aCSF) 3-4 hrs
after R-DPN treatment and 20 minutes prior to being tested on the elevated plus maze.
Animals were returned to their home cage and then killed by decapitation 15 minutes
following the conclusion of the 5 minute behavioral test.

Elevated Plus Maze—Animals were placed on the EPM, a non-invasive measure of
anxiety-like behavior, for 5 minutes as previously described [31]. The maze consists of two
closed arms and two open arms (each 40cm h x 10cm w x 50 cm ) forming a cross, with a
square center platform (15 x 15 cm). All surfaces are made of black plexiglass, and each arm
of the maze is placed on a support column raising the apparatus 40 cm above the floor. The
rats were placed in the center of the elevated plus maze facing an open arm and allowed to
spontaneously locomote for 5 minutes. The EPM apparatus was cleaned with dilute
Nolvosan solution and dried between each trial. Animals were returned to their home cage
and the colony room following testing if they were to be used further (expt 1). In experiment
2, animals were returned to the home cage and sacrificed 15 min. later.
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Forced Swim Test—The forced swim test is a two-day test consisting of a 10 minute
training on Day 1 using a glass cylinder containing fresh 23 £+ 2 °C tap water filled to a 10
inches depth as previously described [31] with modifications. Each animal was tested once
on the first day followed by a 5 minute test on the second day. The time the animal spent
immobile or struggling was determined from the 2" 5 minute probe trial. Immobility was
described as the postural position of floating in the water, while struggling was defined by
the rapid movement of all limbs and/or the attempt to climb the glass walls. After the swim
test, each animal was towel-dried and returned to a cage pre-heated with a heating pad.
Animals were allowed to dry for at least 10 min before returning to the home cage.

Behavioral Scoring—All tests were videotaped and later scored by an individual blind to
treatment, sex, or genotype. On the elevated plus maze task, the parameters scored included
the number of open and closed arm entries, time spent in the open and closed arms, numbers
of head dips from the open arms, and time spent grooming while in the closed arms. Other
parameters measured included the total number of entries to the arms, and the percentage of
open arm entries. In the forced swim task, the total time spent immaobile and total time spent
struggling were measured.

Restraint stress—The restraint procedure was applied to animals in experiment 1
beginning 4 days after the end of behavior testing. Animals were maintained on daily
injections of R-DPN (2 mg/kg BW) following behavioral testing, as described above. 2-4 hrs
after the last injection of R-DPN, animals were placed into a plexiglass restraint tube for 20
minutes (stress group). Control animals (non-stress) were Killed immediately following
removal from their home cage. To collect trunk blood animals were rapidly decapitated
within 1 minute of initial disturbance to prevent rises in CORT due to handling. Trunk blood
was collected into pre-chilled tubes containing EDTA (0.5M) and aprotinin (4ug/ml, 100pl).
Samples were centrifuged and plasma was collected and stored at —20°C until assayed for
CORT and ACTH by RIA as described previously (14,15). All restraint studies were
performed in the morning, between the hours of 0800 and 1200 when circulating CORT and
ACTH are at their diurnal nadir.

Intracerebroventricular Cannulation—A separate group of gonadectomized animals
were implanted one week following gonadectomy, with a stainless steel guide cannula
(Plastics One, Roanoke, VVA) targeted to the lateral ventricle using the following stereotaxic
coordinates in relation to Bregma : A/P, -0.3 mm; M/L, 1.5mm; D/V: -3.8mm; with incisor
bar set at -3.3 mm. Successful cannulation of the lateral ventricle was assessed by the reflux
of CSF from the cannula following placement into the ventricle. Following sacrifice, all
brains were checked histologically for a cannula tract targeting the lateral ventricle. Animals
were single housed after cannulation and following a post-surgical recovery period of 5
days, animals began receiving daily treatment with either R-DPN (2mg/kg; S.C) or VEH
(27% B-cyclodextran S.C.) for 5 consecutive days. On the fifth day, an internal infusion
cannula (4.0mm length to extend 0.2mm past end of the guide) was placed into the guide
cannula, and animals received a central infusion of either an oxytocin receptor antagonist
(des Gly-NH, d(CH,)s [Tyr(Me)2, Thr¥] OVT; 1 ug/5 ul infused over 2 min, Sigma Aldrich,
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St. Louis, MO) or VEH (artificial CSF; 5 ul infused over 2 min) 20 minutes prior to being
tested on the elevated plus maze.

