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Abstract
Rationale: Traumatic stress leads to persistent fear, which is a core feature of post traumatic
stress disorder (PTSD). Women are more likely than men to develop PTSD after trauma
exposure, which suggests women are differentially sensitive to traumatic stress. However, it is
unclear how this differential sensitivity manifests. Cyclical changes in vascular estrogen release
could be a contributing factor where levels of vascular estrogens (and activation of estrogen
receptors) at the time of traumatic stress alter the impact of traumatic stress.
Methods: To examine this, we manipulated estrogen receptors, at the time of stress, and observed
the effect this had on fear and extinction memory (within the single prolonged stress (SPS)
paradigm) in female rats. In all experiments freezing and darting were used to measure fear and
extinction memory.
Results: In Experiment 1 SPS enhanced freezing during extinction testing and this effect was
blocked by nuclear estrogen receptor antagonism prior to SPS. In Experiment 2, SPS decreased
conditioned freezing during acquisition and testing of extinction. Administration of 17B-estradiol
altered freezing in control and SPS animals during acquisition of extinction, but this treatment
had no effect on freezing during testing of extinction memory. In all experiments, darting was
only observed to footshock onset during fear conditioning.
Conclusion: The results suggest multiple behaviors (or different behavioral paradigms) are
needed to characterize the nature of traumatic stress effects on emotional memory in female rats
and that nuclear estrogen receptor antagonism prior to SPS blocks SPS effects on emotional
memory in female rats.
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Introduction

Post traumatic stress disorder (PTSD) is a debilitating psychiatric disorder that has a
prevalence rate of 7.8% of the US population (Kessler, Sonnega et al. 1995) and the
socioeconomic cost associated with PTSD is extensive (Kessler 2000, Dams, Rimane et al.
2020). Women are twice as likely to suffer from PTSD than men after exposure to traumatic
stress (Kessler, McGonagle et al. 1993, Kessler, McGonagle et al. 1994, Breslau, Davis et al.
1997, Breslau 2002, Kessler, Berglund et al. 2005, Breslau 2009, McLean, Asnaani et al. 2011).
While there are a number of reasons for this consistent finding (Ramikie and Ressler 2018), this
sex difference suggests women (in comparison to men) are differentially sensitive to traumatic
stress. However, mechanisms via which potential sex-difference in stress reactivity manifests
remain poorly defined.

Women have cyclical changes in vascular ovarian hormone release (e.g. estrogen release)
and this cyclical variation could be a contributing factor to the higher prevalence of PTSD in
women. The ability to learn and remember not to be, ‘fearful’, via repeated exposure to a non-
reinforced fear conditioned stimulus (CS) (i.e. extinction memory), is compromised in PTSD
patients and contributes to the re-experiencing cluster of symptoms, which is a core feature of
PTSD (Milad, Orr et al. 2008, Milad, Pitman et al. 2009, Pitman, Rasmusson et al. 2012, APA
2016). When fear extinction is conducted during the phase of the menstrual cycle characterized
by low levels of estrogens or estradiol levels are lower in women, fear extinction deficits (or
deficits in the ability to inhibit conditioned fear) are observed (Milad, Zeidan et al. 2010, Glover,
Jovanovic et al. 2012, Glover, Mercer et al. 2013, Wegerer, Kerschbaum et al. 2014). Acute
estrogen receptor antagonism and inhibition of estradiol synthesis are associated with disrupted

fear extinction in female organisms (Milad, Igoe et al. 2009, Graham and Milad 2013). Nuclear
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estrogen receptors are ligand-gated transcription factors that recognize ERE elements in genes
and regulate transcriptional activity (Gorski and Gannon 1976, Klein-Hitpass, Tsai et al. 1989,
Heldring, Pike et al. 2007). CC allele carriers of the gene pituitary adenylate cyclase-activating
polypeptide type 1 receptor have increased risk for developing PTSD in women (Ressler, Mercer
et al. 2011). This allele is also associated with a low transcriptional profile of estrogen receptors
(Mercer, Dias et al. 2016). Together, these findings raise the possibility that low estrogen
receptor activation in women may facilitate the development of PTSD after trauma exposure.

Exploring how manipulation of estrogen receptors during traumatic stress affects specific
PTSD symptoms is difficult to accomplish in clinical studies and has not been systemically
examined in animal models of PTSD. Animal models of traumatic stress are useful for
identifying mechanisms via which specific PTSD symptoms manifest, but most well validated
animal models of traumatic stress were developed in male animals (Armario, Escorihuela et al.
2008, Yamamoto, Morinobu et al. 2009, Bowers and Ressler 2015, Deslauriers, Toth et al. 2017,
Ferland-Beckham, Chaby et al. 2021). In spite of this, experiments using these models could be
used to explore how manipulation of estrogen receptors modulate traumatic stress effects in
female rats.

