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Chronic 17β-estradiol treatment
improves negative valence,
anhedonic profile, and social
interactions in ovariectomized,
middle-aged female rats

Cheryl D. Conrad*, Dylan N. Peay, Sara Sladkova, Jinah L. Kim,
Megan E. Donnay, Amanda M. Acuña and Kennedy E. Whittaker

Department of Psychology, Arizona State University, Tempe, AZ, United States

Women experience depression at nearly 2-fold higher rates than men, with
middle-age during the menopausal transition being particularly vulnerable.
Preclinical studies commonly focus on young adult or aged subjects and/or
rely upon a few behavioral tasks. Given the highly variable and heterogenous
nature of depression, the current study implemented a behavioral battery to
assess whether estradiol (E2, endogenously expressed in women and rats)
would improve depressive measures using the Research Domain Criteria (RDoC)
for negative valence, anhedonia, sociability, and anxiety in early middle-aged,
ovariectomized (OVX) female rats. F344-cdf rats wereOVX and injected daily with
E2 (3µg/ml, or oil). Behavioral testing began after 14 days of injections, which
continued throughout the study. E2 improved the depressive profilewhen using a
composite metric for negative valence (immobility on the forced swim task, FST),
anhedonia (duration to initiate grooming following sucrose splash and latency
to initiate grooming with sucrose), sociability (time interacting toward a novel
conspecific), and novelty-induced anxiety (time spent investigating marbles).
Interestingly, FST immobility significantly and positively correlated with sucrose
preference to show they were opposingly related: higher immobility on FST
corresponded to more sucrose ingested. Also, time spent in a chamber with
a novel conspecific was less informative than time directed at the conspecific.
Other tasks, such as themarble bury test showed some hoarding behavior. These
nuances revealed di�culties in assessing behaviors within and across studies,
but overall showed that E2 improved the depressive-like syndrome (DLS) in
middle-aged females based upon the RDoC.

KEYWORDS

estrogen improves negative valence, anhedonia and sociability in middle-age
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Introduction

Depression is twice as common in women than men (Kessler, 2003; Kessler et al.,

2005; Seedat et al., 2009; Willi and Ehlert, 2019), with women’s hormonal state being

an important influence (Altshuler et al., 2001; Young and Korszun, 2010; Altemus et al.,

2014; Albert, 2015). Women are also more likely to co-express anxiety disorders with

depression (Altemus et al., 2014; Kalin, 2020), whereas men commonly co-express with
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substance abuse (Kornstein et al., 1995; Sagud et al., 2002; Marcus

et al., 2005; Albert and Newhouse, 2019). The menopausal

transition is a particularly vulnerable period in middle-aged

women (Schmidt and Rubinow, 2009; Soares, 2017). During

perimenopause, levels of ovarian hormones (estrogen and

progesterone) fluctuate erratically and eventually settle at lower

concentrations from reproductive maturity (Burger et al., 2007).

Perimenopause coincides with hot flashes and night sweats, which

overlap with increased vulnerability to depression and anxiety

(Schmidt and Rubinow, 2009; Gordon et al., 2016; Soares, 2017;

Gordon et al., 2019). Even women without a history of depression

are at increased risk for developing a mood disorder during

the middle-age transition (Cohen et al., 2006; Epperson et al.,

2013) with hormone treatments helping to reduce depressive

symptomology (Dwyer et al., 2020; Zhang J. et al., 2023).

Consequently, middle-aged women undergoing menopause are at

a particularly high risk for developing depression.

Animal models can help researchers better understand

depression (Willner et al., 1992; Cryan et al., 2002; Willner

and Mitchell, 2002), with growing support that the complex

symptomology of depression entails extrapolating from a variety

of models to understand depression’s biology (Söderlund and

Lindskog, 2018; Gururajan et al., 2019). However, the terminology

used in preclinical research often differs from that used in clinical

settings (Söderlund and Lindskog, 2018; Gururajan et al., 2019),

prompting the National Institute of Mental Health to create

the Research Domain Criteria (RDoC, Sanislow et al., 2010;

Anderzhanova et al., 2017; von Mücke-Heim et al., 2023) to guide

mental health investigations (National Institute of Mental Health,

2019). With regard to the RDoC negative valence systems involving

aversive situations and positive valence systems involving reward,

chronic stress is disruptive in male rodents, as measured by the

forced swim task (FST), elevated plus maze (EPM), open field (OF),

reward salience, and sucrose preference (SP, D’Aquila et al., 1994;

Willner, 1997; Gregus et al., 2005; Brenes-Sáenz et al., 2006; Bondi

et al., 2008; Huynh et al., 2011; Kukel’ova et al., 2018; Liu et al.,

2018; Du Preez et al., 2020; Seewoo et al., 2020; Mao et al., 2022;

Reddy et al., 2024). Interestingly, similar assessments in chronically

stressed female rodents are inconsistent (Huynh et al., 2011; Hodes

and Epperson, 2019), perhaps in part because studies using females

are fewer than those using males (Czeh et al., 2016; Du Preez et al.,

2021; Brandwein et al., 2023). This is especially true concerning the

targeted demographic of middle-aged rodent models (Nakanishi

et al., 2025). We recently reported that middle-aged OVX female

rats exposed to daily stress levels of corticosterone, the endogenous

stress steroid in rodents, co-expressed depressive- symptomology

and poor workingmemory (Conrad et al., 2024). This conflicts with

our prior studies showing chronic stress fails to disrupt cognition or

depressive symptomology in young adult female rats (Conrad et al.,

Abbreviations: ANOVA, Analysis of Variance; DLS, Depressive Like Syndrome;

E2, 17b-Estradiol; SEM, Standard Error of the Mean; EPM, Elevated Plus Maze;

FST, Forced Swim Test; MBT, Marble Bury Test; NSF, Novelty Suppressed

Feeding; OF, Open Field; OVX, Ovariectomy; RDoC, Research Domain

Criteria; RO, Reverse Osmosis; SP, Sucrose Preference; SSRI, Selective

Serotonin Reuptake Inhibitor; SST, Sucrose Splash Test; VEH, Vehicle

(sesame oil).

2003; McLaughlin et al., 2010; Huynh et al., 2011). Altogether, these

findings support the idea that middle-age may be unique compared

to young adulthood. Due to the higher clinical rates of depression

and anxiety in women and aging individuals compared to men and

young adults (Wu and Anthony, 2000; Kessler et al., 2007; Seedat

et al., 2009; Schaakxs et al., 2018), more studies with females of

different ages are needed, particularly at middle-age.

Ovarian hormones and aging can impact the systems related

to the RDoC for social processes and negative valence in females.

Compared to sham or estrogen-treated females, ovariectomized

(OVX) female rats show a depression-like syndrome (DLS, von

Mücke-Heim et al., 2023), characterized by social withdrawal

(Hlinak, 1993; Markham and Juraska, 2007), immobility in the FST

(Hiroi et al., 2016), and heightened anxiety in the OF and EPM

(Frye and Walf, 2004; McLaughlin et al., 2008; Conrad et al., 2012;

Hiroi et al., 2016). Furthermore, the effects of OVX and estrogens

on negative valence systems, positive valence systems, and cognitive

systems depend upon many factors, such as the age of the subject

when OVX was performed and timing from OVX to behavioral

testing (Markham and Juraska, 2007; McLaughlin et al., 2008;

Benmansour et al., 2016; Grigoryan, 2022). Aging female rodents,

in particular, express high levels of negatively valenced behaviors

(Boyer et al., 2019; Nolte et al., 2019). Consequently, OVX and

aging in female rodents may be useful for modeling depression for

particularly vulnerable demographics.

These age-related hormonal changes in females induce an

endophenotype that may underlie the RDoC of negative valence-

related behavioral changes. This is characterized by increased

neuroinflammation, hypothalamic-pituitary-adrenal (HPA) axis

dysregulation, and altered activity in brain regions involved in

emotional regulation. The loss of ovarian hormones in aged

mice increases neuroinflammation (Benedusi et al., 2012) and

extends beyond depression to other psychiatric disorders, HPA

axis dysfunction, and emotional dysregulation as well (Benedusi

et al., 2012; Rhie et al., 2020; Troubat et al., 2021). Moreover,

endogenous estrogen regulates the HPA axis to help diminish

inflammatory mediator expression (Liu et al., 2012; Villa et al.,

2016). Finally, the loss of endogenous estrogen with aging alters

brain activity in structures integral to emotion processing and

regulation, such as the dorsolateral prefrontal cortex and amygdala,

as demonstrated by functional neuroimaging findings comparing

pre- peri- and post-menopausal women (Albert et al., 2021).

Consequently, targeting estrogens in middle-age represents a

critical endophenotype that is important to understand in the

treatment of depression.

Preclinical studies show that estrogens exert some beneficial

influences on negative valence and cognition. Negative valence

behaviors are reduced with estrogens in OVX female rodents

(Hlinak, 1993; Spiteri and Agmo, 2009; Garcia et al., 2017) and

following the birth of pups (Galea et al., 2001). For cognition,

17b-estradiol (E2), provides some benefits for reference, short-

term, and working memory (Bimonte and Denenberg, 1999;

McLaughlin et al., 2008; Luine, 2014; Frick et al., 2018; Koebele

et al., 2020; Bowman et al., 2022). However, most studies focus

on young or aged adults, with the middle-aged demographic

being understudied, despite the heightened risk for developing

depression during this time period in women. Moreover, those

studies that examinedmiddle-agedOVX female rats were limited to
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assessing a few behaviors in response to estrogens, but nevertheless

show that E2 improved performance on the FST (Benmansour

et al., 2016), enhanced cognition on spatial tasks (Bimonte-Nelson

et al., 2006; Talboom et al., 2008; Koebele et al., 2020) and reduced

thigmotaxia on the OF (Renczes et al., 2020). To investigate E2

influences on affective behavior, which is multifaceted with highly

variable positive and negative valence systems (Slattery and Cryan,

2014; Gururajan et al., 2019; National Institute of Mental Health,

2019), the current study included a variety of measures to assess

affective behavioral changes during the particularly sensitive period

of early stages of middle-age in female rodents. Negative valence for

acute threat and potential threat was selected because depression

distorts the processing of negatively valenced emotional stimuli

(Fossati, 2018). Positive valence for reward was selected because

anhedonia is one of the key symptoms of depression (DSM-

5). Social processes for affiliation were selected because social

functioning is intertwined with depression and another significant

aspect of this disorder (Kupferberg et al., 2016; Steare et al., 2025;

Thompson et al., 2025). We thus tested the hypothesis that E2

treatments would improve the negative valence, positive valence,

and social outcomes in our rodent model of OVX, middle-aged

female rats.

Methods

Subjects

Arizona State University Institutional Animal Care and Use

Committee approved the procedures, which align with the Guide

for the Care and Use of Laboratory Animals. Thirty-four middle-

aged (9–10 months) virgin female Fischer-344-cdf rats (National

Institute on Aging, Hollister, CA, USA) were pair-housed in

standard laboratory cages (21–22◦C) with Sani-Chip bedding

(Tekland, #7090, Inotiv, Lafayette, IN). Except where noted below,

rats were allowed food and reverse osmosis (RO) water ad libitum.

Rats were housed on a reverse 12:12 light cycle; lights off at 07:00.

All procedures occurred during the dark phase of the light cycle.

Fischer-344 cdf inbred rats were selected due to the National

Institute on Aging’s recommendation to use the strain for aging

research due to their longevity and well-defined aging patterns

(Koebele and Bimonte-Nelson, 2016). In addition, the age of the

rats was chosen so that the rats would be behaviorally tested in the

beginning of estropause, the equivalent of human perimenopause.

In the rat, estropause occurs around 9 to 12 months of age (Koebele

and Bimonte-Nelson, 2016).

Ovariectomy surgery

All female rats were OVX after habituating to the animal

colony room. Rats were prophylactically injected with meloxicam

(1 mg/kg, i.p.) and buprenorphine (0.03 mg/kg, i.p.) for pain

and anesthetized with isoflurane gas. The rats were laid prone

on a heating pad, and eyes covered with ophthalmic ointment.

The dorsal surgical sites were shaved and prepared with antiseptic

surgical scrub, alternating with 70% ethanol three times prior to

incision. For each side, an incision was made and gently opened

dorsolaterally to 1.0 to 1.5 cm in the skin and peritoneum, caudal

to the last rib. The ovary and uterine horn tip were ligated with

dissolvable vicryl sutures (Stoelting Co.), the uterine horn cut

with scissors, and then the ovary was gently extracted by grasping

surrounding fat without touching the ovary. The muscle was closed

with dissolvable sutures, marcaine applied, and the skin closed

with wound clips (George Teimann & Co.). Post-surgical care

included treating the surgical site with antibiotic ointment and

monitoring the rats under a heat lamp until they were able to

move and groom. Injections of meloxicam and buprenorphine

continued daily for 2 days. Buprenorphine and its activemetabolite,

norbuprenorphine, undergo 4 to 5 half-lives within 24 h (Ohtani

et al., 1994), indicating that they would be cleared by the start of

the experimental treatments. Rats were single-housed for 3 to 5

days and then reunited with their prior cage-mates. Wound clips

were removed 10–14 days after surgery. One rat expired due to

surgical complications leaving 31 rats for experimental procedures

(the remaining two rats were reserved for the social interaction part

of the study). The same 31 rats were used for all tests.

Estradiol (E2) treatment

E2 (Sigma Aldrich, 3µg/ml in 0.1ml sesame oil, s.c.) treatment

began 21 days after OVX and continued daily throughout

behavioral testing. The dose of E2 was chosen for several reasons.

First, 3µg leads to circulating levels of estradiol within the diestrous

range in OVX female rats (Viau and Meaney, 1991). Second, this

dose and treatment regimen successfully improves spatial working

memory in middle-aged OVX female rats (Koebele and Bimonte-

Nelson, 2015; Prakapenka et al., 2018). Third, females in the

proestrous phase of the estrous cycle show elevated locomotor

activity (Krentzel et al., 2020), which can confound interpretation

when behaviors require locomotion. However, the diestrous-ranged

dose of 3 µg dose has previously failed to alter locomotion on

the OF task (Hiroi et al., 2016) and other studies using a slightly

higher dose of 5 µg also failed to observe significant changes

in locomotion (Fedotova, 2013, 2014). Thus, the diestrous-range

dose of 3 µg was used in the current investigation to further

examine its potential beneficial effects and to avoid confounds from

locomotor effects. Rats were randomly assigned to receive daily E2

or sesame oil vehicle (VEH, Sigma-Aldrich) injections. VEH and

E2 injections occurred between 7:00–8:00 am and behavioral tasks

were conducted at least an hour after the final treatment injection.

Timeline for treatments

Delay between OVX and E2 treatment
The 21-day delay between OVX and E2 treatment was chosen

for several reasons. First, we wanted to ensure ovarian hormone

clearance before E2 treatment began as estrogen clears within

1 to 2 weeks post-operatively and then E2 is typically low or

undetectable in OVX rat plasma (Diaz Brinton, 2012). This also

ensures that VEH-treated rats would be in a blank state to assess the

effectiveness of E2 treatment without confounds from endogenous

hormones (Prakapenka et al., 2018). Moreover, the decline in

Frontiers in Behavioral Neuroscience 03 frontiersin.org

https://doi.org/10.3389/fnbeh.2025.1553501
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org


Conrad et al. 10.3389/fnbeh.2025.1553501

ovarian hormones is reflective of the pattern of estrogen depletion

occurring during perimenopause and menopause (Burger et al.,

2007). While a delay between OVX and E2 treatment can change

the brain’s responsiveness to E2 (Savonenko and Markowska, 2003;

Daniel et al., 2006; Sherwin, 2007), our prior work found that

initiating E2 treatment 3 weeks after OVX still provided sufficient

time for E2 to influence the brain and behavior (McLaughlin et al.,

2008). Finally, others reported that OVX rats show a progressively

higher occurrence of anxiety-like and depressive-like behaviors at 3

weeks vs. 1 week post-OVX (Rodriguez-Landa, 2022).

Delay between E2 treatment and behavioral
testing

E2 treatments started 1 week before rats began acclimation to

the two choice drinking bottles. The first behavioral assessment for

SP occurredwhen E2 treatments were already underway for 2 weeks

to reduce potential, acute effects of E2 on behavior. By the time the

rats were tested on the SP test, those receiving E2 injections would

have already developed a steady level of E2 (Stanczyk et al., 2013).

Task order
The task order was as follows: SP, sucrose splash test (SST),

defensive marble bury task (MBT), novelty suppressed feeding

(NSF), FST, and social exploration (Figure 1). The order was chosen

based upon task availability and with some considerations. For the

SP, the rats were acclimated for 7 days, which allowed them to be

exposed for 2 weeks of E2 treatment and allowed blood levels of

estrogen to stabilize before assessments were made (Stanczyk et al.,

2013). The next tests were kept in the same order across rats with

relatively increasing levels of task aversiveness (i.e., SP, MBT, NSF,

EPM, FST), as our past work found that more aversive measures

impacted behavior when behavioral testing occurred back to back

(Peay et al., 2020). The FST was therefore performed toward the

end of all testing due to its inherent aversiveness. Finally, social

exploration was performed after a few days from the FST when the

tasks became available.