Radioimmunoassay of Plasma Hormones—Plasma levels of corticosterone were
measured as described previously [14,15]. Samples were diluted 1:25 in 0.01M PBS and
corticosterone binding proteins were heat denatured at 65°C for 1 h. All samples were run in
duplicate. Standard curves were constructed from dilutions of corticosterone (4-
pregnen-11p, 21-diol-3, 20-dione; 5-500 ng/ml; Steraloids) dissolved in 95% ethanol and air
dried. Rabbit anti-corticosterone serum (ICN Biomedicals, Costa Mesa, CA) was used at a
final dilution of 1:2000, according to manufacturer's protocol. H2 corticosterone was
purchased from Amersham (Wood Dale, IL, now GE Healthcare). The limit of detection for
the assay was 5.4 ng/ml and the intra-assay coefficient of variation was 5.3%.

Plasma ACTH levels were determined as described previously (31). The standard curve
ranging from 5 to 2000 pg ACTH was constructed from an initial 1pg/ml dilution of rat
ACTH (NHPP, NIDDK, Harbor UCLA Medical Center, Torrance, CA) dissolved in acidified
albumin-saline. All samples were run in duplicate. ACTH antiserum (Immunostar, Hudson,
WI) was used at a final dilution of 1:6000 in 2% normal rabbit serum. 12| ACTH (MP
Biomedicals, Solon, OH) was used as the tracer. The limit of detection for the assay was
3.15 pg/ml and the intra-assay coefficient of variation was 1.1%.

Data Analysis—All data were analyzed using either a two-way analysis of variance
(ANQVA,; sex x treatment as factors) or, three way ANOVA (sex x peripheral treatment x
central treatment). Posthoc comparisons were made using a Bonferroni (All-Pairwise)
Multiple Comparison Test. Significance was set at p<0.05.

Experiment 1: ERB agonist alters anxiety and depressive-like and the CORT and ACTH
response to restraint stress behaviors in male and female rats

Elevated Plus Maze—Data gathered from testing in the elevated plus maze were analyzed
by a two way ANOVA (sex x treatment) (Figure 1). The overall pattern of DPN treatment
showed a marked reduction in behavioral anxiety. Main effects of Treatment were seen in:

1) Time in the Open Arm [F(y g3) = 14.91, p<0.001]; 2) Time in Closed Arms [F(q 63) =
13.81, p<0.001]; 3) Time in the Center Space [F(q g3) = 7.63, p<0.01]; 4) Entries into the
Open Arm [F(1 63) = 19.72, p<0.0001]; 5) Entries into the Closed Arms [F(y g3) = 5.73,
p<0.05]; 6) Head dips from the Open Arm [F(y g3) = 17.93, p<0.0001].

In addition, a significant interaction between sex and treatment was seen for entries into the
closed arms [F(q 63) = 7.29, p<0.01], wherein females treated by DPN, but not males, made
more entries than controls. There were no other significant interaction effects and there was
no treatment effect on rearing behavior in the closed arm (data not shown).

Overall, R-DPN treatment increased measures of anxiolysis in a consistent fashion. R-DPN
also decreased anxiogenic behaviors (e.g. closed arm time and entries) in females. Moreover,
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post hoc analysis showed that the effects of R-DPN across EPM behaviors were largely
restricted to females except for R-DPN effect on entries into the open arms and head dips
where significance was found in females and males.

Forced Swim Test—Two way ANOVA (sex x treatment) of behaviors in the forced swim
test revealed a significant main effect of sex for time spent struggling [F; 5g = 5.81; p<0. 02;
figure 2]. Post hoc analysis showed that R-DPN treatment increased struggling time in
females (p<0.05), but not males. There were no significant differences for time spent
immobile (Figure 2).

Restraint Stress: Plasma corticosterone levels—Three-way ANOVA revealed
significant main effects of Sex [F(1 63) = 46.90, p<0.0 01], R-DPN treatment [F 63) = 13.88,
p<0.001], and Stress [F(1 63) = 184.99, p<0.00001], as well as a Treatment x Stress
interaction, [F(1,63) = 11.16, p<0.01]. As shown in Figure 3A, all groups undergoing restraint
stress displayed significantly elevated levels of CORT compared to non-stressed groups,
regardless of treatment. R-DPN treatment significantly lowered post-restraint stress plasma
CORT levels compared to VEH-treated counterparts in both males and females and the
response was somewhat greater in females. Additionally, males had significantly lower pre
and post-stress plasma CORT levels than females.