The goal of this study was to examine how estrogen receptor manipulation prior to
traumatic stress affects fear and extinction memory induced by traumatic stress. To accomplish
this, we examined the effects of systemically manipulating estrogen receptors prior to traumatic
stress within the single prolonged stress (SPS) model; a validated model of traumatic stress
(Yamamoto, Morinobu et al. 2009, Bowers and Ressler 2015, Deslauriers, Toth et al. 2017,
Ferland-Beckham, Chaby et al. 2021). SPS refers to a single exposure of restraint, forced swim,

and ether exposure (Liberzon, Krstov et al. 1997, Liberzon, Lopez et al. 1999). This stress
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episode is typically followed by a post-stress incubation period, after which several effects that
model PTSD are observed (Yamamoto, Morinobu et al. 2009, Bowers and Ressler 2015,
Deslauriers, Toth et al. 2018). These include enhanced negative feedback of the hypothalamic-
pituitary-adrenal (HPA) axis (Liberzon, Krstov et al. 1997, Liberzon, Lopez et al. 1999) and
arousal (Khan and Liberzon 2004, George, Knox et al. 2012). When SPS rats are subjected to
fear conditioning, extinction training, and extinction testing, enhanced conditioned responding is
observed during extinction testing (Yamamoto, Morinobu et al. 2008, Knox, George et al. 2012,
Knox, Nault et al. 2012, George, Rodriguez-Santiago et al. 2015, Knox, Della Valle et al. 2021).

We first examined the effects of nuclear estrogen receptor antagonism (using ICI
182,780) prior to SPS on fear and extinction memory (Experiment 1). ICI 182,780 is also an
agonist for the G-protein coupled estrogen receptor (GPER) (Thomas, Pang et al. 2005). Any
effects we observed with ICI 182,780 were controlled for by examining the effects the GPER
agonist G-1 had on behavior. In Experiment 2 we examined the effects of 178-estradiol
administration prior to SPS (i.e. activation of estrogen receptors) on fear and extinction memory.
In all experiments we examined freezing and darting as measures of fear memory. Freezing is a
well-established defense behavior that is often used to examine fear and extinction memory
(Blanchard, Flannelly et al. 1986, Fendt and Fanselow 1999, Maren 2001, Lang and Davis 2006,
Mendes-Gomes, Motta et al. 2020). Darting is a relatively new characterized defense behavior
that may be more frequently exhibited in female rats and can be used to examine conditioned
fear responding (Gruene, Flick et al. 2015, Shansky 2018, Colom-Lapetina, Li et al. 2019,
Greiner, Muller et al. 2019, Mitchell, Trettel et al. 2022).

Methods and Materials

Animals
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A total of 145 female Sprague-Dawley rats were obtained from Charles River Inc. as
subjects. Upon arrival, female rats (PD 53-56, approximately 150-250g) were housed in pairs.
Rats were placed on a 12-h light/dark cycle and allowed ad libitum access to water and food
(standard rat chow). Rats were allowed an acclimatization period of at least seven days before
any testing began. The rats were on a 12-hour-light/-dark cycle, and all experimental procedures
were performed in the animals’ light cycle between the hours of 9:00 am and 4:00 pm. Approval
for all animal procedures was obtained from the University of Delaware Institutional Animal
Care and Use Committee following guidelines established by the NIH.

SPS and drug treatments

Rats were subjected to SPS as previously described (Liberzon, Krstov et al. 1997, Knox,
Perrine et al. 2010). Briefly, animals were restrained for 120 minutes, subjected to forced swim
for 20 minutes in groups of 3-6 animals, then exposed to ether until general anesthesia was
induced in groups of 3-6 animals. For the control stress procedure animals were transported to a
novel room for the duration of SPS. Following SPS and control procedures, rats were
individually housed with ad libitum access to water and food and a post-stress incubation period
of seven days allowed to elapse. This post-stress incubation period is necessary in order to
observe SPS effects (Liberzon, Krstov et al. 1997, Liberzon, Lopez et al. 1999, Knox, George et
al. 2012).

Sixty minutes prior to SPS or control stress all rats were subcutaneously injected with
either drug or vehicle (100% DMSO). To antagonize nuclear estrogen receptors the selective
antagonist ICI 182,780 (TOCRIS Inc; .05mg/kg, .005mg/kg) was used. ICI 182,780 is also a
selective agonist for GPERs (Thomas, Pang et al. 2005). To control for this another group of SPS

and control rats were administered the selective GPER agonist G-1 (Cayman Chemical, CAS
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881639-98-1; .001mg/kg). To activate nuclear estrogen receptors we administered 17B-estradiol
(Cayman Chemical, CAS 50-28-2; .18mg/kg, .018mg/kg). All drug doses were administered at
ImL/kg, and doses of ICI 182,780 (Alfinito, Chen et al. 2008), G-1 (Dennis, Burai et al. 2009,
Wang, Lv et al. 2013, Guan, Yan et al. 2018, Wang, Yu et al. 2019), and 17-estradiol
(Hoffman, Armstrong et al. 2010, Tang and Graham 2019) were based on previous studies that
have shown these drugs are specific to the intended receptor and are observed within the body
for a time duration comparable to SPS (Alfinito, Chen et al. 2008, Wang, Lv et al. 2013, Guan,
Yan et al. 2018); or have been used to block the impact of stress on behavior (Alfinito, Chen et
al. 2008, Hoffman, Armstrong et al. 2010, Wang, Yu et al. 2019) or induce behavioral and
physiological effects (Alfinito, Chen et al. 2008, Dennis, Burai et al. 2009, Hoffman, Armstrong
et al. 2010, Tang and Graham 2019). This drug treatment strategy has been previously used to
implicate glucocorticoid receptors in SPS effects in male rats (Araki, Fuchikami et al. 2020, Lin,
Cheng et al. 2022). The experimental design is illustrated in Figure 1.