General testing procedures

Each procedure was performed in a room that was novel to the

rats. There were four rooms and sections of a roomwere partitioned

with curtains and changed with unique cues to provide a novel

environment for each test. To reduce potential behavioral effects

that could result from rats being exposed to various experimenters,

unwashed t-shirts were placed in the testing room, concealed from

the rat’s view during testing (Sorge et al., 2014). To provide white

noise and ensure the dispersion of odors, fans were placed in

testing rooms. For the defensive MBT, FST, and social exploration,

behaviors were recorded with GoPro cameras (Hero3) for offline

scoring later by investigators who were blinded to the experimental

conditions. Cameras were installed overhead and/or to the side.

Testing order was counterbalanced across groups throughout

the day.

For behavioral tests outside the colony room (defensive MBT,

NSF, FST, and social exploration), rats were transported with their

cage-mates in their home cages using a cart and acclimated in a

quiet room (red lights) located nearby to the testing rooms and

given at least 30min before they were tested. Due to unforeseen

issues, data from the EPM and ultrasonic recording were unusable.

The RDoC domains and constructs were organized based upon

the described characteristics (Söderlund and Lindskog, 2018). The

first set of constructs are found in depression symptomology

and include negative valence construct (acute threat) positive

valence construct (anhedonia), and social processes construct

(disrupted affiliation). Additionally, the last negative valence

construct (potential or perceived harm, assessed as anxiety) is

highly comorbidly expressed in women with depression (Altemus

et al., 2014; Kalin, 2020).

RDoC domain: negative valence behaviors
(construct = acute threat)

Forced Swim Test
The FST was used because of past work that described

it as reflecting behavioral despair (Porsolt et al., 1977; Lucki,

1997; Lino-de-Oliveira et al., 2005; Slattery and Cryan, 2012;

Yankelevitch-Yahav et al., 2015), although other interpretations

include altered coping strategies (Nestler and Hyman, 2010;

Molendijk and de Kloet, 2015; Armario, 2021; Gencturk and Unal,

2024) and psychomotor retardation (Unal and Canbeyli, 2019).

These differences in interpretation necessitate multiple assessments

of depressive-like behaviors within the same subjects, as done in

the present work. Importantly, antidepressants reliably improve

FST performance, giving it predictive, if not construct validity

(Brandwein et al., 2023) and why preclinical research still continues

to include it in their behavioral batteries (Huang et al., 2023;

Montazeri et al., 2023; Farinha-Ferreira et al., 2024; Liang et al.,

2024; Reddy et al., 2024; Zubkov et al., 2024; Lei et al., 2025;

Valente et al., 2025). However, caution is recommended to avoid

overinterpretation of the results when they stand alone (Willner

and Mitchell, 2002) and the reason why the current study used

multiple behavioral measures to create a DLS.

The FST protocol consisted of 2 days of exposure with 10min

of acclimation on day 1 without recording and 5min of testing on

day 2 with recording, which is consistent with FST procedures for

rats (Brandwein et al., 2023; Gencturk and Unal, 2024) and our past

work (Conrad et al., 2024). The apparati consisted of four clear

cylindrical Plexiglas tanks (45 cm height, 20 cm diameter) filled

with water (23◦C) to about 30 cm, such that when floating, a rat

could not touch the bottom of the tank. Partitions were used to

obscure rats from viewing each other and the experimenters, while

allowing four rats to be tested simultaneously.

On the 1st day, each rat was placed into individual tanks for

10min and then immediately removed and placed under a heat

lamp for 1-h prior to being returned to the housing colony. The

FST tanks were rinsed and refilled with fresh water for each rat. On

day 2 of testing, each rat was placed back into the tank for 5min

and behavior was recorded. After testing, each rat was again placed

under a heat lamp prior to being returned to the housing colony.

FST behaviors quantified included time spent swimming,

climbing, and being immobile. Swimming was defined as paw
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FIGURE 1

Timeline of the experimental manipulations relative to the behavioral testing schedule. Female rats were ovariectomized (OVX) and then given 21
days to recover without experimental manipulations. Rats were randomly assigned to estradiol (E2, 3µg/ml, s.c.) or sesame oil vehicle treatments
(VEH, s.c.) and were 10–11 months of age at the start of the hormone treatment. Rats were tested in the behavioral tasks in the order listed. Days o�
from behavioral testing are denoted in black boxes with white lettering and indicate the number of days without behavioral testing. Due to
unforeseen circumstances, the elevated plus maze (EPM) and ultrasonic vocalization (USV) data were unusable and denoted with gray boxes. SP,
Sucrose Preference; SST, Sucrose Splash Test; MBT, Marble Bury Task; NSF, Novelty Suppressed Feeding; FST, Forced Swim Test.

movement underwater as well as diving behavior. Climbing was

defined as actively pawing at the walls of the apparatus with paws

breaching the water surface. Immobility was defined as floating or

the lack of movement. Rats that spend less time swimming and

climbing, and more time immobile are considered to have elevated

depressive-like profiles (Detke et al., 1995; Lino-de-Oliveira et al.,

2005; Huynh et al., 2011; Slattery and Cryan, 2012).

RDoC domain: positive valence behaviors
(construct = anhedonia)

Sucrose preference
SP was utilized to measure hedonic profile by exposing the

rats to a free choice between a highly palatable sucrose solution or

their standard drinking water. A reduced preference for the sucrose

solution served as an indicator of anhedonia (Katz, 1982; Willner,

2005; Liu et al., 2018; Reddy et al., 2024). This study utilized an

extended SP assessment (10 days) without the need for food or

water deprivation procedures (Taliaz et al., 2010; Najjar et al., 2018),

consistent with our past work (Conrad et al., 2024).

Rats were single housed and habituated to two drinking bottles:

2% sucrose in RO water in one bottle and RO water in another for 3

days while food was provided ad libitum. After 3 days, the sucrose

concentration was reduced to 1% sucrose and rats continued to

have access to two bottles: 1% sucrose and RO for 7 days. The bottle

locations were counterbalanced and swapped daily to account for

potential side bias. The amount of liquid consumed was measured

daily and solutions were replaced every 2 to 3 days. The amount

of sucrose consumed was measured over the last 3 days of the 1%

sucrose test.

An SP index = % (volume of sucrose drink consumed)

÷ (total volume of drink consumed)

The SP Index was assessed over the final 3 days of 1% sucrose

testing and for the initial 3 days of 2% sucrose acclimation.

Sucrose splash test
The SST may reflect anhedonia through a reduction in reward-

seeking behaviors (Bevins and Besheer, 2005; Willner, 2005),

combined with a reduction in self-care. We implemented a version

using 10% sucrose solution, based off of previous literature using

rats and mice (Isingrini et al., 2010; Frisbee et al., 2015; Hu et al.,

2017) and found to be effective in females (Hodes et al., 2015).

Testing occurred within an empty housing unit in the rat’s

regular colony room. A 10% sucrose solution (40 g sucrose in

400ml RO water) was prepared a day before testing and placed in

200ml spray bottles. Testing cages were prepared for each rat and

consisted of a typical rat housing cage and rodent bedding. During

testing, rats were transferred to the test cage and immediately

sprayed twice: on the back of its head and the dorsal part of

its shoulders/upper back. The housing unit doors were closed,

and the rat was recorded for 5min, before being returned to

its home cage. Cagemates were tested simultaneously with the

help of two investigators. Behaviors assessed included latency to

begin grooming, total duration spent grooming, and number of

grooming bouts.

RDoC domain: systems for social processes
(construct = disrupted a�liation)

Social exploration
The social interaction test was originally developed as a test

of anxiety that was ethologically relevant in social animals, such

as rats (File and Hyde, 1978; File and Seth, 2003). Exaggerated

expression of stress-related fear behaviors in rats, such as freezing

posture or a lack of exploration are likely representative of an

anxious endophenotype pertinent to pathological anxiety (Bakshi

and Kalin, 2002). Moreover, social withdrawal is an element of

depression (American Psychiatric Association, 2013), suggesting

that the construct of sociability overlaps with features of anxiety

and other negative valence systems. Social interactions involve the

willingness to spend time with a conspecific (Haller and Bakos,
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2002; Lapiz-Bluhm et al., 2008; Reddy et al., 2024). We used similar

procedures that were successful in assessing post-stroke depressive-

like behaviors middle-aged female rats (Panta et al., 2019) and

aligned with the RDoC domain for social processes (National

Institute of Mental Health, 2019) and with our past work (Conrad

et al., 2024).

The social exploration test involved determining whether the

test rat preferred to spend time with a female novel conspecific (R1)

compared to an inanimate object (O) as an index of sociability, then

comparing the test rat preference for a familiar female conspecific

(R1) to an unfamiliar female conspecific (R2) as an index of social

novelty. The conspecifics R1 and R2 were OVX and similarly

aged as the test rats and were counterbalanced between cage

mates. The social interaction apparatus had three identical clear

plastic chambers (32 liters), linearly connected by 2 PVC tubes

(9 cm length, 11 cm diameter) to provide access to each of the

chambers. Each chamber had a plastic lid to prevent escape and

holes punctured throughout to permit air circulation. The sample

objects and rat conspecifics were restricted to smaller boxes (64-

ounce Glad food box, The Clorox Co.) with the lids punctured with

holes for air circulation. The chambers, PVC pipes and boxes were

cleaned before each trial with French Lavender scented, Method

All-Purpose cleaner.

To begin, the test rat was acclimated and restricted to each

of the three individual chambers for 10min for a total of 30min.

Next, the test rat was allowed to explore the entire three chamber

apparatus with unrestricted access through the inter-connecting

PVC pipes for 10min. For the first social interaction test, which

assessed sociability, one end of the three-chamber apparatus

contained a small box with a novel female conspecific (i.e.,

R1). The rats were able to see, hear, and smell each other, but

without physical interactions. The other end of the three-chamber

apparatus contained a similar box with an inanimate plastic object.

The test rat was placed in the center chamber and allowed to explore

all three chambers for 10min. The sociability-index was computed

as a percentage using the following for the test rat:

Time spent in the chamber with R1 ÷ Time spent in both side

chambers (sum of time with R1 and O)

Following the completion of the sociability assessment, the next

social interaction test measured an index of social novelty. R1 was

placed in a new box and returned to the same location as before,

becoming the “familiar” rat. The object was removed from the box

and replaced with a novel female conspecific (R2). The test rat

was placed in the center chamber and allowed to explore all three

chambers for 10min. The Social Novelty-index was computed as a

percentage using the following for the test rat:

Time spent in the chamber with R1 ÷ Time spent in both side

chambers (sum of time with R1 and R2)

A second analysis was performed in which the time spent with

the test rat directing its attention toward the object, R1, and R2 was

quantified and termed “interaction” behaviors. This quantification

provided a more detailed analysis than simply assessing time in the

overall chamber, as the test rat could be grooming or performing

other non-social behaviors rather than engaging with the boxes

containing the object/rats. An “interaction” was scored when the

test rat pointed its head within 1 cm of the box containing R1, R2 or

object and demonstrated active engagement (i.e., sniffing, whisker

twitching). The test rat may also climb on top of the boxes, which

was scored as an interaction if the test rat’s head was directed toward

the box and interaction behaviors were observed.

In contrast to the initial analysis of social interaction where

time spent in the outer containers was scored for the full 10min,

the interaction behaviors were scored in two, 5-min bins. This

binned analysis was performed to enhance the likelihood of

detecting group differences in case rats quickly habituated to

the environment.

RDoC domain: negative valence behaviors
(construct = potential harm or
novelty-induced anxiety)

Defensive marble bury task
The MBT is thought to measure anxiety or neophobia by

tapping into rodents’ innate response to threat within their

burrows/home-cages (De Boer and Koolhaas, 2003). Earlier work

used a shock probe (Treit et al., 1981), but modifications now

include using marbles in a variety of derivations (Ho et al., 2002;

Pandey et al., 2009; Dagyte et al., 2011; Angoa-Peéez et al., 2013; Ku

et al., 2016), with predictive validity to anxiolytic agents (Dulawa

and Hen, 2005; Langer et al., 2020). Active (i.e., burying) and

passive (i.e., freezing or immobility) coping behaviors were used

to evaluate responses associated with anxiety-like behavior (de

Brouwer et al., 2019).

Eight standard rodent housing cages were individually placed

inside sound-attenuating cabinets that were purchased (Coulbourn,

E10–23, 78.7 cm W × 53.3 cm D × 50.8 cm H) or custom-made

(Melamine: 63.5 cm W × 61.0 cm D × 71.1 cm H) to allow the

simultaneous testing of multiple rats. Each rodent cage was filled

with regular Sani-Chip bedding to be at least 5 cm deep. The

bedding was packed down to make it firm and evenly distributed.

Marbles were placed on top of the bedding and distributed in a

consistent pattern of three rows of four marbles for a total of 12

marbles clustered near one side of the rodent cage.

Rats were tested in squads of 7 to 8 rats. Each rat was placed

in one of the prepared Sani-Chip bedding cages without marbles

and allowed to explore for 10min. Afterwards, the rats were

removed, the bedding flattened, and marbles were distributed on

top as described ensuring that about half the test cage was without

marbles. The rats were returned to the section of the test cage

furthest from the marbles and allowed to explore for 15min while

being recorded.

Behaviors quantified include the number of marbles buried by

2/3 and the time spent: (1) investigating marbles, (2) grooming,

and (3) being immobile. Marble investigation was defined as

the rat facing and/or interacting with a marble within 2 cm, but

not actively burying it, and increased marble investigation was

considered a lower anxiety-like profile. Marble burying, on the

other hand, was considered an active anxiety-like behavior and

was defined as actively moving the bedding in the direction of

the marbles with either forepaws or hindlimbs. Grooming was
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considered a passive anxiety-like behavior and was defined as

licking the body or actively moving forepaws on the face/body.

Immobility was also considered a passive anxiety-like behavior

and was defined as the absence of active movement, grooming,

or interaction with the environment. Only the first 10min of the

test were analyzed, with the last 5min excluded because behavior

was indistinct between groups at that timepoint, likely due to

acclimation to the environment.

Novelty suppressed feeding
NSF was utilized to assess anxiety profiles by measuring rats’

willingness to consume food in an unknown and potentially

threatening environment (Mitchell, 1976; Bodnoff et al., 1988;

David et al., 2009; Snyder et al., 2011; Bocarsly et al., 2015; Blasco-

Serra et al., 2017), consistent with our past work (Conrad et al.,

2024). The NSF arena consisted of a black square field (96.5 cm ×

96.5 cm) with high walls (38.1 cm) to prevent escape. The arena was

in a novel room, brightly lit (170–180 lux), with most of the walls

covered with curtains to reduce spatial cues. The arena was wiped

down with Lime/Sea Salt scented Method All-Purpose cleaner. A

pile of rat chow was in the center of the arena (4–5 pieces), which

was discarded and replaced with fresh chow for each rat.

To begin, rats were food restricted overnight and still had ad

libitum access to drinking water. The next day, a rat was placed

in one corner of the arena and given 8min to approach the food

and to take the first bite. Latency to approach the food and to

take the first bite were used as a measure of anxiety, with higher

latencies indicating elevated anxiety. If the rat did not approach

the food after 8min, testing was terminated, and the rat was given

a score of 480 sec. When completed, the rats were returned to

the animal colony and housed individually for 10-min with pre-

weighed chow available. The amount of chow consumed during

the home-cage feeding was measured to assess motivation to eat

when located in a familiar environment to control for the novel

environment measures. Littermates were re-united after the end

of the home-cage eating assessment and food was returned to ad

libitum access.

Composite scores

To compare disparate behaviors across behaviors, z-scores were

computed and then combined. A z-score was calculated as follows:

Individual Score – Average Score for both treatments (VEH and

E2 combined) ÷ The Standard Deviation for both treatments

(VEH and E2 combined)

High values represented worse negative valence, anhedonia,

disrupted social affiliation, and high anxiety. In some cases, the

z-scores were multiplied by −1 to align across scores and this

included scores for the SP index, SST grooming duration, social

interaction (Sociability Index and time with R1 during sociability,

Social Novelty Index and time with R2 during social novelty), and

time interacting with marbles on the MBT. Scores that remained

as calculated were immobility on the NSF, latency to approach

food on NSF, and immobility and marbles buried on the MBT. A

composite depressive score was created by adding the z-scores from

FST (immobility), SST (time to initiate grooming), and time spent

with R1 in the first 5min of sociability and then dividing by 3. A

separate composite z-score was created for anxiety because anxiety

is not a symptom of depression but is often comorbidly expressed

with it. The composite anxiety z-score was calculated using the sum

of the z-scores for the NSF latency and time spent investigating

marbles divided by two.

Quantification and statistical analysis

Quantification of the FST, SST, Social Tests, and MBT were

performed offline by hand. Aminimum of two observers blinded to

the experimental conditions scored each type of behavior. A scorer

had to achieve at least a 95% intra-rater and inter-rater reliability to

be used for quantification purposes. Individuals failing to meet the

95% reliability metrics were retrained until two scorers achieved at

least 95% reliability.

The statistical software package SPSS (Version 28) was used

to analyze the data. Levene’s test for homogeneity of variance

was used to ensure that the statistical analysis did not violate the

ANOVA assumption of homogeneity/normality between groups,

and then t-tests were performed as appropriate when comparing

one dependent measure or a mixed factors ANOVA when several

dependent measures were assessed. Effect sizes are reported with

Cohen’s d for two mean comparisons (Cohen, 2013) or with

partial eta-squared following ANOVA analyses (Keppel, 1991;

Lakens, 2013). In cases that ANOVA assumptions were violated,

nonparametric Kolmogorov-Smirnov-tests were used. One rat died

following surgery and so the final group sizes were as follows: VEH

(n = 15) and E2 (n = 16) with two additional OVX rats used for

the social testing. Data were represented as means (M) ± S.E.M.