Restraint Stress: Plasma ACTH levels—Three way ANOVA of ACTH levels revealed
a significant main effect of Stress [F(y 3) = 53.31, p<0.00001] only. (Figure 3B). Regardless
of treatment, plasma samples from all animals undergoing restraint stress contained
significantly higher plasma ACTH levels as compared to non-stressed controls. There was
no effect of R-DPN treatment or sex on plasma ACTH levels.

Experiment 2: Effects of ICV treatment with oxytocin antagonist on ERP agonist effects

Elevated plus maze—Based on the results of experiment 1, we next examined the
possibility that oxytocinergic pathways mediate the effects of ERp on behavior in the EPM.
The oxytocin receptor antagonist, (des Gly-NH2 d(CH2)5 [Tyr(Me)2, Thr4] OVT, was
delivered ICV to R-DPN treated male and female rats 20 minutes prior to behavioral
assessment in the EPM as this test showed reliable anxiolytic effects of R-DPN in both
males and females in Expt 1. Data are represented graphically in Figure 4.

Time in Closed Arms: 3 Way ANOVA showed that peripheral R-DPN treatment caused a
reduction in the time spent in the closed arms by animals treated centrally with vehicle, as
was observed in Expt 1, but this was not observed in the R-DPN animals also receiving
central OTA treatment. Results of the 3-way ANOVA showed a significant central x
peripheral treatment interaction [F1 49=7.94, p<0.05] and a significant main effect of central
treatment [F1 49=10.68, p<0.01]. We also analyzed data by 2 way ANOVA for males or
females. Subsequent two way ANOVA (peripheral x central treatment) of data from females
showed a significant interaction [F1 »3=5.32, p<0.05] where DPN reduced levels in vehicle
treated animals and did not alter levels in OTA treated animals (Fig 4A). In males, two way
ANOVA revealed a significant main effect of OTA treatment (Fy 26 = 8.20; p <0.01) where
OTA increased closed arm time.
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Time in Open Arms: 3-way ANOVA revealed that R-DPN treatment caused an increase in
time spent in the open arms by animals receiving central delivery of VEH, which was not
present following central OTA treatment. This is illustrated by a significant central x
peripheral treatment interaction [F1 49=9.13, p<0.05] and a significant main effect of central
OTA treatment [F1 49=13.68, p<0.01]. Results of subsequent two way ANOVA (Figure 4B;
R-DPN x OTA) of data from females or males showed a significant interaction effect
[F1,23=4.29; p<0.05 for females; F1,26=4.85; p<0.05 for males] characterized by elevated
open arm time following RDPN treatment in central vehicle treated groups, but a decrease
following R-DPN treatment in the central OTA treated groups. Both females and males also
showed a main effect of OTA treatment [F1,23 = 5.84; p<0.05 for females; F1,26 = 8.0 2;
p<0.05 for males], where OTA treatment reduced open arm time compared to central vehicle
treatment.

Open arm entries: Results of a 3 way ANOVA indicate that R-DPN treatment caused an
increase in the number of open arm entries displayed by animals treated centrally with
vehicle whereas there was a reduction in the number of open arm entries displayed by
animals treated centrally with OTA. Overall levels of open arm entries were lower in all
OTA treated groups compared to those receiving ICV VEH. Results of the 3-way ANOVA
showed a significant central x peripheral treatment interaction [F1 49=6.42, p<0.05] and a
significant main effect of central treatment [Fq 49=24.07, p<0.01]. Subsequent two way
ANOVA (OTA x R-DPN treatments) on data obtained from female rats showed a significant
main effect of OTA treatment [F 1 »3=11.17, p<0.01] in that there was a decrease in the
number of open arm entries observed following OTA pretreatment compared with vehicle
groups. There was no main effect of RDPN in females. Post hoc analysis showed a
significant reduction in open arm entries in the OTA/R-DPN treated group. In males, two
way ANOVA revealed a significant central x peripheral treatment interaction (F1 26=78.89;
p<0.01] as well as significant main effects of central OTA [F1,26=49.78, p<0.01] and
peripheral R-DPN treatment [F1 26=123.0; p<0.01]. The data in males was consistent with
the trends shown in females in that R-DPN treatment increased open arm entries in ICV
vehicle treated animals but significantly reduced it in ICV OTA treated animals as indicated
by the significant interaction effect in the two way ANOVA. Moreover, ICV OTA reduced
open arm entries compared to ICV vehicle treated groups.