Because we were using pharmacological approaches to manipulate levels of estrogen
receptor activation prior to SPS, and we have previously observed that stage of estrous cycle
does not interact with SPS to affect conditioned freezing (Keller, Schreiber et al. 2015),
glucocorticoid receptor changes (George, Stout et al. 2013), or startle (Knox, Stout-Oswald et al.
2021), we did not characterize changes in estrous cycle in female rats.

Behavioral Procedures

Fear conditioning, extinction training, and extinction testing protocols were conducted as

previously described (Knox, George et al. 2012, Knox, Nault et al. 2012). All behavioral sessions

were conducted in cohorts of 18 animals and each cohort always had representative SPS vs.
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control and vehicle vs. drug rats. In addition to randomly assigning animals to independent
groups, this methodology reduced the potential confounding impact of cohort effects.

Fear conditioning was conducted in Context A and consisted of five CS-unconditioned
stimulus (US) pairings. The CS was a tone (2kHz, 9s, 80dB) which co-terminated with the US
footshock (ImA, 1s). Extinction training was conducted 24h later in a novel context (i.e. Context
B) and involved 30 CS-only presentations. Extinction retention testing was conducted in Context
B (i.e. the extinction training context) 24h after extinction training and involved four CS-only
presentations. This context-shift procedure minimizes the effects of contextual fear conditioning
on cued fear and extinction memory phenomena (Chang, 2009). All behavioral sessions
employed a 210s baseline period and 60s inter-trial intervals (ITT).

Data and statistical analysis

Cameras mounted onto the ceiling of the chambers were used to record all behavior,
which were scored at a later date. Freezing was analyzed using Any-maze software (Stoelting
Inc., Kiel, WI, USA) as previously described (Knox, Nault et al. 2012). We also analyzed darting
behavior, which refers to a sudden movement of an animal in reaction to a threat, because
previous studies have observed this could be a female-specific defense behavior (Gruene, Flick
et al. 2015, Shansky 2018, Colom-Lapetina, Li et al. 2019, Greiner, Muller et al. 2019). Velocity
in m/s was recorded using Any-maze and the maximum speed of animals (head movements as
well as head and body movements) within a 5s bin was calculated using Any-maze as well. We
selected maximum speed (as opposed to average speed) within a time window to characterize
darting, because it allowed us to measure instances where an animal could respond to a CS by

freezing and darting within the same time-window (e.g. 1s dart and 4s of freezing).
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Freezing during CS presentation and corresponding ISI (e.g. CS1 and ISI1) was averaged
into a single trial for all sessions and used as a measure of conditioned fear responding. To
increase the power of our analyses, we conducted a stress (SPS vs. Control) x FC trial (Trials 1-
5) factor design on the vehicle animals in order to characterize any stress effects which may have
occurred in drug free animals. We then conducted a drug (vehicle vs. drug) x FC trial factor
design for SPS and control rats separately to characterize drug effects in SPS and control
animals. Darting during a CS presentation was averaged across two bins for all CS presentations
and subjected to a stress x FC trial factor design.

For extinction training, freezing across two extinction trials were averaged into a block
and analyzed using a stress x block (1-15) factor design. Similar to fear conditioning, freezing in
control and SPS rats were then subjected to a drug x block design separately to characterize drug
effects. Max. velocity during CS presentations were averaged into a block across two CSs and
subjected to a stress x block factor design.

For extinction testing, freezing and max. velocity across two trials were averaged into
blocks and subjected to a stress x extinction block (baseline, 1-4) factor design, then a drug x
extinction block factor design in SPS and control rats (for reasons mentioned above). In all
behavioral sessions, baseline was analyzed using t-test or one-way ANOVA. For freezing, 210s
of freezing was scored and used as baseline prior to CS presentation. For max. velocity, the 5s
bin immediately preceding the initial CS presentation was used as baseline for all behavioral
sessions.