Statistical significance was defined when p-values were equal to or

less than 0.05.

To compare across behaviors and different metrics, z-scores

were computed using the following equation:

Z = (observed value – mean of the same)/standard deviation of

the sample

In some cases, the z-score was multiplied by −1 so that high

values would be consistent across measures. As an example, the z-

score for the SP index was multiplied by −1 so that the highest

values represented anhedonia and consistent with highest values

from immobility in the FST. In cases where multiple measures were

used, such as the MBT, the composite z-score is the sum of all

z-scores, divided by the number of measures.

Results

RDoC domain: negative valence behaviors
(construct = acute threat): FST

E2 treatment significantly affected three key behaviors

assessed during FST: immobility, climbing, and swimming. T-test

comparisons revealed that E2 treated rats spent significantly less

time immobile (72.4 ± 5.4 s) compared to VEH rats [117.8 ± 5.9 s,

t(29) = 5.685, p < 0.001, d = 2.043]. E2 treated rats also spent
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FIGURE 2

Forced swim test (FST) as a metric for negative valence for acute threat. E2 treatment (A) reduced the time spent immobile, (B) increased the time
spent climbing, and (C) increased the time spent swimming. ** p < 0.01, *** p < 0.001. VEH n = 15, E2 n = 16.

more time climbing [E2= 127.0± 4.7 s, VEH= 99.5± 5.3 s, t(29)

= −3.891, p < 0.001, d = −1.399] and actively swimming [E2 =

17.6 ± 1.9 s, VEH = 10.4 ± 1.7 s, t(29) = −2.783, p = 0.009, d =

−1.00] compared to VEH rats (Figure 2).

RDoC domain: positive valence behaviors
(construct = anhedonia): SP and SST

E2 reduced the amount of sucrose consumed during the 3 days

of final 1% SP testing without altering the total amount of liquid

consumed (Figure 3A for Timeline). The SP index was analyzed

by a non-parametric, independent samples Kolmogorov-Smirnov

test due to unequal variances across groups, which violated the

ANOVA assumption. E2 treatment reduced the consumption of

1% SP during the final 3 days of testing [D(31) = 1.913, p =

0.001, Figure 3B]. E2 treated rats had a significantly lower 1% SP

index (44.4 ± 9.0) compared to VEH treated rats (62.1 ± 3.4),

with a biphasic distribution that was not observed with VEH.

Moreover, E2 treated rats drank similar amounts of sucrose (14.8

± 3.0 ml/day) compared to water [11.4 ± 1.3 ml/day, paired t-

test(15) = 0.830, p = 0.419, d = 0.208], while VEH rats consumed

significantly more sucrose (20.7 ± 1.1 ml/day) compared to water

[5.1± 0.3 ml/day, paired t-test(14)= 12.307, p< 0.001, d= 3.178].

Importantly, the overall fluid consumption during the final test

phase was similar between groups (VEH, 77.5 ± 3.1 ml: E2, 78.6 ±

6.4ml, Figure 3C) to support that E2 treatment reduced drinking of

1% SP without altering the total amount of liquid drank.

E2 and VEH treated rats showed similar grooming behaviors

during the SST. After being splashed on their backside with 10%

sucrose, VEH and E2-treated rats displayed similar latencies to

initiate grooming [t(25) = 1.252, p = 0.222, d = 0.482, VEH =

123.1 ± 19.3 s, E2 = 95.0 ± 12.2 s, Figure 3D] and total duration

spent grooming [t(25) = −0.099, p = 0.922, d = −0.038, VEH

= 63.7 ± 10.9 s, E2 = 65.3 ± 11.1 s), Figure 3E]. Note, four rats

were excluded (two in each group), due to inadvertent disruptions

during testing.

To determine whether the SP and SST test may be related,

a Pearson correlation was performed for the 1% SP index and

the latency to initiate grooming in the SST. The outcome failed

to find a significant effect (r = 0.032, n = 27, p = 0.874).

Consequently, the measures for the SP and SST appeared to assess

different constructs.

RDoC domain: systems for social processes
(construct = disrupted a�liation): social
exploration

A sociability assessment was performed to determine whether

an unfamiliar female rat or object was preferred (Figure 4A).

Treatments were statistically similar for the sociability index when

test rats could choose to spend time in a chamber containing

a novel conspecific (R1) or an inanimate object, as revealed

by the Kolmogorov-Smirnov test, which was used because the

distributions were bimodally distributed [D(31) = 0.626, p =

0.828; Figure 4B]. Paired t-tests were performed for each treatment

separately to determine whether test rats spent more time in the

chamber with R1 or the object. VEH treated rats spent significantly

more time in the chamber with R1 (320.1± 60.8 s) compared to the

object [81.7 ± 39.7 s t(14) = 2.730, p = 0.016, d = 0.705], whereas

the time spent in each side chamber did not reach significance for

the E2 treated rats [R1= 247.4± 49.7 s, O=116.9± 47.1 s, t(14)=

1.557, p= 0.140, d = 0.389, Figure 4C].

A separate analysis was performed to assess whether the test rat

was interacting with the boxes containing the novel rat or object

and quantified in the first 5min separately from the second 5min.

A repeated measures ANOVA was performed for group (VEH,

E2) across chambers (O, R1) and time range (Min 1–5, 6–10) for

time spent interacting with the box containing the novel rat and

object. A significant repeated effect of Time [F(1,29) = 16.009, p

< 0.001, η2
p = 0.356], Chamber [F(1,29) = 38.197, p < 0.001, η2

p

= 0.568], and Time by Chamber [F(1,29) = 11.924, p = 0.002,

η2
p = 0.291] was found, with a three-way interaction approaching

significance (p = 0.09), but failed to achieve statistical significance.

There were no other significant effects. Both VEH and E2 treated

rats interacted more with R1 than the object and both showed

decreased interaction times in the second five-min bin compared

to the first, while still interacting with R1 more than the object

(Figure 4D).
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FIGURE 3

Sucrose preference (SP) timeline and sucrose splash test (SST) as a metric for positive valence for anhedonia. (A) Rats were exposed to a ten-day SP
timeline that does not require drink or food deprivation. Rats were single housed and exposed to two drink bottles, 2% sucrose and drinking water for
3 days (denoted by white boxes) which was changed on the fourth day with 1% sucrose and drinking water for 7 days (denoted by gray hatched
boxes). Testing was performed on the last 3 days of the 1% sucrose exposure. Bottle locations were counterbalanced, and locations swapped daily.
(B) E2-treated rats drank significantly less 1% sucrose over the last 3 days of 1% SP testing compared to VEH-treated rats. (C) Total volume consumed
during the last 3 days of 1% SP testing was similar between VEH and E2-treated rats. (D) After being splashed with 10% sucrose on the rats’ backside,
E2 treatment did not alter the latency to start grooming, nor (E) the total duration of grooming. *** p < 0.001. For SP, VEH n = 15, E2 n = 16. For the
Splash Test, inadvertent disruptions reduced subject number to VEH n = 13, E2 n = 14.

A social novelty assessment was performed to determine

whether the test rats preferred spending time in a chamber with a

new unfamiliar conspecific female rat (R2) compared to a chamber

with the previously exposed, female rat from the sociability

assessment performed earlier (R1, Figure 4E). Treatments were

statistically similar for the social novelty index, as revealed by a

Kolmogorov-Smirnov test, which was used because the data were

not normally distributed [D(31) = 0.812, p = 0.525, Figure 4F].

Paired t-tests were performed for each treatment separately to

determine whether test rats spent more time in the chamber with

R2 or R1. VEH treated rats tended to spend more time in the

chamber with R1 (311.3 ± 71.7 s) than with R2 [112.2 ± 54.0 s,

t(14) = 1.769, p = 0.099, one tailed p = 0.049, d = 0.456],

which contrasted with E2 treated rats spending similar durations

in both chambers [R1 = 238.1 ± 65.6 s, R2 = 235.4 ± 65.9 s, t(15)

= 0.024, p = 0.981, Figure 4G]. To determine whether the test

rats interacted with the boxes containing R1 and R2 differently, a

repeated measures ANOVA was performed for Group (VEH, E2)

across chambers (R1, R2) and time range (Min 1–5, 6–10) for time

spent interacting with the box containing R1 and R2. No significant

effects were found for any of the main effects and interactions

(Figure 4H).
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FIGURE 4

Assessment of E2 treatment on social interactions as a metric for social processes for disrupted a�liation. (A) The sociability test assessed whether
the test rat spent time in the chamber with a novel conspecific female rat (R1) or an inanimate object (O). (B) The sociability index represented the
time spent in the compartment with R1 compared to time in both side compartments and showed bimodal distributions that were statistically similar
between VEH and E2. (C) VEH-treated rats spent more time in the chamber with R1 than with O, whereas E2-treated rats showed statistically similar
times in both side chambers. (D) Quantifying the time that the test rat interacts with the box containing the R1 or the object showed that both E2 and
VEH directed their attention more toward the R1 than the object in the first 5min, which decreased in the second 5min of assessment but still
reached statistical significance. (E) The social novelty test assessed whether the test rat spent time in the chamber with R1 (familiar from the
sociability trial) or a novel conspecific female rat (R2). (F) The social novelty index represented the time spent with R2 compared to time in both side
compartments and showed bimodal distributions that were statistically similar between VEH and E2. (G) VEH-treated rats showed a tendency to
spend more time in the chamber with R1 than with R2, but this did not reach statistical significance. E2-treated rats spent similar durations in both
side chambers. (H) Quantifying the time that the test rat interacted with R1 and R2 showed no significant e�ect of E2 and VEH. C = center chamber,
* p < 0.05, ** p < 0.01 *** p < 0.001, + p = 0.09 (with two-tailed, and <0.05 with one tailed paired t-test). VEH n = 15, E2 n = 16.
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FIGURE 5

Marble bury task (MBT) and novelty suppressed feeding (NSF) as a metric for negative valence for potential threat. During the MB test, all five
behaviors quantified failed to find significant e�ects of E2 on: (A) time spent investigating the marbles, (B) time spent grooming, (C) duration of
immobility, (D) number of marbles buried by 2/3, and the number of marbles hoarded. For the NSF test, E2 had no e�ect on: (E) the time it took to
approach food in the arena center and (F) amount of food consumed in the home cage. Notably, many rats never approached the food to create a
ceiling e�ect. (G) A composite z-score for all the MBT behaviors (adjusted so that high z-scores indicated greater anxiety) marginally correlated with
latency to approach food in the NSF (p = 0.054). (H) A negative correlation was significant when comparing the time spent investigating marbles on
the MBT with time to approach food in the NSF (p = 0.019). Rats that showed high marble investigation tended to approach food quicker in the NSF.
E2 and VEH treated rats were distributed throughout the correlation and did not fall within a particular region. White circles = VEH, Black triangles =
E2. VEH n = 15, E2 n = 16.

RDoC domain: negative valence behaviors
(construct = potential harm or
novelty-induced anxiety): MBT and NSF

During the MBT, E2, and VEH treated rats performed similarly

in all variables assessed (Figures 5A–D). Student’s t-tests revealed

no significant difference between groups for the time spent

investigating marbles [t(29) = −0.507, p = 0.616, d = −0.182,

VEH, 196.1 ± 36.3 s: E2, 221.0 ± 33.1 s], time spent grooming

[t(29)= 1.179, p= 0.248, d= 0.424, VEH, 165.9± 30.8 s: E2, 122.3

± 21.2 s], time spent being immobile [t(29) = 0.467, p = 0.644, d

= −0.168, VEH, 58.5 ± 25.8 s: E2, 75.0 ± 24.3 s], the number of

marbles covered by two-thirds with the bedding [t(29) = −1.808,

p = 0.081, d = −0.650, VEH = 0.33 ± 0.13, E2 = 0.81 ± 0.23],

and the number of marbles hoarded [t(29)= 0.826, p = 0.416, d =

0.297, VEH= 3.1± 0.8, E2= 1.8± 0.5].

For the NSF task, E2 treatment showed no effect on latency to

approach food in the center of an arena (Figures 5E, F). A student’s

t-test revealed no significant difference between groups in the time

it took to approach food in the center of the arena [t(29) = 0.214,
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p = 0.832, d = 0.077, VEH, 179.5 ± 52.2 s: E2, 164.8 ± 45.2 s,

Figure 5E]. The distributions were bimodal in part, because many

rats never approached the food to create a ceiling effect. Home

cage feeding totals were corrected by body weight (mg consumed/g

body weight) as groups weighed significantly different amounts at

this point in the experiment. Groups showed similar home cage

feeding behavior, consuming similar amounts of food per body

weight during this duration [t(29) = 0.638, p = 0.529, d = 0.229,

VEH, 6.4mg± 0.4 g: E2, 6.0mg± 0.3 g, Figure 5F].

To determine whether the assessments on the MBT and

NSF latency measures may be related, Pearson correlation was

performed on the composite MBT z-scores with the latency

to approach food in the NSF. The correlation was marginally

significant (r= 0.350, n= 31, p= 0.054) with a tendency for higher

composite z-scores for MBT to correspond with longer latencies

of rats to approach food in the center of the NSF (Figure 5G). A

second correlation was performed on the time spent investigating

marbles with the latency to approach food in the NSF. The

correlation was significant and negatively correlated (r = −0.419,

n = 31, p = 0.019), indicating that the rats spending more time

investigating marbles on the MBT were more likely to quickly

approach food in the NSF (Figure 5H). The rats in the VEH or

E2 treatments appeared to be similarly distributed. These findings

suggest that time spent investigating marbles and time to approach

food in the NSF may involve similar constructs. Consequently,

the negative valence for novelty-induced anxiety was computed

using z-scores from the time investigating marbles in the MBT

(multiplied by −1) so that high z-scores reflected high negative

valence) and the latency to approach the food in the NSF.

Across test comparisons

Pearson correlations were performed to determine whether

performance on different assessments may be related. The negative

valence of the acute threat measure of immobility in the FST

was compared with the positive valence assessments, which were

performed separately because the 1% SP and latency to initiate

grooming with SST did not correlate. The correlation for FST

immobility and 1% SP Index was significantly and positively

correlated (r = 0.605, n = 31, p < 0.001). Unexpectedly, rats

showing the highest immobility on the FST correlated with the

highest amount of 1% sucrose consumed with VEH-treated rats

falling near the upper right quarter of the graph and the E2-treated

rats showing a bimodal distribution (Figure 6A). For the Pearson

correlation comparing the FST immobility with the duration to

initiate grooming on the SST, the effect approached significance

(r = 0.350, n = 27, p = 0.073). Rats showing higher immobility

on the FST also tended to take longer to initiate grooming after

being splashed with sucrose, which followed the expected direction

(Figure 6B). Consequently, a composite z-score was computed,

based upon immobility on the FST and latency to start grooming

on the SST, which were combined with the z-scores for the

sociability test calculated from the time spent investigating the

novel rat during the first 5min. High z-scores indicated high

negative valence and social withdrawal in a DLS metric. A t-test

showed a significant effect [t(25) = 3.555, p = 0.0015, d = 1.369,

Figure 6C]. E2-treated rats showed a significantly lower composite

z-score compared to VEH-treated rats, indicating that E2 reduced

the negative valence and anhedonic profile from the combined

acute threat and hedonic assessments.

Since women show high comorbidity for depression and

anxiety, another comparison was performed in the rodent model

using the composite DLS z-score with the composite anxiety z-

score. A Pearson correlation was not significant. However, the

VEH-treated rats tended to show a different pattern than the E2-

treated rats, and so a separate Pearson correlation was performed

for each treatment. A Pearson correlation revealed a highly

significant effect for VEH (r = −0.716, n = 13, p = 0.006) with

no significant effect for E2. VEH-treated rats with the highest

composite DLS z-scores showed the lowest composite anxiety

profiles, which was in the unexpected direction. Finally, an over-

arching composite z-score was computed to represent immobility

(FST), 1% SP Index, latency to initiate grooming (SST), social

interactions (1st 5min of Sociability) and duration investigating

marbles. NSF was not included because of the ceiling effects

observed and because the constructs assessed by this task and

the MBT appeared to be related. Due to unequal distributions,

A Kolmogorov-Smirnov test was performed and found to be

significant [D(27) = 0.500, p = 0.0417, Figure 6D]. E2 lowered the

DLS compared to VEH-treated rats to reflect low negative valence

for acute threat and perceived threat (anxiety), as well as increased

positive valence and sociability.

Body weight

E2 treatment reduced weight gain throughout the experiment

(Figure 7). Body weights between the two groups before E2

treatment began were similar at the time of OVX surgery [t(29)

= 0.682, p = 0.500, d =0.245, VEH, 201.9 ± 2.3 gms: E2, 198.9

± 3.6 gms], to indicate that there were no differences prior to

E2 treatment. Once E2 treatment began, E2 reduced body weight,

when assessed by a repeated measures ANOVA across 4 weeks of

E2 treatment, which revealed a significant main effect of group

[F(1,29) = 35.574, p < 0.001, η2
p = 0.551] and a significant effect

of group across weeks [F(1,29) = 28.757, p < 0.001, η2
p = 0.498]

with no significant effect of week. Once E2 treatment began, body

weights decreased by the 2nd week of treatment and stayed low for

the duration of the E2 treatment, whereas VEH-treated rats tended

to gain weight during the same four-week duration.