Head Dips: An increase in the number of head dips from the open arm is also considered to
reflect a decrease in anxiety-like behavior. 3 way ANOVA (sex x central x peripheral
treatments) revealed that R-DPN treatment increased the number of head dips on the open
arm of male and female rats treated centrally with vehicle whereas there was no effect of R-
DPN in the animals treated centrally with the OTA. This is illustrated by a significant central
x peripheral treatment interaction effect [F1 49=5.21, p<0.05] and a significant main effect of
central treatment [Fq 49, =14.28, p<0.01]. Subsequent 2-way ANOVA (central x peripheral
treatment) for data from females showed a significant main effect of OTA treatment [F1 23 =
10.76; p<0.01] where OTA reduced the number of head dips compared to vehicle groups.
There was no interaction effect, or R-DPN effect. In males, 2 way ANOVA revealed a
significant peripheral x central treatment interaction [F1 26 = 5.02; p<0.05] with increases
following R-DPN in the vehicle group and decreases following R-DPN in the OTA

Physiol Behav. Author manuscript; available in PMC 2018 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kudwa et al.

Page 9

pretreated group. There was also a significant main effect of OTA [F 1 6= 7.53, p<0.05]
with OTA treated groups being lower than vehicle treated. There was no effect of R-DPN.

Grooming: R-DPN treatment increased grooming time only in male rats and only following
central OTA treatment. 3 way ANOVA showed a significant sex x central x peripheral
treatment effect [F1 49=6.21, p<0.05] and no other interaction or main effects noted. Two
way ANOVA of male data (central x peripheral treatment) revealed a significant peripheral x
central treatment interaction [F 1 56= 6.79, p<0.05] with significant increases following R-
DPN treatment in the OTA pretreated group only (Figure 4E).

Closed arm entries, and rearing showed no significant effects of sex, R-DPN or OTA
treatment.

Corticosterone: 3 way ANOVA revealed that R-DPN treatment caused a reduction in levels
of corticosterone following the EPM test which was not apparent following treatment with
the OT antagonist alone (i.e. peripheral VEH). This is illustrated by 3-way ANOVA (Gender,
Central Trt and Periph Trt as factors) results showing a significant central x peripheral
treatment interaction [F1,49=5.68, p<0.05]. As no significant interaction of Gender with
Central and/or Peripheral treatment was found, 2-way ANOVA was performed using Central
treatment and Peripheral treatment as factors. The two way ANOVA of levels of plasma
CORT showed a peripheral x central treatment interaction [F1,21 =4.1; p<0.05], but no main
effects of OTA or R-DPN treatment in females. Post hoc analysis shows that female rats
treated peripherally with R-DPN, but centrally with VEH, exhibit significantly lower levels
of CORT following the stressor compared to those treated peripherally and centrally with
VEH(p<0.05, Figure 5A).In males, there as a significant main effect of centrally
administered OTA [F1,26 =4.12; p<0.05] but no effect of peripheral R-DPN treatment and
no significant interaction between the two factors.

ACTH: Three way ANOVA (Sex x peripheral treatment x central treatment) revealed
significant interactions between sex and central treatment [F1 49=3.96, p<0.05] and between
central and peripheral treatment [F1 49=3.73, p<0.05] indicating that R-DPN treatment
reduced stress-induced ACTH levels in male and female animals treated centrally with
vehicle, but this effect was not present in animals pretreated with the OTA. Significant main
effects of sex [Fq 49 = 7.7, p<0.001] and central treatment [F1 49=6.74, p<0.05] were also
noted. Subsequent 2-way ANOVA (central treatment x peripheral treatment) of plasma
ACTH in either males or females showed a significant main effect of central OTA
administration in males [Fq 26 = 9.68; p<0.01, Figure 5B]. No significant main effect of R-
DPN nor any interactions were noted.