For all factor designs main and simple effects were analyzed using ANOVA and main
and simple comparisons analyzed using t-tests with Bonferroni corrections applied where

appropriate. A p-value less than .05 was used as a determinant of statistical significance.
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Results
Experiment 1: Effects of nuclear estrogen receptor antagonism prior to SPS on fear and
extinction memory
Freezing
There was no difference in baseline freezing prior to fear conditioning between
SPS/vehicle and control/vehicle rats (p > .05). During fear conditioning SPS/vehicle rats spent
more time freezing during the early trials than control/vehicle rats even though all animals
showed equivalent levels of conditioned freezing at the end of fear conditioning [SPS vs. Control
for CS5: p > .05]. This effect was revealed by main effects of trial for fear conditioning [Fu.72) =
76.38, p =.002] and a stress x trial interaction on the linear trend component [F,18) = 13.337, p
=.026]. Prior to extinction training freezing between SPS/vehicle and control/vehicle rats were
equivalent (p > .05). All animals showed fear memory retrieval in the early stages of extinction
training and decreased freezing across extinction training trials. This effect was revealed by a
significant main effect of block for the linear trend component [F1,18) = 102.037, p <.001], but
there were no stress effects (ps > .05). Prior to extinction testing SPS/vehicle rats exhibited more
freezing than control/vehicle rats and this effect approached significance [tus) = 2.057, p = .054].
During extinction testing conditioned freezing was enhanced in SPS/vehicle animals across all
trials [main effect of stress; F(1,18) = 6.003, p = .025]. These results are illustrated in Figure 1A.
In control rats, administration of the estrogen receptor antagonist ICI1182,780 had no
effect on freezing in any behavioral session (ps > .05; Figure 1B). In SPS rats, conditioned
freezing prior to fear conditioning (i.e. baseline) was not affected by drug administration (ps >
.05). During early trials in fear conditioning, conditioned freezing was lower in animals that were

injected with ICI182,780 [drug x trial interaction: Fs, 104y = 2.72, p = .048], however all animals
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had equivalent levels of conditioned freezing at the end of fear conditioning (ps > .05).
ICI182,780 administration in SPS rats had no effects on conditioned freezing during extinction
training (baseline or trials; ps > .05). Conditioned freezing was lower in SPS rats that received
ICI182,780 during extinction testing, but this effect did not attain statistical significance [F(2, 26) =
2.112, p =.141]. To probe potential effects, we separately compared .005mg/kg against vehicle
and the .05mg/kg against vehicle (using drug x trial factor design). Administration of .005mg/kg
of ICI182,780 had no effect on conditioned freezing during extinction testing (ps > .05), but
administration of .05mg/kg of ICI182,780 lowered conditioned freezing during extinction testing
[Fa,17)=4.864, p =.041]. These results are illustrated in Figure 1C.
Max. velocity

There was no difference in baseline max. velocity prior to fear conditioning between
SPS/vehicle and control/vehicle rats (p > .05). During fear conditioning max. velocity increased
above baseline for all rats and then decreased across fear conditioning trials. This effect was
revealed by a main effect of trial for the linear trend component [F, 72) = 34.93, p <.001]. This
effect was equivalent between SPS/vehicle and control/vehicle rats (ps > .05). Prior to extinction
training max. velocity between SPS/vehicle and control/vehicle rats were equivalent (p > .05).
Max. velocity during extinction trials were consistently below baseline levels, but increased
across extinction trials [main effect of trials on linear trend component: F(1,18) = 82.162, p <
.001]. There was also a main effect of stress [F(1,18) = 7.139, p = .016], which reflected a decrease
in max. velocity in SPS/vehicle rats. Prior to extinction testing SPS/vehicle and control/vehicle
rats had similar max. velocity scores (p > .05). Baseline max. velocity scores during extinction

testing were equivalent between SPS/vehicle and control/vehicle rats (p > .05). During extinction
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testing trials, max. velocity was lower in SPS/vehicle rats when compared to control/vehicle rats
[main effect of stress; F1,18) = 4.928, p = .039]. These results are illustrated in Figure 1D.

In control rats, administration of the estrogen receptor antagonist ICI182,780 had no
effect on max. velocity during fear conditioning, extinction training, or extinction testing (ps >
.05; Figure 1E). In SPS rats, max. velocity prior to fear conditioning (i.e. baseline) was not
affected by drug administration (p > .05). During early trials in fear conditioning, max. velocity
was lower in animals that were injected with .05mg/kg of ICI182,780, but higher in animals
injected with .005mg/kg of ICI182,780. This effect was revealed by a significant main effect of
drug [F(2,26) = 3.461, p = .046] and a drug x trial interaction on the quadratic component [F, 26) =
4.094, p = .028]. However, all SPS animals had equivalent max. velocity levels at the end of fear
conditioning (p > .05). Administration of .005mg/kg of ICI182,780 enhanced max. velocity at
the end of extinction training. This effect was revealed by a trial x drug interaction [F(14, 364) =
1.97, p = .016] and significant post hoc comparison [.005mg/kg vs. vehicle, for averaged max.
velocity for last two blocks of extinction training: ta7) = 1.991, p = .026]. Administration of
ICI182,780 had no effects on max. velocity during extinction testing (Baseline or trials; ps >
.05). These results are illustrated in Figure 1F.

GPER agonism in SPS rats

Administration of ICI182,780 altered behavior in SPS animals only. ICI182,780 is also
an agonist for GPERs (Thomas, Pang et al. 2005). To control for this, we examined the effects of
administering the selective GPER agonist, G-1, on freezing and darting in SPS rats during fear
conditioning, extinction training, and extinction testing. In SPS rats, administration of G-1 prior
to SPS had no effect on conditioned freezing during fear conditioning, extinction training, or

extinction testing (ps > .05). These results are illustrated in Figure 2A
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Max. velocity during baseline period of fear conditioning was equivalent between vehicle
and rats administered G-1 (p > .05). The main term for drug approached significance for max.
velocity during fear conditioning trials [F(1,23)=4.012, p = .057], which may have reflected the
tendency for SPS rats treated with G-1 to have higher dart levels during fear conditioning trials.
Administration of G-1 had no effects on max. velocity during extinction training or testing (ps >
.05). These results are illustrated in Figure 2B.