Discussion

The current study investigated whether E2 had anti-depressant

qualities, based upon the RDoC metrics, during the early phase of

middle-age when females are most susceptible to mood disorders

(Schmidt and Rubinow, 2009; Soares, 2017). Since depression

is complex and involves different symptoms (Gururajan et al.,

2019; National Institute of Mental Health, 2019; Slattery and

Cryan, 2014) and is unlikely to be captured in a single rodent

model (Gencturk and Unal, 2024), we focused on three core

valence features of depression: negative valence (acute threat),

positive valence (anhedonia), and social assessment (disrupted

affiliation). The behavioral tests used to explore these key features
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FIGURE 6

Comparison of task assessments. (A) Comparing the negative valence-acute threat assessment of immobility on the FST with the positive valence
assessment using 1% SP Index revealed a significantly positive correlation (p = 0.002): Rats showing the highest immobility on the FST consumed the
most sucrose, which was in the opposite direction as expected. E2 treated rats tended to cluster in the lower left to reflect reduced immobility with
higher anhedonia associated with a low SP Index. VEH n = 15, E2 n = 16. (B) Comparing the negative valence-acute threat assessment of immobility
on the FST with the positive valence assessment using the time to initiate grooming after a sucrose splash on the backside showed a near significant
correlation (p = 0.072): Rats showing the highest immobility on FST took the longest to initiate grooming on the SST, which was in the predicted
direction. VEH n = 13, E2 n = 14 (due to loss of rats from splash test malfunction). (C) A composite DLS z-score was computed for the FST
immobility, SST to start grooming, and the Sociability test for interacting with the novel rat in the first 5min was computed and adjusted so that
higher z-scores reflected DLS. A t-test was significant (** p < 0.01): E2-treated rats showed a significantly lower composite DLS z-score compared to
VEH-treated rats to indicate that E2 lowered DLS. VEH n = 13, E2 n = 14. (D) A composite DLS z-score was computed for all metrics using immobility
(FST), 1% SP Index (SP), duration to initiate grooming (SST), time interacting (1st 5min Sociability), and duration investigating (MB) and adjusted so that
higher z-scores reflected DLS. A t-test was significant (* p < 0.01): E2-treated rats showed a significantly lower composite DLS z-score compared to
VEH-treated rats to indicate that E2 lowered DLS. VEH, White Circles; E2, Black Triangles. SP, sucrose preference; SST, sucrose splash test; FST, forced
swim test; MBT, Marble Bury Task.

of DLS included: (1) FST for acute threat, (2) SP and SST for

anhedonia, and (3) social exploration for disrupted affiliation. We

additionally assessed the MBT and NSF to assess negative valence

(i.e., potential threat or novelty-induced anxiety) as a metric for

anxiety-like behaviors. We found that E2 treatment had seemingly

opposing actions on valence states: E2 decreased FST immobility

to suggest improved negative valence, but reduced SP to suggest

anhedonia. Moreover, rats showing the least FST immobility

expressed the lowest interest in sucrose. These findings may

indicate that these processes have neurobiological underpinnings

that are differentially influenced by E2, although we acknowledge

that immobility in the FST can be differentially interpreted as

an adaptive behavior, suggesting that these findings may be

aligned. However, the FST task is still commonly utilized to

screen antidepressant drugs due to its high predictive validity and

reliability in showing reduced immobility following antidepressant

administration (Petit-Demouliere et al., 2005). While we suggest

caution when interpreting our FST findings, they are aligned

with the expected outcomes for antidepressant efficacy (Brandwein

et al., 2023). For the other behavioral tasks (SST, Sociability,

MBT, and NSF), E2 had no significant effect or showed non-

significant patterns in the predicted direction to suggest minimal

improvements. Based upon the recommendation for preclinical

work on depression (vonMücke-Heim et al., 2023), composite DLS

z-scores were calculated being restrictive (from FST, SST, and social

test) and inclusive (FST, SP, SST,MBT, and social) and both revealed

that E2 significantly reduced the DLS metric in OVX middle-aged

rats (Figures 6C, D).

vonMücke-Heim et al. (2023) recommended several criteria for

assessing DLS in preclinical work. First, several measures should be
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factored into the DLS instead of relying upon one test, which we

accomplished by creating a composite z-score from the FST, SST,

and social interaction tests and more inclusive with five tests. The

FST was used in the restrictive DLS because it aligned with the

patterns observed with the SST and sociability measures. Second,

the duration of the DLS should be at least 7 days for a murinemodel

our study tested the same rats over several weeks. Third, the p-value

and effect size should be at least p < 0.05 and Cohen’s d ≥ 0.5,

respectively. We easily met this threshold with OVX producing a

DLS of p= 0.0015 and d= 1.369 (Figure 6C), which was consistent

with OVX producing a depressive-like state in other reports (Gogos

et al., 2018; Renczes et al., 2020). Fourth, we did not meet the

criteria of four symptoms being demonstrated, finding opposite

effects on the FST and SP, as well as non-significant patterns

toward the predicted direction for SST and the MBT. Altogether,

the findings support the interpretation that E2 improves the DLS

observed in OVX middle-aged female rats, but with significant

effects that can be described as moderate.

A potential reason why E2 effects were moderate, especially

when each assessment is viewed in isolation (i.e., out of context

from the other tasks) could be that E2 was applied to an

“uncompromised” state. In other words, the effects of E2 could

have been more robust when studied in a DLS model, such as

that produced by chronic stress (Willner et al., 1992; D’Aquila

et al., 1994; Gregus et al., 2005; Bondi et al., 2008; Duman et al.,

2016; Seewoo et al., 2020) or chronic exposure to the stress steroid,

corticosterone (Gregus et al., 2005; Ardayfio and Kim, 2006; Ding

et al., 2018; Ngoupaye et al., 2018; Brymer et al., 2020; Nickle et al.,

2020; Conrad et al., 2024). Supporting this interpretation is the

previous finding that the removal of endogenous estrogens by OVX

increased immobility on the FST in young (3 mos) and mature (7–

8 mos) rats, but not in middle-aged female rats (Kiss et al., 2012).

Consequently, E2 likely attenuated DLS in our study because we

used a variety of assessments and created a composite DLS z-score

to increase our ability to detect potential effects.

The FST and SP were implemented in the current study

because of extensive prior work using these tasks and the ability

to compare different behavioral assessments in the same subjects.

The current findings are consistent with prior studies reporting

that E2 has antidepressant properties on the FST (Rachman et al.,

1998; Estrada-Camarena et al., 2003; Koss et al., 2012; Vega-Rivera

et al., 2013, 2016), but differ from those that show E2 to have

antidepressant effects on the SP (Romano-Torres and Fernandez-

Guasti, 2010; Cheng et al., 2013; Gogos et al., 2018). While fewer

reports include both the FST and SP tasks when assessing estrogen’s

actions in the same subjects, some findings are notable. In one

study, OVX increased immobility on the FST and lowered the SP

Index in mice, demonstrating that the loss of endogenous estrogen

induces depressive-like behaviors on both tests (Zhang Z. C. C.

et al., 2023). In another, E2 had antidepressant-like properties on

the SP and FST following myocardial infarction (Najjar et al.,

2018). However, another study reported mixed outcomes, similar

to what we observed, with E2 having antidepressant qualities on

the SP without affecting performance on the FST in young adult

OVX rats (Gogos et al., 2018). In the Gogos et al. (2018) study,

saccharin was used instead of sucrose for the SP test because

E2 can alter food intake and metabolism (Butera, 2010; Gogos

et al., 2010). As such, the SP test using sucrose in our study

FIGURE 7

Body weight changes during treatment. VEH and E2 groups had
similar in body weights at the time of OVX and before treatments
began to indicate no a-priori di�erences. After several weeks, E2 or
VEH treatments began and during the weekly weight measures, rats
treated with E2 (3 µg, s.c., daily) lost weight during the initial 2
weeks of E2 and then stabilized. VEH-treated rats showed a pattern
of gaining weight during the same duration. VEH n = 15, E2 n = 16.
Note, error bars are plotted for all points but in some cases, may be
smaller than the symbol size. ***p < 0.001.

may have confounded our results, and also adds further support

for the use of the FST in addition to the SP test when assessing

estrogen’s actions.

For the social exploration test, the results were mixed for

sociability and social novelty. For sociability, both VEH and

E2-treated OVX middle-aged rats showed a preference toward

a conspecific over an object, which aligned with the literature

showing that rodents typically explored a conspecific more than

an inanimate object or an empty arena (File and Seth, 2003;

Moy et al., 2004; Nadler et al., 2004; Lapiz-Bluhm et al., 2008;

Ku et al., 2016; Panta et al., 2019; Hackenberg et al., 2021).

Moreover, sociability interest wanes across the span of 10min

(Figure 4D), which is consistent with prior findings of decreased

conspecific exploration with repeated exposure (Spiteri and Agmo,

2009). In contrast, our findings differed from the majority of

the literature on social novelty by our rats failing to show a

preference for a novel conspecific over a familiar one (Moy et al.,

2004; Nadler et al., 2004; Boyer et al., 2019; Hackenberg et al.,

2021). Nonetheless, our work aligned with a report finding that

OVX rats preferred cage-mates over novel conspecifics (Garcia

et al., 2017). These different findings across studies could reflect

variations in sociability across rat strains (Ku et al., 2016; Beery

and Shambaugh, 2021). Another intriguing possibility is that

novelty-seeking behaviors change with age and peak in early to

mid-adulthood (Markham and Juraska, 2007; Vetter-O’Hagen and

Spear, 2012; Arias-Cavieres et al., 2017; Koebele et al., 2020;

Canatelli-Mallat et al., 2022). This is supported by prior work

showing that rodents failed to explore novel objects or novel

conspecifics when test subjects were middle-age for females or
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males (Perkins et al., 2016; Koebele et al., 2020) and in pre-

adolescent rats (20 day old, McKibben et al., 2014). However,

social novelty was detected following puberty in rodents (Vetter-

O’Hagen and Spear, 2012), with a decline observed by 9-months of

age (Boyer et al., 2019). As novelty exploration may start to wane

around the age of 9-months (Perkins et al., 2016), this suggests that

social novelty is non-linear and may not be an ideal measure for

older rodents.

The anxiety assessments were notable in that E2 failed

to alter behavior in the MBT and NSF. Studies showed that

E2 (3 µg or 5 µg) is commonly anxiolytic on the OF and

EPM (Frye and Walf, 2004; Hiroi et al., 2016), although we

previously found that 5 µg of E2 was ineffective at altering

OF performance in OVX young adult female rats (McLaughlin

et al., 2008). One possibility is that different cognitive processes

may require unique levels of E2 exposure, as 3 µg dose of

E2 was selected based upon past work showing spatial working

memory improvements with this dose (Koebele and Bimonte-

Nelson, 2015; Prakapenka et al., 2018). Another possibility is

that behavioral testing order could have masked some outcomes

because anxiety testing in our study was performed after SP

and SST, compared to other studies that assessed anxiety first

when using E2 (Frye and Walf, 2004). Although Hiroi et al.

(2016) still found E2 effects on anxiety when measured after

water maze testing, testing order could have contributed to these

findings because the aversive nature of the task can elevate

plasma stress hormone levels of corticosterone (Harrison et al.,

2009). Regarding, the z-scores for time investigating marbles

and the latency to approach food in the NSF, these scores were

significantly and negatively correlated (Figure 5H), to suggest that

these measures were assessing common underlying constructs in

a DLS phenotype. Moreover, we observed a novel behavior, where

the rats often played with and hoarded the marbles, representing

atypical behaviors for aversive stimuli (Poling et al., 1981; Fucich

and Morilak, 2018) and unreported except for mention from

pilot work (Ku et al., 2016). Perhaps playing/hoarding behavior

represents a unique, age-specific change in females that will require

further empirical assessment. Alternatively, these findings may

be interpreted as a time-dependent shift in avoidance-behaviors

(i.e., neophobia) toward approach behaviors (i.e., neophilia), as

the marble stimuli became less novel with prolonged exposure

(Hughes, 2007). Future investigations could thus utilize an

abbreviated testing period to prevent habituation to these stimuli

or conduct binned analyses to determine changes in avoidance-

and approach- behaviors across time. Additionally, we failed to

find a significant relationship between the composite z-scores for

DLS and anxiety. This may be anticipated because anxiety is

highly comorbid with depression (Kalin, 2020), suggesting that

the focus should solely be on the group expressing DLS (i.e.,

VEH-treated OVX rats). Indeed, VEH-treated rats with the highest

composite z-scores for DLS showed the lowest anxiety profile,

which was the opposite of what we expected and corroborates

the interpretation that rats may need to be exposed to a stressor

to observe anxiety profiles. Finally, prior findings that prolonged

corticosterone exposure produced moderate effects on affective

behaviors assessed by the EPM, OF, NSF, and SST in young adult

female mice (Mekiri et al., 2017), as well as the current observation

that our rats played with the marbles, suggests the possibility

that these tasks were not as aversive as intended for our cohort

of animals.

Several neurobiological mechanisms may underlie E2

antidepressant effects. Estrogen can modulate multiple

neurotransmitter systems like serotonin and dopamine, which can

subsequently affect mood regulation, motivation, and pleasure

(Hwang et al., 2020). Estrogen also increases dendritic spine

density and neurogenesis in the hippocampus, akin to the effects

of standard antidepressant treatments (i.e., Selective Serotonin

Reuptake Inhibitors, SSRI) that are used to mitigate the reduced

hippocampal volume found in individuals with major depressive

disorder (Wharton et al., 2012). In depressed premenopausal

and menopausal women taking SSRIs, estrogen supplementation

to downregulate postsynaptic serotonin receptors is necessary

to achieve similar levels of symptom relief in comparison to

tricyclic antidepressants without estrogen replacement (Parry,

2010). Moreover, exogenous estrogen administration may slow

or even prevent hippocampal changes that occur with the

depletion of estrogen during menopause in humans (Wharton

et al., 2012). These effects of estrogen may be further explained

by its ability to increase neurotrophins (e.g., brain-derived

neurotrophic factor, BNDF), which promote neuroplasticity

and neuroprotection (Hwang et al., 2020). Together, these

findings demonstrate several mechanisms by which estrogen

may induce antidepressant-like effects, but further investigations

are needed to identify the specific mechanism underlying

these changes.

While beyond the scope of the current investigation, future

studies could examine the specific neurotransmitter systems

affected by the RDoC in question to improve understanding of the

underlying mechanisms and outcomes in clinical settings. Prior

research has found that women tend to respond better to SSRIs

while men respond better to tricyclic antidepressants (TCAs).

Consequently, future studies could examine how underlying

biological differences in the serotonergic system and in fluctuating

estrogen levels may modulate such sex-specific differences in

treatment outcomes (Young et al., 2009; Carvalho Silva et al., 2023).

Some limitations of the current study need to be addressed.

First, we used an OVX model, which may limit translation

to humans because few women undergo complete hormonal

depletion through similar procedures like bilateral oophorectomy.

However, we believe that using an OVX blank state model has the

benefit of assessing estrogen actions without endogenous estrogens

confounding interpretation (Koebele and Bimonte-Nelson, 2016).

Second, behavior on the FST may reflect altered coping strategies

instead of helplessness (Molendijk and de Kloet, 2015; Armario,

2021). Nonetheless, the FST results aligned with the patterns we

observed with the SST and sociability to provide corroborative

data in our study and also has antidepressant treatment predictive

validity (Reddy et al., 2024). Third, a single low E2 dose (3 µg daily

injections) was used instead of a range of doses. As this was a first

pass to assess E2 actions on DLS, the 3 µg dose (as opposed to 5

µg/rodent, 10µg/rodent, or 0.5 mg/kg; see McLaughlin et al., 2008;

Koebele and Bimonte-Nelson, 2015; Li et al., 2023) was selected

based upon prior work’s success (Koebele and Bimonte-Nelson,

2015; Prakapenka et al., 2018), with dose ranges to be targeted in the
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future. Fourth, rats were injected daily with E2, instead of cyclically

(McLaughlin et al., 2008), which raises a concern that behavioral

testing completed near the end of the study may have reflected

higher cumulative E2 exposure. However, the evidence shows that

daily administration of oral estrogens increased in the first 5 to

10 days and then stabilized thereafter, with a recommendation of

a 24-h dosing interval (Stanczyk et al., 2013), to suggest that E2

did not accumulate. Fifth, as estrogen metabolism can change with

age (Kwekel et al., 2010; Stanczyk et al., 2013), this may be an

important factor in the assessment of E2 actions near the beginning

of middle-age and in the differences across past studies. Sixth,

some distributions were bimodally spread (i.e., SP, sociability), with

reasons that are currently unknown.

The current study demonstrated that middle-aged, OVX female

rats treated with a low dose of E2 that successfully improved

cognitive performance in past studies (Koebele and Bimonte-

Nelson, 2015; Prakapenka et al., 2018), also produced an anti-

DLS phenotype without influencing anxiety-like behaviors. We

created a broad composite z-score for DLS and a targeted z-

score using metrics that showed similar patterns: immobility

on the FST to represent negative valence (acute threat), time

to initiate grooming on the SST to represent positive valence

(anhedonia), and time spent with attention directed toward

a novel conspecific to represent social assessment (disrupted

affiliation). Both the broad and targeted composite DLS z-

scores revealed that E2 had positive valence-boosting properties

in early, middle-aged, OVX female rats. For E2′s effect on

anxiety profiles, no effect was found. Given that E2′s actions

overlap with those involved in stress (Albert and Newhouse,

2019), future studies should investigate the effects of E2 on

DLS using rodents compromised by chronic stress. In summary,

early, middle-aged OVX females show a DLS that can be

significantly improved with E2 when provided at a constant,

low dose.

Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by the Arizona State

University Institutional Animal Care and Use Committee. The

study was conducted in accordance with the local legislation and

institutional requirements.

Author contributions

CC: Conceptualization, Data curation, Formal analysis,

Funding acquisition, Investigation, Methodology, Project

administration, Resources, Software, Supervision, Validation,

Visualization, Writing – original draft, Writing – review &

editing. DP: Data curation, Formal analysis, Investigation,

Writing – review & editing, Project administration, Supervision.

SS: Conceptualization, Data curation, Formal analysis,

Investigation, Methodology, Writing – review & editing, Project

administration, Supervision. JK: Data curation, Investigation,

Project administration, Validation, Writing – review & editing.

MD: Data curation, Investigation, Project administration,

Validation, Writing – review & editing. AA: Data curation,

Investigation, Project administration, Writing – review & editing.

KW: Data curation, Investigation, Project administration, Writing

– review & editing.

Funding

The author(s) declare that financial support was received

for the research and/or publication of this article. Funding was

received in part from the NIH Alzheimer’s Disease Core Center

(P30AG019610) and the Arizona Department of Health Services

(ADHS14-052688). These funds helped cover the salary of the main

author during the analysis and writing of the manuscript.

Acknowledgments

We gratefully acknowledge the help of Cindy M. Reynolds,

Jessica M. Judd, Bryce S. Badaruddin, Elliot Smith, and Susan Neill-

Eastwood with the Arizona State University Department of Animal

Care Technologies, and the rats. Dr. Cassandra Gipson-Reichart is

much appreciated.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Gen AI was used in the creation

of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Frontiers in Behavioral Neuroscience 16 frontiersin.org

https://doi.org/10.3389/fnbeh.2025.1553501
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org


Conrad et al. 10.3389/fnbeh.2025.1553501

References

Albert, K. M., Boyd, B. D., Taylor, W. D., and Newhouse, P. A. (2021). Differential
effects of estradiol on neural and emotional stress response in postmenopausal
women with remitted Major Depressive Disorder. J. Affect. Disord. 293, 355–362.
doi: 10.1016/j.jad.2021.06.040

Albert, K. M., and Newhouse, P. A. (2019). Estrogen, stress, and depression:
cognitive and biological interactions. Annu. Rev. Clin. Psychol. 15, 399–423.
doi: 10.1146/annurev-clinpsy-050718-095557

Albert, P. R. (2015). Why is depression more prevalent in women? J. Psychiatry
Neurosci. 40, 219–221. doi: 10.1503/jpn.150205

Altemus, M., Sarvaiya, N., and Neill Epperson, C. (2014). Sex differences in
anxiety and depression clinical perspectives. Front. Neuroendocrinol. 35, 320–330.
doi: 10.1016/j.yfrne.2014.05.004

Altshuler, L. L., Cohen, L. S., Moline, M. L., Kahn, D. A., Carpenter, D., Docherty, J.
P., et al. (2001). Treatment of depression in women: a summary of the expert consensus
guidelines. J. Psychiatr. Pract. 7, 185–208. doi: 10.1097/00131746-200105000-00006

American Psychiatric Association (2013). Diagnostic and Statistical Manual of
Mental Disorders. Washington, DC: APA. doi: 10.1176/appi.books.9780890425596

Anderzhanova, E., Kirmeier, T., and Wotjak, C. T. (2017). Animal
models in psychiatric research: The RDoC system as a new framework for
endophenotype-oriented translational neuroscience. Neurobiol. Stress 7, 47–56.
doi: 10.1016/j.ynstr.2017.03.003

Angoa-Peéez, M., Kane, M. J., Briggs, D. I., Francescutti, D. M., and Kuhn, D. M.
(2013). Marble burying and nestlet shredding as tests of repetitive, compulsive-like
behaviors in mice. J. Vis. Exp. 82:50978. doi: 10.3791/50978-v

Ardayfio, P., and Kim, K. S. (2006). Anxiogenic-like effect of chronic corticosterone
in the light-dark emergence task in mice. Behav. Neurosci. 120, 249–256.
doi: 10.1037/0735-7044.120.2.249

Arias-Cavieres, A., Adasme, T., Sanchez, G., Munoz, P., and Hidalgo, C.
(2017). Aging impairs hippocampal- dependent recognition memory and LTP
and prevents the associated RyR Up-regulation. Front. Aging Neurosci. 9:111.
doi: 10.3389/fnagi.2017.00111

Armario, A. (2021). The forced swim test: Historical, conceptual and
methodological considerations and its relationship with individual behavioral
traits. Neurosci. Biobehav. Rev. 128, 74–86. doi: 10.1016/j.neubiorev.2021.06.014

Bakshi, V. P., and Kalin, N. H. (2002). “Animal models and endophenotypes of
anxiety and stress disorders,” in Neuropsychopharmacology: 5th Generation of Progress,
eds. K. L. Davis, D. Charney, J.T. Cioyle, C. Nemeroff (Philadelphia, PA: Lippiuncott
Williams, and Wilkins), 883–900.

Beery, A. K., and Shambaugh, K. L. (2021). Comparative assessment of
familiarity/novelty preferences in rodents. Front. Behav. Neurosci. 15:648830.
doi: 10.3389/fnbeh.2021.648830

Benedusi, V., Meda, C., Della Torre, S., Monteleone, G., Vegeto, E., and Maggi,
A. (2012). A lack of ovarian function increases neuroinflammation in aged mice.
Endocrinology 153, 2777–2788. doi: 10.1210/en.2011-1925

Benmansour, S., Arroyo, L. D., and Frazer, A. (2016). Comparison of the
antidepressant-like effects of estradiol and that of selective serotonin reuptake
inhibitors in middle-aged ovariectomized rats. Front. Aging Neurosci. 8:311.
doi: 10.3389/fnagi.2016.00311

Bevins, R. A., and Besheer, J. (2005). Novelty reward as a measure of anhedonia.
Neurosci. Biobehav. Rev. 29, 707–714. doi: 10.1016/j.neubiorev.2005.03.013

Bimonte, H. A., and Denenberg, V. H. (1999). Estradiol facilitates performance
as working memory load increases. Psychoneuroendocrinology 24, 161–173.
doi: 10.1016/S0306-4530(98)00068-7

Bimonte-Nelson, H. A., Francis, K. R., Umphlet, C. D., and Granholm, A. C. (2006).
Progesterone reverses the spatial memory enhancements initiated by tonic and cyclic
oestrogen therapy in middle-aged ovariectomized female rats. Eur. J. Neurosci. 24,
229–242. doi: 10.1111/j.1460-9568.2006.04867.x

Blasco-Serra, A., Gonzalez-Soler, E. M., Cervera-Ferri, A., Teruel-Marti, V., and
Valverde-Navarro, A. A. (2017). A standardization of the Novelty-Suppressed Feeding
Test protocol in rats. Neurosci. Lett. 658, 73–78. doi: 10.1016/j.neulet.2017.08.019

Bocarsly, M. E., Fasolino, M., Kane, G. A., LaMarca, E. A., Kirschen, G.
W., Karatsoreos, I. N., et al. (2015). Obesity diminishes synaptic markers, alters
microglial morphology, and impairs cognitive function. PNAS 112, 15731–15736.
doi: 10.1073/pnas.1511593112

Bodnoff, S. R., Suranyi-Cadotte, B., Aitken, D. H., Quirion, R., and Meaney, M. J.
(1988). The effects of chronic antidepressant treatment in an animal model of anxiety.
Psychopharmacology 95, 298–302. doi: 10.1007/BF00181937

Bondi, C. O., Rodriguez, G., Gould, G. G., Frazer, A., and Morilak, D. A.
(2008). Chronic unpredictable stress induces a cognitive deficit and anxiety-like
behavior in rats that is prevented by chronic antidepressant drug treatment.
Neuropsychopharmacology 33, 320–331. doi: 10.1038/sj.npp.1301410

Bowman, R., Frankfurt, M., and Luine, V. (2022). Sex differences in
cognition following variations in endocrine status. Learn. Mem. 29, 234–245.
doi: 10.1101/lm.053509.121

Boyer, F., Jaouen, F., Ibrahim, E. C., and Gascon, E. (2019). Deficits in social
behavior precede cognitive decline in middle-aged mice. Front. Behav. Neurosci. 13:55.
doi: 10.3389/fnbeh.2019.00055

Brandwein, C., Leenaars, C. H. C., Becker, L., Pfeiffer, N., Iorgu, A. M., Hahn,
M., et al. (2023). A systematic mapping review of the evolution of the rat
Forced Swim Test: protocols and outcome parameters. Pharmacol. Res. 196:106917.
doi: 10.1016/j.phrs.2023.106917

Brenes-Sáenz, J. C., Villagra, O. R., and Fornaguera-Trias, J. (2006). Factor
analysis of Forced Swimming test, Sucrose Preference test and Open Field test
on enriched, social and isolated reared rats. Behav. Brain Res. 169, 57–65.
doi: 10.1016/j.bbr.2005.12.001

Brymer, K. J., Johnston, J., Botterill, J. J., Romay-Tallon, R., Mitchell, M. A., Allen, J.,
et al. (2020). Fast-acting antidepressant-like effects of Reelin evaluated in the repeated-
corticosterone chronic stress paradigm. Neuropsychopharmacology 45, 1707–1716.
doi: 10.1038/s41386-020-0609-z

Burger, H.,Woods, N. F., Dennerstein, L., Alexander, J. L., Kotz, K., and Richardson,
G. (2007). Nomenclature and endocrinology of menopause and perimenopause. Expert
Rev. Neurother. 7, S35–43. doi: 10.1586/14737175.7.11s.S35

Butera, P. C. (2010). Estradiol and the control of food intake. Physiol. Behav. 99,
175–180. doi: 10.1016/j.physbeh.2009.06.010

Canatelli-Mallat, M., Chiavellini, P., Lehmann, M., Goya, R. G., and Morel, G. R.
(2022). Age-related loss of recognition memory and its correlation with hippocampal
and perirhinal cortex changes in female Sprague Dawley rats. Behav. Brain Res.
435:114026. doi: 10.1016/j.bbr.2022.114026

Carvalho Silva, R., Pisanu, C., Maffioletti, E., Menesello, V., Bortolomasi, M.,
consortium, P., et al. (2023). Biological markers of sex-based differences in major
depressive disorder and in antidepressant response. Eur. Neuropsychopharmacol. 76,
89–107. doi: 10.1016/j.euroneuro.2023.07.012

Cheng, Y., Su, Q., Shao, B., Cheng, J., Wang, H., Wang, L., et al. (2013). 17
beta -Estradiol attenuates poststroke depression and increases neurogenesis in female
ovariectomized rats. Biomed Res. Int. 2013:392434. doi: 10.1155/2013/392434

Cohen, J. (2013). Statistical Power Analysis for the Behavioral Sciences. New York,
NY: Routledge. doi: 10.4324/9780203771587

Cohen, L. S., Soares, C. N., Vitonis, A. F., Otto, M. W., and Harlow, B. L. (2006).
Risk for new onset of depression during the menopausal transition: the Harvard study
of moods and cycles. Arch. Gen. Psychiatry 63, 385–390. doi: 10.1001/archpsyc.63.4.385

Conrad, C. D., Grote, K. A., Hobbs, R. J., and Ferayorni, A. (2003). Sex differences
in spatial and non-spatial Y-maze performance after chronic stress. Neurobiol. Learn.
Mem. 79, 32–40. doi: 10.1016/S1074-7427(02)00018-7

Conrad, C. D., McLaughlin, K. J., Huynh, T. N., El-Ashmawy, M., and Sparks,
M. (2012). Chronic stress and a cyclic regimen of estradiol administration separately
facilitate spatial memory: relationship with hippocampal CA1 spine density and
dendritic complexity. Behav. Neurosci. 126, 142–156. doi: 10.1037/a0025770

Conrad, C. D., Peay, D. N., Acuna, A. M., Whittaker, K., and Donnay, M.
E. (2024). Corticosterone disrupts spatial working memory during retention
testing when highly taxed, which positively correlates with depressive-like
behavior in middle-aged, ovariectomized female rats. Horm. Behav. 164:105600.
doi: 10.1016/j.yhbeh.2024.105600

Cryan, J. F., Markou, A., and Lucki, I. (2002). Assessing antidepressant
activity in rodents: recent developments and future needs. TIPS 23, 238–245.
doi: 10.1016/S0165-6147(02)02017-5

Czeh, B., Fuchs, E., Wiborg, O., and Simon, M. (2016). Animal models of
major depression and their clinical implications. Prog. Neuropsychopharmacol. Biol.
Psychiatry 64, 293–310. doi: 10.1016/j.pnpbp.2015.04.004

Dagyte, G., Crescente, I., Postema, F., Seguin, L., Gabriel, C.,Mocaer, E., et al. (2011).
Agomelatine reverses the decrease in hippocampal cell survival induced by chronic
mild stress. Behav. Brain Res. 218, 121–128. doi: 10.1016/j.bbr.2010.11.045

Daniel, J. M., Hulst, J. L., and Berbling, J. L. (2006). Estradiol replacement enhances
working memory in middle-aged rats when initiated immediately after ovariectomy
but not after a long-term period of ovarian hormone deprivation. Endocrinology 147,
607–614. doi: 10.1210/en.2005-0998

D’Aquila, P. S., Brain, P., and Willner, P. (1994). Effects of chronic mild stress on
performance in behavioural tests relevant to anxiety and depression. Physiol. Behav. 56,
861–867. doi: 10.1016/0031-9384(94)90316-6

David, D. J., Samuels, B. A., Rainer, Q., Wang, J. W., Marsteller, D., Mendez, I.,
et al. (2009). Neurogenesis-dependent and -independent effects of fluoxetine in an
animal model of anxiety/depression. Neuron 62, 479–493. doi: 10.1016/j.neuron.2009.
04.017

Frontiers in Behavioral Neuroscience 17 frontiersin.org

https://doi.org/10.3389/fnbeh.2025.1553501
https://doi.org/10.1016/j.jad.2021.06.040
https://doi.org/10.1146/annurev-clinpsy-050718-095557
https://doi.org/10.1503/jpn.150205
https://doi.org/10.1016/j.yfrne.2014.05.004
https://doi.org/10.1097/00131746-200105000-00006
https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1016/j.ynstr.2017.03.003
https://doi.org/10.3791/50978-v
https://doi.org/10.1037/0735-7044.120.2.249
https://doi.org/10.3389/fnagi.2017.00111
https://doi.org/10.1016/j.neubiorev.2021.06.014
https://doi.org/10.3389/fnbeh.2021.648830
https://doi.org/10.1210/en.2011-1925
https://doi.org/10.3389/fnagi.2016.00311
https://doi.org/10.1016/j.neubiorev.2005.03.013
https://doi.org/10.1016/S0306-4530(98)00068-7
https://doi.org/10.1111/j.1460-9568.2006.04867.x
https://doi.org/10.1016/j.neulet.2017.08.019
https://doi.org/10.1073/pnas.1511593112
https://doi.org/10.1007/BF00181937
https://doi.org/10.1038/sj.npp.1301410
https://doi.org/10.1101/lm.053509.121
https://doi.org/10.3389/fnbeh.2019.00055
https://doi.org/10.1016/j.phrs.2023.106917
https://doi.org/10.1016/j.bbr.2005.12.001
https://doi.org/10.1038/s41386-020-0609-z
https://doi.org/10.1586/14737175.7.11s.S35
https://doi.org/10.1016/j.physbeh.2009.06.010
https://doi.org/10.1016/j.bbr.2022.114026
https://doi.org/10.1016/j.euroneuro.2023.07.012
https://doi.org/10.1155/2013/392434
https://doi.org/10.4324/9780203771587
https://doi.org/10.1001/archpsyc.63.4.385
https://doi.org/10.1016/S1074-7427(02)00018-7
https://doi.org/10.1037/a0025770
https://doi.org/10.1016/j.yhbeh.2024.105600
https://doi.org/10.1016/S0165-6147(02)02017-5
https://doi.org/10.1016/j.pnpbp.2015.04.004
https://doi.org/10.1016/j.bbr.2010.11.045
https://doi.org/10.1210/en.2005-0998
https://doi.org/10.1016/0031-9384(94)90316-6
https://doi.org/10.1016/j.neuron.2009.04.017
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org


Conrad et al. 10.3389/fnbeh.2025.1553501

De Boer, S. F., and Koolhaas, J. M. (2003). Defensive burying in rodents:
ethology, neurobiology and psychopharmacology. Eur. J. Pharmacol. 463, 145–161.
doi: 10.1016/S0014-2999(03)01278-0

de Brouwer, G., Fick, A., Harvey, B. H., and Wolmarans, W. (2019). A critical
inquiry into marble-burying as a preclinical screening paradigm of relevance for
anxiety and obsessive-compulsive disorder: mapping the way forward. Cogn. Affect.
Behav. Neurosci. 19, 1–39. doi: 10.3758/s13415-018-00653-4