Discussion

In this study we have demonstrated that the ERP agonist, R-DPN, modulates anxiety and
depressive-like behaviors as well as HPA axis responsivity to restraint-stress in a sex specific
fashion. We found that the effects of ERp agonism on behaviors in the elevated plus maze
are similar between males and females, but that R-DPN effectively increased anxiolytic
behaviors more effectively and consistently across parameters in females. Similarly, we also
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found a clear sex difference in the response to R-DPN in the forced swim test. Females
responded to R-DPN with an anti-depressive like response by increasing time spent
struggling, whereas males did not respond to treatment. Correspondingly, when examining
the CORT and ACTH response to restraint stress, R-DPN treatment reduced the response in
both sexes, but the effect appeared greater in females than males. Based on these data, we
explored the effect of R-DPN treatment in behaviors in the EPM and we show that ICV
treatment with an oxytocin receptor antagonist can block the effects of R-DPN on anxiolytic
behaviors and restraint-induced hormone secretion. These data support the hypothesis that
ERB signaling pathways are linked with oxytocinergic pathways in the control of anxiety-
like behaviors and HPA axis stress-responsivity.

For these studies we have utilized a biologically active isomer of the originally described
ERP agonist, diarylpropionitrile (DPN [42]. Diarylpropionitrile exists as a racemic mixture
of two enantiomers, R-DPN and S-DPN. Previously, chiral separation of racemic DPN (rac-
DPN) revealed that one enantiomer contained most of the ERp selective activity, whereas
the other was less potent and also contained residual ERa activity [31]. Based on the
modeling studies of Sun et al [43], the biologically active enantiomer was presumed to be S-
DPN and the non-active enantiomer, R-DPN [31]. Subsequently, using enantioselective
synthesis, Carroll et al [44] determined that the isomer with the higher potency for ERp in
fact had the R-configuration. Therefore, to maintain consistency in nomenclature, we now
use the designation R-DPN for the biologically active enantiomer (formerly labeled S-DPN)
[31, 45].

Our studies demonstrate that activation of ERB with R-DPN increases some anxiolytic
behaviors in both male and female rats. Previously, rac-DPN was shown to have anxiolytic
and anti-depressive-like properties when administered to either male or female rats [31, 46,
47, 48] and the biologically active R-enantiomer of DPN is anxiolytic when given to female
mice [45]. These effects are opposite of those seen following peripheral administration of an
ERa selective agonist. Moreover, the effects of rac-DPN could be blocked by co-
administration of the nonselective ER antagonist tamoxifen [46], thereby verifying that the
anxiolytic actions of DPN are ER mediated, and are likely due to activation of the beta
subtype of ER. We have now directly compared the efficacy of R-DPN in gonadectomized
male and female rats and demonstrated that R-DPN exerts similar anxiolytic properties in
both sexes but is more effective in females. Examination of all anxiolytic behaviors,
including open arm time and head dips showed a significant increase following R-DPN
exposure in females. The effects of R-DPN on depressive-like behaviors in gonadectomized
animals, as demonstrated by examining increases in time spent struggling in the FST, were
also only seen in females. This sex difference in sensitivity to R-DPN is independent of
circulating gonadal steroids since all animals were gonadectomized in these studies. It is
possible that males may possess a higher threshold of sensitivity to R-DPN, but if present,
this could differ by brain region. Of importance, a previous study using rac-DPN
administration to intact males showed that it did not alter anxiolytic behaviors [49]. In that
study, the lack of effect of rac-DPN in intact males was likely due to the presence of the
gonad, and circulating testosterone levels. Moreover, testosterone can be metabolized to
5alpha dihydrotestosterone and subsequently to 5alpha androstane 33 17p diol (3p diol), a
compound that has been shown to bind ER and have anxiolytic properties of its own [50].
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Hence, the presence of such an endogenous ER agonist in intact males, as a result of
testosterone metabolism, could have masked any effects of further receptor activation with
an ERp agonist. However, this does not appear to be the case in the current studies since all
animals were gonadectomized. Therefore, these data suggest the potential for an
organizational effect of steroids, or a genetic sex difference, that may influence sex-specific
sensitivity to ERpP agonist administration on depressive-like behaviors.