Experiment 2: Effects of estrogen receptor agonism on conditioned fear and extinction
memory in SPS and control animals
Freezing

There was no difference in baseline freezing prior to fear conditioning between
SPS/vehicle and control/vehicle rats (p > .05). During fear conditioning SPS/vehicle and
control/vehicle rats acquired conditioned freezing in an equivalent manner [main effects of trials:
Fa,92)=68.794, p <.001; stress effects: ps > .05]. Prior to extinction training freezing between
SPS/vehicle and control/vehicle rats were equivalent (p > .05). All animals showed fear memory
retrieval in the early stages of extinction training and decreased freezing across extinction
training trials. This effect was revealed by a significant main effect of block for the quadratic
trend component [F(1,42) =44.717, p <.001]. Decreases in conditioned freezing across extinction
training trials was enhanced in SPS/vehicle rats [main effect of stress: F(1,22)=28.904, p <.001]
and this was most prominent after initial extinction training trials. Prior to extinction testing,
conditioned freezing was lower in SPS animals at baseline [t22) = 2.255, p =.034] and during
extinction testing trials [main effect of stress: F,22) = 5.457, p = .029]. These results are

illustrated in Figure 3A.

13



Accepted Manuscript
Version of record at: https://doi.org/10.1007/s00213-023-06342-6

In control rats, administration of 178-estradiol had no effect on freezing during fear
conditioning (ps > .05). Prior to extinction training, conditioned freezing was equivalent between
estradiol-treated and vehicle rats (p > .05). During extinction training trials control animals
administered estradiol had lower levels of freezing. This effect was revealed by a significant
main effect of drug [F2, 30) = 4.621, p = .018]. Administration of .18mg/kg of estradiol in control
rats lowered baseline freezing prior to extinction testing. This effect was revealed by significant
one-way ANOVA [F(2,32 = 3.508, p =.043] and post hoc comparison [vehicle vs. .18mg/kg: t1)
=2.821, p =.01]. Administration of estradiol in control rats had no effect on conditioned
freezing during extinction testing trials (ps > .05). These results are illustrated in Figure 3B. In
SPS rats, administration of 173-estradiol had no effect on conditioned freezing during fear
conditioning (ps > .05). During extinction training, SPS rats administered estradiol had higher
levels of conditioned freezing, in particular after initial extinction training trials. This effect was
revealed by a significant drug x trial interaction on the quadratic trend component [F2.27) =
3.411, p =.048]. Administration of estradiol in SPS rats had no effects on conditioned freezing
during extinction testing (ps > .05). These results are illustrated in Figure 3C.

Max. velocity

There was no difference in max. velocity during fear conditioning between SPS/vehicle
and control/vehicle rats (ps > .05). Prior to extinction training max. velocity between SPS/vehicle
and control/vehicle rats were equivalent (p > .05). Max. velocity during extinction training trials
were consistently below baseline levels, but increased across extinction trials and toward the end
of extinction training increased above baseline max. velocity levels. This was revealed by a main
effect of trial on the linear trend component: F(1,22) = 53.537, p <.001]. There was also a main

effect of stress [F(1,22) = 24.948, p <.001], which reflected an increase in max. velocity in
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SPS/vehicle rats across extinction training trials especially the later extinction training trials.
Prior to extinction testing SPS/vehicle and control/vehicle rats had similar max. velocity scores
(p > .05). During extinction testing trials, max. velocity was higher in SPS/vehicle rats when
compared to control/vehicle rats [main effect of stress; F(1,22) = 5.228, p = .032]. These results are
illustrated in Figure 3D.

In control rats, administration of the 17f estradiol had no effect on max. velocity during
fear conditioning (ps > .05). Prior to extinction training administration of 17 estradiol had no
effect on max. velocity (p > .05). In control rats administered 17 estradiol, max. velocity was
increased during extinction training trials. This was revealed by a main effect of drug [F230) =
8.529, p <.001]. Prior to extinction testing (i.e. baseline) all rats had equivalent max. velocity
levels (p > .05). There was a main drug term that approached significance [F2,30)=3.07,p =
.051]. To probe this effect further we compared the effect of administering .018mg/kg of 17
estradiol with respect to control. This analysis resulted in a significant main effect of drug [F.22)
=6.231, p = .01], with administration of .018mg/kg of 17f estradiol increasing max. velocity
during extinction testing trials. These results are illustrated in Figure 3E. In SPS rats
administration of 17B-estradiol had no effect on max. velocity during fear conditioning,
extinction training, or extinction testing (ps > .05). These results are illustrated in Figure 3F.
Refined analysis of max. velocity during fear conditioning

Significant increases in max. velocity over baseline were only observed during fear
conditioning, though this could have been driven by onset of the auditory fear-CS and/or
footshock administration. To address this, we separated darting during presentation of the
auditory fear-CS into an auditory-only portion that included only the auditory CS (first 5s, CS-T)

and a footshock portion that included when the CS co-terminated with the footshock (second 5s,
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CS-F). Max. velocity during fear conditioning was then re-analyzed using a stress x trial x
stimulus type (CS-T vs. CS-F) factor design for SPS and control animals alone. Max. velocity
from SPS and control rats were then separately analyzed using a drug x trial x stimulus type
factor design.