Detke, M. J., Rickels, M., and Lucki, I. (1995). Active behaviors in the rat
forced swimming test differentially produced by serotonergic and noradrenergic
antidepressants. Psychopharmacology 121, 66–72. doi: 10.1007/BF02245592

Diaz Brinton, R. (2012). Minireview: translational animal models of human
menopause: challenges and emerging opportunities. Endocrinology 153, 3571–3578.
doi: 10.1210/en.2012-1340

Ding, H., Cui, X. Y., Cui, S. Y., Ye, H., Hu, X., Zhao, H. L., et al. (2018). Depression-
like behaviors induced by chronic corticosterone exposure via drinking water: time-
course analysis. Neurosci. Lett. 687, 202–206. doi: 10.1016/j.neulet.2018.09.059

Du Preez, A., Eum, J., Eiben, I., Eiben, P., Zunszain, P. A., Pariante, C. M., et al.
(2021). Do different types of stress differentially alter behavioural and neurobiological
outcomes associated with depression in rodent models? A systematic review. Front.
Neuroendocrinol. 61:100896. doi: 10.1016/j.yfrne.2020.100896

Du Preez, A., Law, T., Onorato, D., Lim, Y. M., Eiben, P., Musaelyan, K.,
et al. (2020). The type of stress matters: repeated injection and permanent social
isolation stress in male mice have a differential effect on anxiety- and depressive-
like behaviours, and associated biological alterations. Transl. Psychiatry 10:325.
doi: 10.1038/s41398-020-01000-3

Dulawa, S. C., and Hen, R. (2005). Recent advances in animal models of chronic
antidepressant effects: the novelty-induced hypophagia test. Neurosci. Biobehav. Rev.
29, 771–783. doi: 10.1016/j.neubiorev.2005.03.017

Duman, R. S., Aghajanian, G. K., Sanacora, G., and Krystal, J. H. (2016). Synaptic
plasticity and depression: new insights from stress and rapid-acting antidepressants.
Nat. Med. 22, 238–249. doi: 10.1038/nm.4050

Dwyer, J. B., Aftab, A., Radhakrishnan, R., Widge, A., Rodriguez, C. I., and
Carpenter LL Treatments (2020). Hormonal treatments for major depressive disorder:
state of the art. Am. J. Psychiatry 177, 686–705. doi: 10.1176/appi.ajp.2020.190
80848

Epperson, C. N., Sammel, M. D., and Freeman, E. W. (2013). Menopause effects on
verbal memory: findings from a longitudinal community cohort. J. Clin. Endocrinol.
Metab. 98, 3829–3838. doi: 10.1210/jc.2013-1808

Estrada-Camarena, E., Fernandez-Guasti, A., and Lopez-Rubalcava, C. (2003).
Antidepressant-like effect of different estrogenic compounds in the forced swimming
test. Neuropsychopharmacology 28, 830–838. doi: 10.1038/sj.npp.1300097

Farinha-Ferreira, M., Magalhaes, D. M., Neuparth-Sottomayor, M., Rafael, H.,
Miranda-Lourenco, C., and Sebastiao, A. M. (2024). Unmoving and uninflamed:
characterizing neuroinflammatory dysfunction in the Wistar-Kyoto rat model of
depression. J. Neurochem. 168, 2443–2460. doi: 10.1111/jnc.16083

Fedotova, J. (2013). Anxiolytic-like effect of quinpirole in combination with a low
dose of 17beta-estradiol in ovariectomized rats. Acta Physiol. Hung. 100, 211–223.
doi: 10.1556/APhysiol.100.2013.2.8

Fedotova, J. (2014). Effects of SCH-23390 in combination with a low dose of 17beta-
estradiol on anxiety-like behavior in ovariectomized rats. Biomed Res. Int. 2014:847821.
doi: 10.1155/2014/847821

File, S. E., and Hyde, J. R. (1978). Can social interaction be used to measure anxiety?
Br. J. Pharmacol. 62, 19–24. doi: 10.1111/j.1476-5381.1978.tb07001.x

File, S. E., and Seth, P. (2003). A review of 25 years of the social interaction test. Eur.
J. Pharmacol. 463, 35–53. doi: 10.1016/S0014-2999(03)01273-1

Fossati P. (2018). Is major depression a cognitive disorder? Rev. Neurol. 174,
212–215. doi: 10.1016/j.neurol.2018.01.365

Frick, K. M., Kim, J., and Koss, W. A. (2018). Estradiol and hippocampal
memory in female and male rodents. Curr Opin Behav Sci 23, 65–74.
doi: 10.1016/j.cobeha.2018.03.011

Frisbee, J. C., Brooks, S. D., Stanley, S. C., and d’Audiffret, A. C. (2015). An
unpredictable chronic mild stress protocol for instigating depressive symptoms,
behavioral changes and negative health outcomes in rodents. J. Vis. Exp. 106:53109.
doi: 10.3791/53109-v

Frye, C. A., and Walf, A. A. (2004). Estrogen and/or progesterone administered
systemically or to the amygdala can have anxiety-, fear-, and pain-reducing effects
in ovariectomized rats. Behav. Neurosci. 118, 306–313. doi: 10.1037/0735-7044.
118.2.306

Fucich, E. A., and Morilak, D. A. (2018). Shock-probe defensive burying test to
measure active versus passive coping style in response to an aversive stimulus in rats.
Bio. Protoc. 8:e2998. doi: 10.21769/BioProtoc.2998

Galea, L. A. M., Wide, J. K., and Barr, A. M. (2001). Estradiol alleviates depressive-
like symptoms in a novel animal model of post-partum depression. Behav. Brain Res.
122, 1–9. doi: 10.1016/S0166-4328(01)00170-X

Garcia, A. N., Bezner, K., Depena, C., Yin, W., and Gore, A. C. (2017). The effects of
long-term estradiol treatment on social behavior and gene expression in adult female
rats. Horm. Behav. 87, 145–154. doi: 10.1016/j.yhbeh.2016.11.011

Gencturk, S., and Unal, G. (2024). Rodent tests of depression and anxiety: construct
validity and translational relevance. Cogn. Affect. Behav. Neurosci. 24, 191–224.
doi: 10.3758/s13415-024-01171-2

Gogos, A., Kwek, P., Chavez, C., and van den Buuse, M. (2010). Estrogen treatment
blocks 8-hydroxy-2-dipropylaminotetralin- and apomorphine-induced disruptions
of prepulse inhibition: involvement of dopamine D1 or D2 or serotonin 5-
HT1A, 5-HT2A, or 5-HT7 receptors. J. Pharmacol. Exp. Ther. 333, 218–227.
doi: 10.1124/jpet.109.162123

Gogos, A., McCarthy, M., Walker, A. J., Udawela, M., Gibbons, A., Dean, B., et al.
(2018). Differential effects of chronic 17beta-oestradiol treatment on rat behaviours
relevant to depression. J. Neuroendocrinol. 30:e12652. doi: 10.1111/jne.12652

Gordon, J. L., Peltier, A., Grummisch, J. A., and Sykes Tottenham, L. (2019).
Estradiol fluctuation, sensitivity to stress, and depressive symptoms in the menopause
transition: a pilot study. Front. Psychol. 10:1319. doi: 10.3389/fpsyg.2019.01319

Gordon, J. L., Rubinow, D. R., Eisenlohr-Moul, T. A., Leserman, J., and
Girdler, S. S. (2016). Estradiol variability, stressful life events, and the emergence
of depressive symptomatology during the menopausal transition. Menopause 23,
257–266. doi: 10.1097/GME.0000000000000528

Gregus, A., Wintink, A. J., Davis, A. C., and Kalynchuk, L. E. (2005). Effect of
repeated corticosterone injections and restraint stress on anxiety and depression-like
behavior in male rats. Behav. Brain Res. 156, 105–114. doi: 10.1016/j.bbr.2004.05.013

Grigoryan, G. A. (2022). Ovariectomy as a model of anxiety-depressive disorders.
Neurochem. J. 16, 1–13. doi: 10.1134/S1819712422010068

Gururajan, A., Reif, A., Cryan, J. F., and Slattery, D. A. (2019). The future
of rodent models in depression research. Nat. Rev. Neurosci. 20, 686–701.
doi: 10.1038/s41583-019-0221-6

Hackenberg, T. D., Vanderhooft, L., Huang, J., Wagar, M., Alexander, J., and
Tan, L. (2021). Social preference in rats. J. Exp. Anal. Behav. 115, 634–649.
doi: 10.1002/jeab.686

Haller, J., and Bakos, N. (2002). Stress-induced social avoidance:
a new model of stress-induced anxiety? Physiol. Behav. 77, 327–332.
doi: 10.1016/S0031-9384(02)00860-0

Harrison, F. E., Hosseini, A. H., and McDonald, M. P. (2009). Endogenous anxiety
and stress responses in water maze and Barnes maze spatial memory tasks. Behav. Brain
Res. 198, 247–251. doi: 10.1016/j.bbr.2008.10.015

Hiroi, R., Weyrich, G., Koebele, S. V., Mennenga, S. E., Talboom, J. S., Hewitt,
L. T., et al. (2016). Benefits of hormone therapy estrogens depend on estrogen type:
17β-estradiol and conjugated equine estrogens have differential effects on cognitive,
anxiety-like, and depressive-like behaviors and increase tryptophan hydroxylase-
2 mRNA levels in dorsal raphe nucleus subregions. Front. Neurosci. 10:517.
doi: 10.3389/fnins.2016.00517

Hlinak, Z. (1993). Social recognition in ovariectomized and estradiol-treated female
rats. Horm. Behav. 27, 159–166. doi: 10.1006/hbeh.1993.1012

Ho, Y.-J., Eichendorff, J., and Schwarting, R. K. W. (2002). Individual response
profiles of male Wistar rats in animal models for anxiety and depression. Behav. Brain
Res. 136, 1–12. doi: 10.1016/S0166-4328(02)00089-X

Hodes, G. E., and Epperson, C. N. (2019). Sex differences in vulnerability
and resilience to stress across the life span. Biol. Psychiatry 86, 421–432.
doi: 10.1016/j.biopsych.2019.04.028

Hodes, G. E., Pfau, M. L., Purushothaman, I., Ahn, H. F., Golden, S. A., Christoffel,
D. J., et al. (2015). Sex differences in nucleus accumbens transcriptome profiles
associated with susceptibility versus resilience to subchronic variable stress. J. Neurosci.
35, 16362–16376. doi: 10.1523/JNEUROSCI.1392-15.2015

Hu, C., Luo, Y., Wang, H., Kuang, S., Liang, G., Yang, Y., et al. (2017). Re-evaluation
of the interrelationships among the behavioral tests in rats exposed to chronic
unpredictable mild stress. PLoS ONE 12:e0185129. doi: 10.1371/journal.pone.0185129

Huang, X., Yang, C., and Huang, M. (2023). Protective mechanism of the
EZH2/microRNA-15a-5p/CXCL10 axis in rats with depressive-like behaviors. J. Chem.
Neuroanat. 132:102283. doi: 10.1016/j.jchemneu.2023.102283

Hughes, R. N. (2007). Neotic preferences in laboratory rodents:
Issues, assessment and substrates. Neurosci. Biobehav. Rev. 31, 441–464.
doi: 10.1016/j.neubiorev.2006.11.004

Huynh, T. N., Krigbaum, A. M., Hanna, J. J., and Conrad, C. D.
(2011). Sex differences and phase of light cycle modify chronic stress effects
on anxiety and depressive-like behavior. Behav. Brain Res. 222, 212–222.
doi: 10.1016/j.bbr.2011.03.038

Hwang, W. J., Lee, T. Y., Kim, N. S., and Kwon, J. S. (2020). The role of estrogen
receptors and their signaling across psychiatric disorders. Int. J. Mol. Sci. 22:373.
doi: 10.3390/ijms22010373

Isingrini, E., Camus, V., Le Guisquet, A. M., Pingaud, M., Devers, S., and Belzung,
C. (2010). Association between repeated unpredictable chronic mild stress (UCMS)

Frontiers in Behavioral Neuroscience 18 frontiersin.org

https://doi.org/10.3389/fnbeh.2025.1553501
https://doi.org/10.1016/S0014-2999(03)01278-0
https://doi.org/10.3758/s13415-018-00653-4
https://doi.org/10.1007/BF02245592
https://doi.org/10.1210/en.2012-1340
https://doi.org/10.1016/j.neulet.2018.09.059
https://doi.org/10.1016/j.yfrne.2020.100896
https://doi.org/10.1038/s41398-020-01000-3
https://doi.org/10.1016/j.neubiorev.2005.03.017
https://doi.org/10.1038/nm.4050
https://doi.org/10.1176/appi.ajp.2020.19080848
https://doi.org/10.1210/jc.2013-1808
https://doi.org/10.1038/sj.npp.1300097
https://doi.org/10.1111/jnc.16083
https://doi.org/10.1556/APhysiol.100.2013.2.8
https://doi.org/10.1155/2014/847821
https://doi.org/10.1111/j.1476-5381.1978.tb07001.x
https://doi.org/10.1016/S0014-2999(03)01273-1
https://doi.org/10.1016/j.neurol.2018.01.365
https://doi.org/10.1016/j.cobeha.2018.03.011
https://doi.org/10.3791/53109-v
https://doi.org/10.1037/0735-7044.118.2.306
https://doi.org/10.21769/BioProtoc.2998
https://doi.org/10.1016/S0166-4328(01)00170-X
https://doi.org/10.1016/j.yhbeh.2016.11.011
https://doi.org/10.3758/s13415-024-01171-2
https://doi.org/10.1124/jpet.109.162123
https://doi.org/10.1111/jne.12652
https://doi.org/10.3389/fpsyg.2019.01319
https://doi.org/10.1097/GME.0000000000000528
https://doi.org/10.1016/j.bbr.2004.05.013
https://doi.org/10.1134/S1819712422010068
https://doi.org/10.1038/s41583-019-0221-6
https://doi.org/10.1002/jeab.686
https://doi.org/10.1016/S0031-9384(02)00860-0
https://doi.org/10.1016/j.bbr.2008.10.015
https://doi.org/10.3389/fnins.2016.00517
https://doi.org/10.1006/hbeh.1993.1012
https://doi.org/10.1016/S0166-4328(02)00089-X
https://doi.org/10.1016/j.biopsych.2019.04.028
https://doi.org/10.1523/JNEUROSCI.1392-15.2015
https://doi.org/10.1371/journal.pone.0185129
https://doi.org/10.1016/j.jchemneu.2023.102283
https://doi.org/10.1016/j.neubiorev.2006.11.004
https://doi.org/10.1016/j.bbr.2011.03.038
https://doi.org/10.3390/ijms22010373
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org


Conrad et al. 10.3389/fnbeh.2025.1553501

procedures with a high fat diet: a model of fluoxetine resistance in mice. PLoS ONE
5:e10404. doi: 10.1371/journal.pone.0010404

Kalin, N. H. (2020). The critical relationship between anxiety and depression. Am.
J. Psychiatry 177, 365–367. doi: 10.1176/appi.ajp.2020.20030305

Katz, R. J. (1982). Animal model of depression: pharmacological
sensitivity of a hedonic deficit. Pharmacol. Biochem. Behav. 16, 965–968.
doi: 10.1016/0091-3057(82)90053-3

Keppel, G. (1991). Design and Analysis. Englewood Cliffs, NJ: Prentice Hall.

Kessler, R. C. (2003). Epidemiology of women and depression. J. Affect. Disord. 74,
5–13. doi: 10.1016/S0165-0327(02)00426-3

Kessler, R. C., Amminger, G. P., Aguilar-Gaxiola, S., Alonso, J., Lee, S., and Ustun,
T. B. (2007). Age of onset of mental disorders: a review of recent literature. Curr. Opin.
Psychiatry 20, 359–364. doi: 10.1097/YCO.0b013e32816ebc8c

Kessler, R. C., Berglund, P., Demler, O., Jin, R., Merikangas, K. R., and Walters,
E. E. (2005). Lifetime prevalence and age-of-onset distributions of DSM-IV disorders
in the National Comorbidity Survey Replication. Arch. Gen. Psychiatry 62, 593–602.
doi: 10.1001/archpsyc.62.6.593

Kiss, A., Delattre, A. M., Pereira, S. I., Carolino, R. G., Szawka, R. E., Anselmo-
Franci, J. A., et al. (2012). 17beta-estradiol replacement in young, adult and
middle-aged female ovariectomized rats promotes improvement of spatial reference
memory and an antidepressant effect and alters monoamines and BDNF levels
in memory- and depression-related brain areas. Behav. Brain Res. 227, 100–108.
doi: 10.1016/j.bbr.2011.10.047

Koebele, S. V., and Bimonte-Nelson, H. A. (2015). Trajectories and phenotypes with
estrogen exposures across the lifespan: what does Goldilocks have to do with it? Horm.
Behav. 74, 86–104. doi: 10.1016/j.yhbeh.2015.06.009

Koebele, S. V., and Bimonte-Nelson, H. A. (2016). Modeling menopause: the utility
of rodents in translational behavioral endocrinology research. Maturitas 87, 5–17.
doi: 10.1016/j.maturitas.2016.01.015

Koebele, S. V., Nishimura, K. J., Bimonte-Nelson, H. A., Kemmou, S., Ortiz, J. B.,
Judd, J. M., et al. (2020). A long-term cyclic plus tonic regimen of 17beta-estradiol
improves the ability to handle a high spatial working memory load in ovariectomized
middle-aged female rats. Horm. Behav. 118:104656. doi: 10.1016/j.yhbeh.2019.104656

Kornstein, S. G., Schatzberg, A. F., Yonkers, K. A., Thase, M. E., Keitner, G. I., Ryan,
C. E., et al. (1995). Gender differences in presentation of chronic major depression.
Psychopharmacol. Bull. 31, 711–718.