In these studies we also compared the effects of R-DPN treatment on behaviors in the forced
swim test, as a measure of depressive-like behavior [31]. Our results demonstrate a sex
difference in the response to ERP agonist treatment where ovariectomized females
responded to R-DPN with an increase in time spent struggling, indicative of an anti-
depressent action, whereas males did not. Previous studies have indicated that there are sex
differences in behavior in the forced swim test, with females showing increased time to
immobility versus males [51, 52]. Our studies show that there is not a sex difference in
behavior in the forced swim test in gonadectomized animals, but a sex difference arises
when treated with an ER agonist. These results suggest that it is occupancy of the ERB in
the intact animals that may account for the previously reported sex differences and further,
that females are more responsive than males to ERP agonist treatment.

In rodents, estrogens have been shown to both increase and attenuate HPA reactivity to
stressors [8, 10, 13]. It has been suggested that these contrasting reports of E2 action may in
part reflect study designs using different doses or temporal windows of E2 treatment [13].
Moreover, the opposing actions of E2 on anxiolytic behaviors may be through differential
actions at ERa and ER. Previous studies have shown that ERa activation can enhance HPA
reactivity, resulting in elevations in stress-responsive CORT and ACTH secretion [15] that
are likely occurring via changes in inhibitory input to the PVN since ERa is found in
GABAergic neurons of the periPVN [31]. Alternatively, ERB also is found within
parvocellular and magnocellular neuropeptide neurons of the PVVN [17, 18, 53], and ERpB
activation has been shown to inhibit HPA reactivity [15, 31] through actions at the level of
the PVN. Implants of ERP agonists near the PVN are effective in reducing stress-responsive
CORT and ACTH secretion in females [15].

We now show that R-DPN inhibits the CORT response to restraint stress in both male and
female rats. Although similar effects of ERP agonists to inhibit HPA activity have been
reported separately for male [15] and female rats [31] or female mice [45], a direct sex
comparison regarding sensitivity to ERP agonist effects on HPA reactivity has not been
reported. It is also apparent in these data sets that there is a sex difference in CORT levels in
the basal state, and following stress, with higher levels seen in females. R-DPN treatment
reduces only the post-stress rise in CORT and this effect appears to be greater in females,
although the elevated levels of CORT in the non-stressed female group may account for
much of this difference. These results are consistent with previous studies showing that the
effect of ERP agonist treatment is restricted to inhibiting post-stress levels of CORT and not
basal levels [31, 46]. No effects of RDPN were seen in this study on ACTH levels and this
may be due to the post-stress timing of blood collection in this study. Blood was collected at
a time that was optimized to detect changes in plasma corticosterone levels and although we
detected robust effects of stress, it is likely that the more rapid changes in plasma ACTH and
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the less robust changes as a result of RDPN treatment on ACTH levels could have been
missed with the current study design using a single blood sampling paradigm.

The site of action for ERp's regulation of anxiety like behaviors and HPA axis reactivity is
currently not known. In considering the regulation of anxiety-like behaviors, our previous
studies have shown that rac-DPN implants near the dorsal raphe nucleus were sufficient to
increase TPH2 mRNA expression and reduce depressive like behaviors, but not alter
anxiolytic behaviors [54]. These results seem to rule out the DRN as a primary site for ERP
action in controlling anxiety, although it is a likely site for regulating depressive-like
behaviors. Other sites that might be involved include the medial amygdala and bed n. of the
stria terminalis [45] based on studies examining c-Fos induction by EPM in wild type and
ERBKO mice.

Estrogen receptor f is found at high levels in the PVN where it is co-expressed with
oxytocin [17,18], and thus, these neurons are likely candidates for controlling not only HPA
function but also stress related behaviors. In particular, oxytocin neurons in PVN have been
shown to project to autonomic brain regions and constitute the bulk of oxytocinergic
innervation of the forebrain [36]. Since oxytocin treatment has an anxiolytic effect in
estrogen-treated female mice [55], it has been proposed that the role of oxytocin in the brain
is to facilitate social encounters by reducing the related anxiety [55]. Oxytocin has also been
shown to act in an anti-depressant fashion [28]. Thus, the possibility exists that ERB may act
through oxytocinergic pathways to forebrain areas, as well as within the PVN itself to
control HPA reactivity to stress and stress-related behaviors.