In Experiment 1 (administration of ICI182,780) there was a main effect of stimulus type
[Fa.18) =205.24, p <.001] and a stimulus type x trial interaction on the linear trend component
[Fa.18)=15.592, p <.001]. These results were driven by enhanced max. velocity during CS-F,
but not CS-T, as well as decreased max. velocity (during CS-F) across fear conditioning trials.
There was also a stress x stimulus type x trial interaction [F,72) = 3.507, p = .016]. This effect
was driven by lower max. velocity in SPS animals during the middle of FC trials during the CS-F
portion of auditory fear-CS presentations. This interpretation was further supported by
significant t-test [SPS vs. control for CS3-F: tas) = 3.496, p = .003]. Administration of
ICI182,780 had no effects on max. velocity in control rats (ps > .05). In SPS rats, administration
of .005mg/kg of ICI182,780 increased max. velocity. This was revealed by a main effect of drug
[F.26)=3.695, p = .039], significant post hoc analysis [vehicle vs. .005mg/kg: ta7)=2.772,p =
.013], and was most pronounced during the CS-F portion of fear conditioning. These results are
illustrated in Figures 4A-C. Administration of ICI182,780 altered behavior in SPS animals only
and ICIS182,780 is an agonist for GPERs (Thomas, Pang et al. 2005). To control for this, we
examined the effects of administering the selective GPER agonist, G-1, on max. velocity during
the CS-T and CS-F portions of fear conditioning. There was a main effect of drug that
approached significance [F(1,23) =4.012, p =.057]. This may have reflected increased max.
velocity with administration of G-1 (especially during the CS-F portions of fear conditioning).

These results are illustrated in Figure 4D
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In Experiment 2 (administration of 17 estradiol) there was a main effect of stimulus type
[Fa.22)=140.424, p <.001] and a stimulus type x trial interaction on the linear trend component
[Fa.22)=30.701, p <.001]. These results were driven by enhanced max. velocity during CS-F,
but not CS-T, and decreased max. velocity during CS-F across fear conditioning trials. Re-
analysis of max. velocity during fear conditioning did not yield any stress or drug effects (ps >
.05). These results are illustrated in Figure 4E-G.

Discussion

The results of Experiment 1 support the assertion that SPS can alter emotional memory in
female rats and these changes are dependent on nuclear estrogen receptor activation at the time
of SPS. SPS enhanced conditioned freezing during extinction testing and this effect was blocked
with nuclear estrogen receptor antagonism prior to SPS. Furthermore, these effects were not
observed with agonism of GPERs prior to SPS. A previous study did not observe SPS effects on
conditioned freezing in female rats (Keller, Schreiber et al. 2015), but a primary difference
between this study and Keller et al., is the lack of vaginal swabbing. In all experiments in this
study vaginal swabs were not used to establish estrous cycles, because pharmacological
approaches were used to manipulate estrogen receptors prior to SPS. The process of performing
vaginal swabs may represent a mild stressor that renders female animals resilient to the effects of
SPS. In support of this assertion, enhancements in dorsal hippocampus glucocorticoid receptor
expression (a consistent effect observed with SPS (Liberzon, Lopez et al. 1999, Kohda, Harada
et al. 2007, Wang, Han et al. 2009, Knox, Nault et al. 2012, Eagle, Knox et al. 2013, George,
Rodriguez-Santiago et al. 2015, Moulton, Chamness et al. 2018)), is not observed in male rats
when anogenital swabbing is performed over a two-week period (Keller, Schreiber et al. 2015).

Also, other studies have observed SPS effects in female rats when vaginal swabbing is
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performed only at the time of SPS (Nahvi, Nwokafor et al. 2019). Even though stress can inhibit
the activity of the hypothalamic-pituitary-gonadal system (Rivier and Rivest 1991), vascular
estrogen levels and local estrogen levels (via increased aromatase activity) increase in female
organisms during acute stress (Shors, Pickett et al. 1999, Dickens, Cornil et al. 2011, Oyola and
Handa 2017). Enhanced vascular estradiol levels also potentiates stress-enhanced HPA activity
(Viau and Meaney 1991, Seale, Wood et al. 2004, Figueiredo, Ulrich-Lai et al. 2007, Heck and
Handa 2019). Together these findings raise the possibility that enhanced estrogen levels during
SPS activates nuclear estrogen receptors, which facilitates SPS effects on emotional memory in
female rats.