Koss, W. A., Einat, H., Schloesser, R. J., Manji, H. K., and Rubinow, D. R. (2012).
Estrogen effects on the forced swim test differ in two outbred rat strains. Physiol. Behav.
106, 81–86. doi: 10.1016/j.physbeh.2012.01.004

Krentzel, A. A., Proano, S., Patisaul, H. B., and Meitzen, J. (2020). Temporal and
bidirectional influences of estradiol on voluntary wheel running in adult female and
male rats. Horm. Behav. 120:104694. doi: 10.1016/j.yhbeh.2020.104694

Ku, K. M., Weir, R. K., Silverman, J. L., Berman, R. F., and Bauman, M. D. (2016).
Behavioral phenotyping of juvenile long-evans and sprague-dawley rats: implications
for preclinical models of autism spectrum disorders. PLoS ONE 11:e0158150.
doi: 10.1371/journal.pone.0158150

Kukel’ova, D., Bergamini, G., Sigrist, H., Seifritz, E., Hengerer, B., and Pryce, C.
R. (2018). Chronic social stress leads to reduced gustatory reward salience and effort
valuation in mice. Front. Behav. Neurosci. 12:134. doi: 10.3389/fnbeh.2018.00134

Kupferberg, A., Bicks, L., and Hasler, G. (2016). Social functioning
in major depressive disorder. Neurosci. Biobehav. Rev. 69, 313–332.
doi: 10.1016/j.neubiorev.2016.07.002

Kwekel, J. C., Desai, V. G., Moland, C. L., Branham, W. S., and Fuscoe, J. C. (2010).
Age and sex dependent changes in liver gene expression during the life cycle of the rat.
BMC Genom. 11:675. doi: 10.1186/1471-2164-11-675

Lakens, D. (2013). Calculating and reporting effect sizes to facilitate cumulative
science: a practical primer for t-tests and ANOVAs. Front. Psychol. 4:863.
doi: 10.3389/fpsyg.2013.00863

Langer, E., Einat, H., and Stukalin, Y. (2020). Similarities and dissimilarities in
the effects of benzodiazepines and specific serotonin reuptake inhibitors (SSRIs)
in the defensive marble burying test: a systematic review and meta-analysis. Eur.
Neuropsychopharmacol. 36, 38–49. doi: 10.1016/j.euroneuro.2020.04.007

Lapiz-Bluhm, M. D., Bondi, C. O., Doyen, J., Rodriguez, G. A., Bedard-Arana,
T., and Morilak, D. A. (2008). Behavioural assays to model cognitive and affective
dimensions of depression and anxiety in rats. J. Neuroendocrinol. 20, 1115–1137.
doi: 10.1111/j.1365-2826.2008.01772.x

Lei, L., Chen, C. Y., Wang, Y. F., Yang, X., Guo, Z. Y., and Zhang, Y. (2025). Efficacy
of mangiferin, kaempferol, and diosgenin on models of depression: a systematic
review and network meta-analysis of rodent studies. Eur. J. Pharmacol. 997:177555.
doi: 10.1016/j.ejphar.2025.177555

Li, M., Zhang, J., Chen, W., Liu, S., Liu, X., Ning, Y., et al. (2023). Supraphysiologic
doses of 17beta-estradiol aggravate depression-like behaviors in ovariectomized
mice possibly via regulating microglial responses and brain glycerophospholipid
metabolism. J. Neuroinflammation 20:204. doi: 10.1186/s12974-023-
02889-5

Liang, G., Kow, A. S. F., Lee, Y. Z., Yusof, R., Tham, C. L., Ho, Y. C., et al.
(2024). Ameliorative effect of alpha-tocopherol and tocotrienol-rich palm oil extract
on menopause-associated mood disorder in ovariectomized mice. Biochem. Biophys.
Res. Commun. 734:150443. doi: 10.1016/j.bbrc.2024.150443

Lino-de-Oliveira, C., De Lima, T. C., and de Padua Carobrez, A. (2005). Structure
of the rat behaviour in the forced swimming test. Behav. Brain Res. 158, 243–250.
doi: 10.1016/j.bbr.2004.09.004

Liu, J., Bisschop, P. H., Eggels, L., Foppen, E., Fliers, E., Zhou, J. N., et al. (2012).
Intrahypothalamic estradiol modulates hypothalamus-pituitary-adrenal-axis activity
in female rats. Endocrinology 153, 3337–3344. doi: 10.1210/en.2011-2176

Liu, M. Y., Yin, C. Y., Zhu, L. J., Zhu, X. H., Xu, C., Luo, C. X., et al. (2018). Sucrose
preference test for measurement of stress-induced anhedonia in mice. Nat. Protoc. 13,
1686–1698. doi: 10.1038/s41596-018-0011-z

Lucki, I. (1997). The forced swimming test as a model for core and
component behavioral effects of antidepressant drugs. Behav. Pharmacol. 8, 523–532.
doi: 10.1097/00008877-199711000-00010

Luine, V. N. (2014). Estradiol and cognitive function: past, present and future.
Horm. Behav. 66, 602–618. doi: 10.1016/j.yhbeh.2014.08.011

Mao, Y., Xu, Y., and Yuan, X. (2022). Validity of chronic restraint stress for
modeling anhedonic-like behavior in rodents: a systematic review and meta-analysis. J.
Int. Med. Res. 50:3000605221075816. doi: 10.1177/03000605221075816

Marcus, S. M., Young, E. A., Kerber, K. B., Kornstein, S., Farabaugh, A. H., Mitchell,
J., et al. (2005). Gender differences in depression: findings from the STAR∗D study. J.
Affect. Disord. 87, 141–150. doi: 10.1016/j.jad.2004.09.008

Markham, J. A., and Juraska, J. M. (2007). Social recognition memory:
influence of age, sex, and ovarian hormonal status. Physiol. Behav. 92, 881–888.
doi: 10.1016/j.physbeh.2007.06.020

McKibben, C. E., Reynolds, G. P., and Jenkins, T. A. (2014). Analysis of sociability
and preference for social novelty in the acute and subchronic phencyclidine rat. J.
Psychopharmacol. 28, 955–963. doi: 10.1177/0269881114544778

McLaughlin, K. J., Bimonte-Nelson, H. A., Neisewander, J. L., and Conrad,
C. D. (2008). Assessment of estradiol influence on spatial tasks and hippocampal
CA1 spines: evidence that the duration of hormone deprivation after ovariectomy
compromises 17β-estradiol effectiveness in altering CA1 spines. Horm. Behav. 54,
386–395. doi: 10.1016/j.yhbeh.2008.04.010

McLaughlin, K. J., Wilson, J. O., Harman, J., Wright, R. L., Wieczorek, L., Gomez, J.,
et al. (2010). Chronic 17ß-estradiol or cholesterol prevents stress-induced hippocampal
CA3 dendritic retraction in ovariectomized female rats: Possible correspondence
between CA1 spine properties and spatial acquisition. Hippocampus 20, 768–786.
doi: 10.1002/hipo.20678

Mekiri, M., Gardier, A. M., David, D. J., and Guilloux, J. P. (2017). Chronic
corticosterone administration effects on behavioral emotionality in female c57bl6mice.
Exp. Clin. Psychopharmacol. 25, 94–104. doi: 10.1037/pha0000112

Mitchell, D. (1976). Experiments on neophobia in wild and laboratory rats: a
reevaluation. J. Comp. Physiol. Psychol. 90, 190–197. doi: 10.1037/h0077196

Molendijk, M. L., and de Kloet, E. R. (2015). Immobility in the forced swim test
is adaptive and does not reflect depression. Psychoneuroendocrinology 62, 389–391.
doi: 10.1016/j.psyneuen.2015.08.028

Montazeri, S., Bijani, S., Anoush, M., Sharafi, A., Kalantari-Hesari, A., and Hosseini,
M. J. (2023). Edaravone improved behavioral abnormalities, alleviated oxidative stress
inflammation, and metabolic homeostasis pathways in depression. Depress. Anxiety
2023:6623141. doi: 10.1155/2023/6623141

Moy, S. S., Nadler, J. J., Perez, A., Barbaro, R. P., Johns, J. M., Magnuson, T.
R., et al. (2004). Sociability and preference for social novelty in five inbred strains:
an approach to assess autistic-like behavior in mice. Genes Brain Behav. 3, 287–302.
doi: 10.1111/j.1601-1848.2004.00076.x

Nadler, J. J., Moy, S. S., Dold, G., Trang, D., Simmons, N., Perez, A., et al. (2004).
Automated apparatus for quantitation of social approach behaviors in mice. Genes
Brain Behav. 3, 303–314. doi: 10.1111/j.1601-183X.2004.00071.x

Najjar, F., Ahmad, M., Lagace, D., and Leenen, F. H. H. (2018). Sex
differences in depression-like behavior and neuroinflammation in rats post-
MI: role of estrogens. Am. J. Physiol. Heart Circ. Physiol. 315, H1159–H1173.
doi: 10.1152/ajpheart.00615.2017

Nakanishi, M., Yamasaki, S., Stanyon, D., Miyashita, M., Nakashima, T., Miyamoto,
Y., et al. (2025). Associations among age at menopause, depressive symptoms, and
cognitive function. Alzheimers Dement. 21:e70063. doi: 10.1002/alz.70063

National Institute of Mental Health (2019). RDoC Matrix. Available online at:
https://www.nimh.nih.gov/research/research-funded-by-nimh/rdoc/constructs/rdoc-
matrix

Nestler, E. J., andHyman, S. E. (2010). Animalmodels of neuropsychiatric disorders.
Nat. Neurosci. 13, 1161–1169. doi: 10.1038/nn.2647

Ngoupaye, G. T., Yassi, F. B., Bahane, D. A. N., and Bum, E. N. (2018).
Combined corticosterone treatment and chronic restraint stress lead to depression
associated with early cognitive deficits in mice. Metab. Brain Dis. 33, 421–431.
doi: 10.1007/s11011-017-0148-4

Frontiers in Behavioral Neuroscience 19 frontiersin.org

https://doi.org/10.3389/fnbeh.2025.1553501
https://doi.org/10.1371/journal.pone.0010404
https://doi.org/10.1176/appi.ajp.2020.20030305
https://doi.org/10.1016/0091-3057(82)90053-3
https://doi.org/10.1016/S0165-0327(02)00426-3
https://doi.org/10.1097/YCO.0b013e32816ebc8c
https://doi.org/10.1001/archpsyc.62.6.593
https://doi.org/10.1016/j.bbr.2011.10.047
https://doi.org/10.1016/j.yhbeh.2015.06.009
https://doi.org/10.1016/j.maturitas.2016.01.015
https://doi.org/10.1016/j.yhbeh.2019.104656
https://doi.org/10.1016/j.physbeh.2012.01.004
https://doi.org/10.1016/j.yhbeh.2020.104694
https://doi.org/10.1371/journal.pone.0158150
https://doi.org/10.3389/fnbeh.2018.00134
https://doi.org/10.1016/j.neubiorev.2016.07.002
https://doi.org/10.1186/1471-2164-11-675
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.1016/j.euroneuro.2020.04.007
https://doi.org/10.1111/j.1365-2826.2008.01772.x
https://doi.org/10.1016/j.ejphar.2025.177555
https://doi.org/10.1186/s12974-023-02889-5
https://doi.org/10.1016/j.bbrc.2024.150443
https://doi.org/10.1016/j.bbr.2004.09.004
https://doi.org/10.1210/en.2011-2176
https://doi.org/10.1038/s41596-018-0011-z
https://doi.org/10.1097/00008877-199711000-00010
https://doi.org/10.1016/j.yhbeh.2014.08.011
https://doi.org/10.1177/03000605221075816
https://doi.org/10.1016/j.jad.2004.09.008
https://doi.org/10.1016/j.physbeh.2007.06.020
https://doi.org/10.1177/0269881114544778
https://doi.org/10.1016/j.yhbeh.2008.04.010
https://doi.org/10.1002/hipo.20678
https://doi.org/10.1037/pha0000112
https://doi.org/10.1037/h0077196
https://doi.org/10.1016/j.psyneuen.2015.08.028
https://doi.org/10.1155/2023/6623141
https://doi.org/10.1111/j.1601-1848.2004.00076.x
https://doi.org/10.1111/j.1601-183X.2004.00071.x
https://doi.org/10.1152/ajpheart.00615.2017
https://doi.org/10.1002/alz.70063
https://www.nimh.nih.gov/research/research-funded-by-nimh/rdoc/constructs/rdoc-matrix
https://www.nimh.nih.gov/research/research-funded-by-nimh/rdoc/constructs/rdoc-matrix
https://doi.org/10.1038/nn.2647
https://doi.org/10.1007/s11011-017-0148-4
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org


Conrad et al. 10.3389/fnbeh.2025.1553501

Nickle, T. R., Stanley, E. M., and Middlemas, D. S. (2020). Corticosterone Induces
depressive-like behavior in female peri-pubescent rats, but Not in pre-pubescent rats.
Chronic Stress 4:2470547020923711. doi: 10.1177/2470547020923711

Nolte, E. D., Nolte, K. A., and Yan, S. S. (2019). Anxiety and task performance
changes in an aging mouse model. Biochem. Biophys. Res. Commun. 514, 246–251.
doi: 10.1016/j.bbrc.2019.04.049

Ohtani, M., Kotaki, H., Uchino, K., Sawada, Y., and Iga, T. (1994).
Pharmacokinetic analysis of enterohepatic circulation of buprenorphine and
its active metabolite, norbuprenorphine, in rats. Drug Metab. Dispos. 22, 2–7.
doi: 10.1016/S0090-9556(25)08299-6

Pandey, D. K., Yadav, S. K., Mahesh, R., and Rajkumar, R. (2009). Depression-like
and anxiety-like behavioural aftermaths of impact accelerated traumatic brain injury
in rats: a model of comorbid depression and anxiety? Behav. Brain Res. 205, 436–442.
doi: 10.1016/j.bbr.2009.07.027

Panta, A., Pandey, S., Duncan, I. N., Duhamel, S., and Sohrabji, F. (2019). Mir363-
3p attenuates post-stroke depressive-like behaviors in middle-aged female rats. Brain
Behav. Immun. 78, 31–40. doi: 10.1016/j.bbi.2019.01.003

Parry, B. L. (2010). Optimal management of perimenopausal depression. Int. J.
Womens. Health 2, 143–151. doi: 10.2147/IJWH.S7155

Peay, D., Saribekyan, H. M., Parada, P. A., Hanson, E. M., Badaruddin, B.
S., Judd, J. M., et al. (2020). Chronic unpredictable intermittent restraint stress
disrupts spatial memory in male, but not female rats. Behav. Brain Res. 383:112519.
doi: 10.1016/j.bbr.2020.112519

Perkins, A. E., Doremus-Fitzwater, T. L., Spencer, R. L., Varlinskaya, E. I., Conti,
M. M., Bishop, C., et al. (2016). A working model for the assessment of disruptions
in social behavior among aged rats: the role of sex differences, social recognition, and
sensorimotor processes. Exp. Gerontol. 76, 46–57. doi: 10.1016/j.exger.2016.01.012

Petit-Demouliere, B., Chenu, F., and Bourin, M. (2005). Forced swimming test
in mice: a review of antidepressant activity. Psychopharmacology 177, 245–255.
doi: 10.1007/s00213-004-2048-7

Poling, A., Cleary, J., and Monaghan, M. (1981). Burying by rats in
response to aversive and nonaversive stimuli. J. Exp. Anal. Behav. 35, 31–44.
doi: 10.1901/jeab.1981.35-31

Porsolt, R. D., Le Pichon, M., and Jalfre, M. (1977). Depression: a new animal model
sensitive to antidepressant treatments. Nature 266, 730–732. doi: 10.1038/266730a0

Prakapenka, A. V., Hiroi, R., Quihuis, A. M., Carson, C., Patel, S., Berns-
Leone, C., et al. (2018). Contrasting effects of individual versus combined estrogen
and progestogen regimens as working memory load increases in middle-aged
ovariectomized rats: one plus one does not equal two. Neurobiol. Aging 64, 1–14.
doi: 10.1016/j.neurobiolaging.2017.11.015

Rachman, I. M., Unnerstall, J. R., Pfaff, D. W., and Cohen, R. S. (1998). Estrogen
alters behavior and forebrain c-fos expression in ovariectomized rats subjected to the
forced swim test. PNAS 95, 13941–13946. doi: 10.1073/pnas.95.23.13941

Reddy, D. S., Li, Y., Qamari, T., and Ramakrishnan, S. (2024). Behavioral assays
for comprehensive evaluation of cognitive and neuropsychiatric comorbidities of
traumatic brain injury and chronic neurological disorders. Curr. Protoc. 4:e70019.
doi: 10.1002/cpz1.70019

Renczes, E., Borbelyova, V., Steinhardt, M., Hopfner, T., Stehle, T., Ostatnikova, D.,
et al. (2020). The role of estrogen in anxiety-like behavior and memory of middle-aged
female rats. Front. Endocrinol. 11:570560. doi: 10.3389/fendo.2020.570560

Rhie, S. J., Jung, E. Y., and Shim, I. (2020). The role of neuroinflammation
on pathogenesis of affective disorders. J. Exerc. Rehabil. 16, 2–9.
doi: 10.12965/jer.2040016.008

Rodriguez-Landa, J. F. (2022). Considerations of timing post-ovariectomy
in mice and rats in studying anxiety- and depression-like behaviors associated
with surgical menopause in women. Front. Behav. Neurosci. 16:829274.
doi: 10.3389/fnbeh.2022.829274

Romano-Torres, M., and Fernandez-Guasti, A. (2010). Estradiol valerate elicits
antidepressant-like effects in middle-aged female rats under chronic mild stress. Behav.
Pharmacol. 21, 104–111. doi: 10.1097/FBP.0b013e328337bdfc

Sagud, M., Hotujac, L., Mihaljevic-Peles, A., and Jakovljevic, M. (2002). Gender
differences in depression. Coll. Antropol. 26, 149–157.