Our studies now show that ICV administration of an OT receptor antagonist prior to
behavior testing in the EPM prevents some of the actions of ERB agonism on anxiolytic
behaviors. Specifically, we found that R-DPN reduced closed arm time and correspondingly
increased open arm time and open arm entries in animals treated centrally with vehicle and
these effects were not seen in animals that were treated centrally with OTA. These results are
consistent with the interpretation that the anxiolytic actions of R-DPN treatment are
mediated through an oxytocinergic pathway. Similar effects were observed when assessing
head dips from the open arm. There were also selected sex specific effects observed in these
behavioral studies, suggesting that R-DPN is somewhat more effective in reducing anxiety-
like behavior in females. The one exception to this was the increase in grooming seen
following R-DPN treatment noted in male rats that were treated centrally with OTA. No such
effects of R-DPN were seen in groups treated centrally with vehicle, or in females treated
centrally with OTA. Since it is known that OT can enhance grooming behaviors in mice (56,
57), this raises the interesting possibility that ERP can have activate anxiogenic circuits in
the absence of oxytocin signaling through a pathway that is only present in males. The
elucidation of such a mechanism requires further exploration.

It should also be noted that we did not observe an effect of the OT antagonist alone on
CORT and ACTH secretion as has been observed previously (58). We can only conclude that
the timing of our OT administration and sampling paradigm was unable to pick this up.
Neumann et al, (58) examined ACTH and CORT secretion beginning 10 min after infusion,
whereas we began studies at 20 min after infusion of OTA. Further, the effects they noted
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(increased ACTH and CORT) occurred within 5 min after the end of a 5 min behavior test,
whereas we measured hormone levels at the end of a 20 min restraint. Thus, our data are
actually consistent with those of Neumann et al (58) because the effects they observed were
no longer significant after 15 min.

The possibility exists that the effects of OVT in modulating the effects of R-DPN could be
through a non-specific action on activity. Our previous studies show that ERB agonists do
not alter total activity levels, as assessed using the open field arena [31, 46]. Although OVT
has been previously reported to not influence locomotor activity when delivered to the
medial preoptic area [59], it is still possible that there is an overall effect of OVT in these
studies that could counter the effects of R-DPN.

Similar to the effects seen on anxiety, antagonism of oxytocin receptors can prevent some of
the effects of ERp agonist treatment on the CORT response to behavior testing in female
rats. In male rats, a similar pattern of CORT and ACTH appears, but unlike the studies of
expt. 1, examining restraint stress, a significant effect of R-DPN in males was not apparent
in experiment 2 where treatment was also coupled with the potential stress of ICV
cannulation. Similarly, some effects of R-DPN on behaviors (e.g. head dips) were not seen
in experiment 2 and the stress of ICV cannulation may also play a role in these differences.
A more detailed examination of the kinetics of CORT and ACTH secretion in ICV
cannulated males before and after behavior testing on the EPM should be conducted in order
to verify this apparent difference between the sexes. In both males and females however,
there were no effects of R-DPN on CORT or ACTH secretion following OTA treatment,
suggesting that ERp utilizes, or influences, an oxytocinergic pathway to modulate HPA
activity. Previous studies, examining the central effects of oxytocin on HPA reactivity have
demonstrated that when administered to the PVN, oxytocin reduces HPA reactivity to
stressors [35, 38]. This may be through dendritic release of oxytocin by PVN neurons, a
mechanism that has been suggested as a potential way for oxytocin neurotransmission to
affect the PVN in a paracrine, or autocrine action [35]. Alternatively, many oxytocin neurons
in the PVN are pre-autonomic and thus it is possible that some of the effects that we see are
through autonomic modulation of stress-responsive circuitry. In support of this, Hara et al
[60] showed that, in the rat, exogenous estrogen attenuates the increased activation of
oxytocinergic neurons observed in the parvocellular PVN of ovariectomized females in
response to a psychological stressor.