In Experiment 2, administration of 17 estradiol had no effect on conditioned freezing in
SPS rats during extinction testing trials, which suggests further enhancing estrogen receptor
activation prior to SPS does not modulate the impact SPS has on emotional memory regulation
and/or expression. However, in Experiment 2, SPS decreased freezing, during extinction training
and testing relative to control animals. These effects were opposite in direction to SPS effects
observed in Experiment 1. These results could be interpreted to mean that SPS enhances
acquisition and maintenance of extinction memory, but such an interpretation is counter to
results obtained in Experiment 1 and multiple studies that have consistently observed (in a few
cases in female rats) that SPS disrupts the retention of fear extinction (Yamamoto, Morinobu et
al. 2008, Knox, George et al. 2012, Knox, Nault et al. 2012, Keller, Schreiber et al. 2015, Knox,
Stanfield et al. 2016, Canto-de-Souza, Demetrovich et al. 2021, Ferland-Beckham, Chaby et al.
2021, Mancini, Marchetta et al. 2021, Omura, Fuchikami et al. 2021). Furthermore, even though
conditioned freezing in control rats during fear conditioning and early trials of extinction training

were equivalent between Experiments 1 and 2, conditioned freezing during extinction testing
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was enhanced in control rats in Experiment 2 relative to Experiment 1. Together these findings
raise the possibility that there could have been a group effect in rats in Experiment 2. It is
possible that rats in Experiment 2s had heighted arousal/stress prior to commencing any
experimental protocols (e.g. housing conditions prior to arriving at the University of Delaware).
Heightened arousal/stress can lead to enhanced freezing during extinction testing (Maren and
Chang 2006). Furthermore, as arousal and emotion-like intensity increase, defense behavior
changes from freezing and enhanced startle to action that involves increased locomotor activity
(e.g. avoidance) (Davis and Astrachan 1978, Blanchard and Blanchard 1989, Lang, Davis et al.
2000, Luyten, Vansteenwegen et al. 2011, Fadok, Krabbe et al. 2017). Such a behavioral
transition would be associated with decreased freezing. If this were true, then control animals in
Experiment 2 (for unidentified reasons) would have higher arousal/emotion-like intensity, which
could have disrupted retention (or expression) of extinction in control rats. When Experiment 2-
rats were exposed to SPS, this could have caused a shift in behavioral strategy during extinction
testing, which manifested as a decrease in freezing. The consistent finding that SPS rats behaved
differently to control rats during extinction testing in Experiments 1 and 2 demonstrates that SPS
changes emotional memory expression and/or regulation in female rats. However, the
discrepancy between the direction of SPS effects on freezing between Experiments 1 and 2 (as
well as the difference in freezing in control rats during extinction testing between Experiments 1
and 2) highlight the need to examine multiple defense behaviors in female rats that could more
reliably measure emotional memory regulation and SPS effects on emotional memory regulation.
It also raises the possibility that under different initial conditions (e.g. Experiment 1) enhancing
estrogen receptor activation could further exacerbate SPS effects (unlike the findings in

Experiment 2).
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It should be noted that estrogen has separate effects on emotional learning and memory.
Low levels of estrogens, estrogen receptor antagonism, and low levels of estrogen receptor
activation, are associated with either deficits in extinction memory (or inhibition of conditioned
fear responding) (Milad, Igoe et al. 2009, Milad, Zeidan et al. 2010, Ressler, Mercer et al. 2011,
Glover, Jovanovic et al. 2012, Lebron-Milad, Graham et al. 2012, Graham and Milad 2013,
Glover, Jovanovic et al. 2015). Also, the results of a clinical study suggests that administration of
synthetic estrogen shortly after trauma reduces the incidence of PTSD (Ferree, Wheeler et al.
2012). While the results of this study suggest that activation of nuclear estrogen receptors during
SPS facilitates SPS effects in female rats, further research is needed to better understand how
activation of estrogen receptors contribute to traumatic stress effects on emotional memory in
males vs. females.

Through what neural substrates may enhanced nuclear estrogen receptor activation during
SPS lead to potential SPS deficits in emotional memory? SPS lowers glutamate levels in the
medial prefrontal cortex (mPFC) (Knox, Perrine et al. 2010, Piggott, Bosse et al. 2019), lowers
mPFC neural activity during extinction training (Knox, Stanfield et al. 2016), and disrupts
functional connectivity between the mPFC and BLA during extinction training (Knox, Stanfield
et al. 2018). Furthermore, SPS-induced deficits in fear memory extinction may be driven by
SPS-induced changes in neural function in the mPFC (Canto-de-Souza, Demetrovich et al. 2021,
Omura, Fuchikami et al. 2021). Given the critical role of the mPFC in inhibiting fear memory
(Quirk, Garcia et al. 2006, Orsini and Maren 2012, Maren and Holmes 2016), activation of
nuclear estrogen receptors may act within the mPFC to facilitate SPS effects on emotional
memory. The basolateral amygdala (BLA) is critical for expression and inhibition of fear