Sanislow, C. A., Pine, D. S., Quinn, K. J., Kozak, M. J., Garvey, M. A., Heinssen, R.
K., et al. (2010). Developing constructs for psychopathology research: research domain
criteria. J. Abnorm. Psychol. 119, 631–639. doi: 10.1037/a0020909

Savonenko, A. V., and Markowska, A. L. (2003). The cognitive effects of
ovariectomy and estrogen replacement are modulated by aging. Neuroscience 119,
821–830. doi: 10.1016/S0306-4522(03)00213-6

Schaakxs, R., Comijs, H. C., Lamers, F., Kok, R. M., Beekman, A. T. F.,
and Penninx, B. (2018). Associations between age and the course of major
depressive disorder: a 2-year longitudinal cohort study. Lancet Psychiatry 5, 581–590.
doi: 10.1016/S2215-0366(18)30166-4

Schmidt, P. J., and Rubinow, D. R. (2009). Sex hormones and
mood in the perimenopause. Ann. N. Y. Acad. Sci. 1179, 70–85.
doi: 10.1111/j.1749-6632.2009.04982.x

Seedat, S., Scott, K. M., Angermeyer, M. C., Berglund, P., Bromet, E. J., Brugha, T.
S., et al. (2009). Cross-national associations between gender and mental disorders in
the World Health Organization World Mental Health Surveys. Arch. Gen. Psychiatry
66, 785–795. doi: 10.1001/archgenpsychiatry.2009.36

Seewoo, B. J., Hennessy, L. A., Feindel, K. W., Etherington, S. J., Croarkin, P. E.,
and Rodger, J. (2020). Validation of chronic restraint stress model in young adult
rats for the study of depression using longitudinal multimodal MR imaging. eNeuro
7:ENEURO.0113-20.2020. doi: 10.1523/ENEURO.0113-20.2020

Sherwin, B. B. (2007). The critical period hypothesis: can it explain
discrepancies in the oestrogen-cognition literature? J. Neuroendocrinol. 19, 77–81.
doi: 10.1111/j.1365-2826.2006.01508.x

Slattery, D. A., and Cryan, J. F. (2012). Using the rat forced swim test
to assess antidepressant-like activity in rodents. Nat. Protoc. 7, 1009–1014.
doi: 10.1038/nprot.2012.044

Slattery, D. A., and Cryan, J. F. (2014). The ups and downs of modelling mood
disorders in rodents. ILAR J. 55, 297–309. doi: 10.1093/ilar/ilu026

Snyder, J. S., Soumier, A., Brewer, M., Pickel, J., and Cameron, H. A. (2011). Adult
hippocampal neurogenesis buffers stress responses and depressive behaviour. Nature
476, 458–461. doi: 10.1038/nature10287

Soares, C. N. (2017). Depression and menopause: current knowledge and clinical
recommendations for a critical window. Psychiatr. Clin. North Am. 40, 239–254.
doi: 10.1016/j.psc.2017.01.007

Söderlund, J., and Lindskog, M. (2018). Relevance of rodent models of depression in
clinical practice: can we overcome the obstacles in translational neuropsychiatry? Int.
J. Neuropsychopharmacol. 21, 668–676. doi: 10.1093/ijnp/pyy037

Sorge, R. E.,Martin, L. J., Isbester, K. A., Sotocinal, S. G., Rosen, S., Tuttle, A. H., et al.
(2014). Olfactory exposure to males, including men, causes stress and related analgesia
in rodents. Nat. Meth. 11, 629–632. doi: 10.1038/nmeth.2935

Spiteri, T., and Agmo, A. (2009). Ovarian hormones modulate social
recognition in female rats. Physiol. Behav. 98, 247–250. doi: 10.1016/j.physbeh.2009.
05.001

Stanczyk, F. Z., Archer, D. F., and Bhavnani, B. R. (2013). Ethinyl estradiol
and 17beta-estradiol in combined oral contraceptives: pharmacokinetics,
pharmacodynamics and risk assessment. Contraception 87, 706–727.
doi: 10.1016/j.contraception.2012.12.011

Steare, T., Buckman, J. E. J., Stott, J., John, A., Singh, S., Wheatley, J., et al.
(2025). Bidirectional changes in depressive symptoms and social functioning in
older adults attending psychological therapy services. J. Affect. Disord. 369, 954–962.
doi: 10.1016/j.jad.2024.10.098

Talboom, J. S., Williams, B. J., Baxley, E. R., West, S. G., and Bimonte-Nelson, H.
A. (2008). Higher levels of estradiol replacement correlate with better spatial memory
in surgically menopausal young and middle-aged rats. Neurobiol. Learn. Mem. 90,
155–163. doi: 10.1016/j.nlm.2008.04.002

Taliaz, D., Stall, N., Dar, D. E., and Zangen, A. (2010). Knockdown of
brain-derived neurotrophic factor in specific brain sites precipitates behaviors
associated with depression and reduces neurogenesis. Mol. Psychiatry 15, 80–92.
doi: 10.1038/mp.2009.67

Thompson, K. N., Oginni, O., Wertz, J., Danese, A., Okundi, M., Arseneault, L., et
al. (2025). Social isolation and poor mental health in young people: testing genetic and
environmental influences in a longitudinal cohort study. Eur. Child Adolesc. Psychiatry.
34, 1445–1455. doi: 10.1007/s00787-024-02573-w

Treit, D., Pinel, J. P., and Fibiger, H. C. (1981). Conditioned defensive burying: a new
paradigm for the study of anxiolytic agents. Pharmacol. Biochem. Behav. 15, 619–626.
doi: 10.1016/0091-3057(81)90219-7

Troubat, R., Barone, P., Leman, S., Desmidt, T., Cressant, A., Atanasova, B., et al.
(2021). Neuroinflammation and depression: a review. Eur. J. Neurosci. 53, 151–171.
doi: 10.1111/ejn.14720

Unal, G., and Canbeyli, R. (2019). Psychomotor retardation in depression:
a critical measure of the forced swim test. Behav. Brain Res. 372:112047.
doi: 10.1016/j.bbr.2019.112047

Valente, C., Neves, M. L., Kraus, S. I., and Silva, M. D. D. (2025). Vagus nerve
stimulation -induced anxiolytic and neurotrophic effect in healthy rats. An. Acad. Bras.
Cienc. 97:e20241292. doi: 10.1590/0001-3765202520241292

Vega-Rivera, N. M., Gallardo Tenorio, A., Fernandez-Guasti, A., and Estrada
Camarena, E. (2016). The post-ovariectomy interval affects the antidepressant-like
action of citalopram combined with ethynyl-estradiol in the forced swim test in middle
aged rats. Pharmaceuticals 9:21. doi: 10.3390/ph9020021

Vega-Rivera, N. M., Lopez-Rubalcava, C., and Estrada-Camarena, E. (2013). The
antidepressant-like effect of ethynyl estradiol is mediated by both serotonergic and
noradrenergic systems in the forced swimming test. Neuroscience 250, 102–111.
doi: 10.1016/j.neuroscience.2013.06.058

Vetter-O’Hagen, C. S., and Spear, L. P. (2012). The effects of
gonadectomy on sex- and age-typical responses to novelty and
ethanol-induced social inhibition in adult male and female Sprague-
Dawley rats. Behav. Brain Res. 227, 224–232. doi: 10.1016/j.bbr.2011.
10.023

Frontiers in Behavioral Neuroscience 20 frontiersin.org

https://doi.org/10.3389/fnbeh.2025.1553501
https://doi.org/10.1177/2470547020923711
https://doi.org/10.1016/j.bbrc.2019.04.049
https://doi.org/10.1016/S0090-9556(25)08299-6
https://doi.org/10.1016/j.bbr.2009.07.027
https://doi.org/10.1016/j.bbi.2019.01.003
https://doi.org/10.2147/IJWH.S7155
https://doi.org/10.1016/j.bbr.2020.112519
https://doi.org/10.1016/j.exger.2016.01.012
https://doi.org/10.1007/s00213-004-2048-7
https://doi.org/10.1901/jeab.1981.35-31
https://doi.org/10.1038/266730a0
https://doi.org/10.1016/j.neurobiolaging.2017.11.015
https://doi.org/10.1073/pnas.95.23.13941
https://doi.org/10.1002/cpz1.70019
https://doi.org/10.3389/fendo.2020.570560
https://doi.org/10.12965/jer.2040016.008
https://doi.org/10.3389/fnbeh.2022.829274
https://doi.org/10.1097/FBP.0b013e328337bdfc
https://doi.org/10.1037/a0020909
https://doi.org/10.1016/S0306-4522(03)00213-6
https://doi.org/10.1016/S2215-0366(18)30166-4
https://doi.org/10.1111/j.1749-6632.2009.04982.x
https://doi.org/10.1001/archgenpsychiatry.2009.36
https://doi.org/10.1523/ENEURO.0113-20.2020
https://doi.org/10.1111/j.1365-2826.2006.01508.x
https://doi.org/10.1038/nprot.2012.044
https://doi.org/10.1093/ilar/ilu026
https://doi.org/10.1038/nature10287
https://doi.org/10.1016/j.psc.2017.01.007
https://doi.org/10.1093/ijnp/pyy037
https://doi.org/10.1038/nmeth.2935
https://doi.org/10.1016/j.physbeh.2009.05.001
https://doi.org/10.1016/j.contraception.2012.12.011
https://doi.org/10.1016/j.jad.2024.10.098
https://doi.org/10.1016/j.nlm.2008.04.002
https://doi.org/10.1038/mp.2009.67
https://doi.org/10.1007/s00787-024-02573-w
https://doi.org/10.1016/0091-3057(81)90219-7
https://doi.org/10.1111/ejn.14720
https://doi.org/10.1016/j.bbr.2019.112047
https://doi.org/10.1590/0001-3765202520241292
https://doi.org/10.3390/ph9020021
https://doi.org/10.1016/j.neuroscience.2013.06.058
https://doi.org/10.1016/j.bbr.2011.10.023
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org


Conrad et al. 10.3389/fnbeh.2025.1553501

Viau, V., and Meaney, M. J. (1991). Variations in the hypothalamic-pituitary-
adrenal response to stress during the estrous cycle in the rat. Endocrinology 129,
2503–2511. doi: 10.1210/endo-129-5-2503

Villa, A., Vegeto, E., Poletti, A., and Maggi, A. (2016). Estrogens,
neuroinflammation, and neurodegeneration. Endocr. Rev. 37, 372–402.
doi: 10.1210/er.2016-1007

von Mücke-Heim, I. A., Urbina-Treviño, L., Bordes, J., Ries, C., Schmidt, M. V.,
and Deussing, J. M. (2023). Introducing a depression-like syndrome for translational
neuropsychiatry: a plea for taxonomical validity and improved comparability
between humans and mice. Mol. Psychiatry 28, 329–340. doi: 10.1038/s41380-022-
01762-w

Wharton, W., Gleason, C. E., Olson, S. R., Carlsson, C. M., and Asthana, S. (2012).
Neurobiological underpinnings of the estrogen - mood relationship. Curr. Psychiatry
Rev. 8, 247–256. doi: 10.2174/157340012800792957

Willi, J., and Ehlert, U. (2019). Assessment of perimenopausal
depression: a review. J. Affect. Disord. 249, 216–222. doi: 10.1016/j.jad.2019.
02.029

Willner, P. (1997). Validity, reliability and utility of the chronic mild stress model
of depression: a 10-year review and evaluation. Psychopharmacology 134, 319–329.
doi: 10.1007/s002130050456

Willner, P. (2005). Chronic mild stress (CMS) revisited: consistency and
behavioural-neurobiological concordance in the effects of CMS. Neuropsychobiology
52, 90–110. doi: 10.1159/000087097

Willner, P., and Mitchell, P. J. (2002). The validity of animal
models of predisposition to depression. Behav. Pharmacol. 13, 169–188.
doi: 10.1097/00008877-200205000-00001

Willner, P., Muscat, R., and Papp, M. (1992). Chronic mild stress-induced
anhedonia: a realistic animal model of depression. Neurosci. Biobehav. Rev. 16,
525–534. doi: 10.1016/S0149-7634(05)80194-0

Wu, L. T., and Anthony, J. C. (2000). The estimated rate of depressed mood in
US adults: recent evidence for a peak in later life. J. Affect. Disord. 60, 159–171.
doi: 10.1016/S0165-0327(99)00176-7

Yankelevitch-Yahav, R., Franko, M., Huly, A., and Doron, R. (2015). The
forced swim test as a model of depressive-like behavior. J. Vis. Exp. 97:52587.
doi: 10.3791/52587

Young, E., and Korszun, A. (2010). Sex, trauma, stress hormones and depression.
Mol. Psychiatry 15, 23–28. doi: 10.1038/mp.2009.94

Young, E. A., Kornstein, S. G., Marcus, S. M., Harvey, A. T., Warden, D.,
Wisniewski, S. R., et al. (2009). Sex differences in response to citalopram: a STAR∗D
report. J. Psychiatr. Res. 43, 503–511. doi: 10.1016/j.jpsychires.2008.07.002

Zhang, J., Yin, J., Song, X., Lai, S., Zhong, S., and Jia, Y. (2023). The
effect of exogenous estrogen on depressive mood in women: a systematic review
and meta-analysis of randomized controlled trials. J. Psychiatr. Res. 162, 21–29.
doi: 10.1016/j.jpsychires.2023.04.002

Zhang, Z. C. C., Zhao, F., Piao, J., Cui, R., and Li, B. (2023). Rasd2
mediates acute fasting-induced antidepressant-like effects via doamine D2 receptor
activation in ovariectomized mice. Int. J. Neuropsychopharmacol. 26, 217–229.
doi: 10.1093/ijnp/pyac082

Zubkov, E., Riabova, O., Zorkina, Y., Egorova, A., Ushakova, V., Lepioshkin, A.,
et al. (2024). Antidepressant-like effect of the eburnamine-type molecule vindeburnol
in rat and mouse models of ultrasound-induced depression. ACS Chem. Neurosci. 15,
560–571. doi: 10.1021/acschemneuro.3c00590

Frontiers in Behavioral Neuroscience 21 frontiersin.org

https://doi.org/10.3389/fnbeh.2025.1553501
https://doi.org/10.1210/endo-129-5-2503
https://doi.org/10.1210/er.2016-1007
https://doi.org/10.1038/s41380-022-01762-w
https://doi.org/10.2174/157340012800792957
https://doi.org/10.1016/j.jad.2019.02.029
https://doi.org/10.1007/s002130050456
https://doi.org/10.1159/000087097
https://doi.org/10.1097/00008877-200205000-00001
https://doi.org/10.1016/S0149-7634(05)80194-0
https://doi.org/10.1016/S0165-0327(99)00176-7
https://doi.org/10.3791/52587
https://doi.org/10.1038/mp.2009.94
https://doi.org/10.1016/j.jpsychires.2008.07.002
https://doi.org/10.1016/j.jpsychires.2023.04.002
https://doi.org/10.1093/ijnp/pyac082
https://doi.org/10.1021/acschemneuro.3c00590
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org

	Chronic 17β-estradiol treatment improves negative valence, anhedonic profile, and social interactions in ovariectomized, middle-aged female rats
	Introduction
	Methods
	Subjects
	Ovariectomy surgery
	Estradiol (E2) treatment
	Timeline for treatments
	Delay between OVX and E2 treatment
	Delay between E2 treatment and behavioral testing
	Task order

	General testing procedures
	RDoC domain: negative valence behaviors (construct = acute threat)
	Forced Swim Test

	RDoC domain: positive valence behaviors (construct = anhedonia)
	Sucrose preference
	Sucrose splash test

	RDoC domain: systems for social processes (construct = disrupted affiliation)
	Social exploration

	RDoC domain: negative valence behaviors (construct = potential harm or novelty-induced anxiety)
	Defensive marble bury task
	Novelty suppressed feeding

	Composite scores
	Quantification and statistical analysis

	Results
	RDoC domain: negative valence behaviors (construct = acute threat): FST
	RDoC domain: positive valence behaviors (construct = anhedonia): SP and SST
	RDoC domain: systems for social processes (construct = disrupted affiliation): social exploration
	RDoC domain: negative valence behaviors (construct = potential harm or novelty-induced anxiety): MBT and NSF
	Across test comparisons
	Body weight

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