Recent studies have also demonstrated that ERP can regulate the oxytocin gene promoter
[33, 61] through a composite response element, raising the possibility that ERp works
through genomic actions to increase oxytocin expression and thereby enhance oxytocinergic
neurotransmission at the PVN, or in brain sites where OT PVN neurons project. The
distribution of OT receptors in the brain is widespread [62] with particularly relevant
populations found in the dorsal raphe [39], amygdala, bed nucleus of the stria terminalis [63]
and PVN [64]. Moreover, oxytocin receptor expression has been shown to be regulated
through ERa action [65, 66]. Thus, the anatomical and molecular overlap of the ERp and
oxytocin neural systems, and ERa with the OT receptor system suggests a potentially
important two-tiered regulatory pathway that involves estrogen input through regulation of
OT receptors by ERa and OT expression by ERB [19, 66].
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Summary/Conclusions

Our studies have demonstrated that the ERP agonist, R-DPN, is anxiolytic and reduces the
neuroendocrine response to restraint stress. The effects of ERP agonists are similar between
the sexes, whereas the ability of R-DPN to affect depressive-like behaviors appears to be
female specific. The results of these studies also demonstrate that the effects of R-DPN are
mediated by the downstream activation of oxytocin neurosecretory neurons and support the
hypothesis that the ERP mediated actions of T and E2 in controlling the level of stress-
responsive HPA axis function involve an oxytocinergic pathway.
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Highlights
. An ER beta agonist reduces anxiety more effectively in female versus male
rats
. An ER beta agonist reduces depressive like behaviors in female but not male
rats
. An ER beta agonist reduces CORT responses to restraint-stress
. An Oxytocin antagonist prevents some of the actions of ER beta agonist.
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Effect of R-DPN treatment of gonadectomized male and female rats on individual behaviors
in the elevated plus maze. Animals were treated with R-DPN for 5 days and then placed into
the elevated plus maze for 5 minutes. Specific behaviors are indicated above each graph.
Each bar represents the mean +/- SEM of 14-16 animals. Results from 2-way ANOVA are
described in results section. * indicates p<0.05 vs same sex — vehicle treated group. **
indicates p<0.01 vs same sex-vehicle treated group.
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Figure 2.
Effect of R-DPN treatment of gonadectomized female and male rats on behavior in the

forced swim test 2 days after the EPM. Animals were treated with RDPN for 7 days and
then trained in the FST. A 5 min test session occurred on the next day after 8 daily injections
of R-DPN. Time struggling (panel A) and time immobile (panel B) are shown. Each bar
represents the mean +/- SEM of 14-16 animals / group. * indicates p<0.05 vs same sex
vehicle-treated group.
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Effect of R-DPN treatment of gonadectomized female and male rats on plasma
corticosterone (panel A) and ACTH (panel B) levels in non-stress and stress (20 min.
restraint) conditions after 12 daily injections of R-DPN. Each bar represents the mean +/-
SEM of 6-8 individuals. *= p<0.05 vs non-stress control. @ indicates p<0.05 vs vehicle
treated/stress group, # = p<0.05 vs similar group of opposite sex.
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Figure 4.
Effect of ICV treatment with an oxytocin receptor antagonist (OTA) and an ER agonist (R-

DPN), given to gonadectomized female and male rats, on behaviors in the elevated plus
maze. Animals were tested for 5 min in the EPM following 5 days of treatment with R-DPN.
OTA was given 20 min prior to testing. A description of the results of 3 way and 2 way
ANOVA are described in the results section. Panel A shows results for time in closed arm.
Panel B shows results for Time in open arm. Panel C shows results for number of open arm
entries. Panel D shows results for number of head dips. Panel E shows results for grooming
behaviors. Each bar represents the mean +/- SEM of 6-8 individuals.. # indicates significant
difference (p<0.05) versus vehicle-treated control following post hoc analysis. * indicates
p<0.05 vs. central vehicle treated/ peripheral R-DPN group following post hoc analysis.
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Figure 5.

Effect of ICV treatment with an oxytocin receptor antagonist (OTA) and an ER agonist (R-
DPN) given to gonadectomized female and male rats, on the corticosterone (CORT, Panel A)
and ACTH (panel B) levels after behavior testing on the Elevated plus maze (EPM).
Animals were tested on the EPM after 5 daily injections of R-DPN. OTA was given ICV 20’
prior to behavior testing and animals were killed 15 minutes after the end of the 5 min EPM
session. Results of 3 way and 2-way ANOVA are found in the results section. Each bar
represents the mean +/- SEM of 6-8 individuals. * indicates stressed groups that were
significantly different (p<0.05) compared to non-stress controls after post-hoc testing
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