memory (Maren 2001, Cho, Deisseroth et al. 2013, Maren and Holmes 2016, Zhang, Kim et al.
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2020) and is sensitive to SPS. During fear conditioning SPS inhibits internalization of
glucocorticoid receptors and enhances PI3K-Akt signaling within the amygdala (Moulton,
Chamness et al. 2018, Knox, Della Valle et al. 2021). Inhibiting PI3K-Akt signaling in the BLA
during fear conditioning abolishes extinction retention deficits induced by SPS without having
effects in control rats (Knox, Della Valle et al. 2021). Thus, activation of nuclear estrogen
receptors within the BLA could also facilitate SPS effects on emotional memory. It should be
noted that a single administration of 17B-estradiol followed by a time delay of seven days
lowered conditioned freezing in control rats during extinction training, which suggests that
administration of this ovarian hormone may have a distinct time-delayed effect on emotional
reactivity in non-stressed rats, which could be driven by activation of nuclear estrogen receptors
(or activation of nuclear estrogen receptors and GPERs).

In this study darting (which can be defined as a sudden increase in locomotor activity that
is equivalent to or greater than .2ms/s (Gruene, Flick et al. 2015, Colom-Lapetina, Li et al. 2019,
Greiner, Muller et al. 2019, Mitchell, Trettel et al. 2022)) was only observed with footshock
onset. Previous studies have observed increased darting in response to an aversive CS (Gruene,
Flick et al. 2015), but some studies have not observed darting in response to an aversive CS
(Odynocki and Poulos 2019). This suggests that to elicit darting responses with an auditory fear
CS, different parameters are needed (e.g. higher frequency tone, different size arena, different
fear conditioning protocol). It should also be noted that SPS had effects on darting and freezing
during fear conditioning in Experiment 1 and these effects were sensitive to estrogen receptor
manipulation. These findings raise the possibility that SPS may have broader effects on fear
behavior and these effects are also facilitated, in part, by activation of estrogen receptors during

SPS. However, SPS had no effects on freezing early in extinction training (when fear memory
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retrieval occurs) and no SPS effects on freezing or darting were observed in Experiment 2.
Together, this makes it difficult to interpret effects observed during fear conditioning in
Experiment 1.
Conclusion

The results of this study demonstrate that SPS effects on emotional memory can be
obtained in female rats and this effect is likely driven, in part, by activation of nuclear estrogen
receptors at the time of SPS. However, differential SPS effects on freezing during extinction
testing (increases vs. decreases) were observed in Experiments 1 and 2 as well as enhanced
freezing during extinction testing in control rats in Experiment 2 relative to Experiment 1. These
observations raise the possibility that changes in parameters of how fear conditioning and
extinction training are conducted are needed to better understand emotional memory regulation
in female rats as well as characterize what effects SPS is having on emotional memory regulation
in female rats. One study has reported that increasing the post-stress incubation period after SPS
renders female rats sensitive to SPS effects (Mancini, Marchetta et al. 2021). Other parameters to
consider are conducting behavioral experiments in the active cycle of rodents (i.e. in the dark)
and/or examining the effects of SPS on emotional memory in behavioral paradigms that allow

for the measurement of additional defense behaviors (e.g. avoidance).
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Figure Captions

Fig 1 Experimental design used in this study.

Fig 2 Effects of ICI182,780 administration prior to SPS on fear and extinction memory measured
using freezing and max. velocity. A) In SPS/vehicle rats (n = 9) enhanced freezing, early in fear
conditioning, was observed though both SPS/vehicle and control/vehicle animals (n=11)
acquired fear memory in an equivalent manner. Conditioned freezing during extinction training
was equivalent between SPS/vehicle and control/vehicle rats, but enhanced in SPS/vehicle rats
during extinction testing. B) Administration of ICI182,780 (.005mg/kg: n =9, .05mg/kg: n = §)
had no effect on freezing in control rats. C) Administration of ICI182,780 (.005mg/kg: n = 10,
.05mg/kg: n = 10) prior to SPS lowered conditioned freezing during fear conditioning, but had
no effect on freezing during extinction training. Administration of .05mg/kg of ICI182,780
lowered conditioned freezing during extinction testing in SPS rats. D) Darting (defined as
increases in max. velocity over baseline) was only observed during fear conditioning. Max.
velocity during extinction training and testing was attenuated in SPS/vehicle rats. E) IC1182,780
administration had no effects on max. velocity in control rats, but F) enhanced max. velocity in
SPS rats during fear conditioning and extinction training. B — baseline, FC — fear conditioning,
ExtTr — extinction training, ExtTest — extinction testing. Black * represents p < .05 for stress

comparisons, while red * represents p < .05 for drug comparisons.

Fig 3 Effects of G-1 administration prior to SPS on fear and extinction memory. A)
Administration of .001mg/kg of G-1 (n =12) had no effect on freezing or B) max. velocity when

compared to vehicle-treated SPS animals (n =13).
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Fig 4 Effects of 17 estradiol administration prior to SPS on fear and extinction memory
measured using freezing and max. velocity. A) In SPS/vehicle animals (n = 10) freezing was
decreased during extinction training and testing relative to control/vehicle animals (n = 14). B)
Administration of 17 estradiol in control rats (.018mg/kg: n =9, .18mg/kg: n = 10) decreased
conditioned freezing during extinction training and the baseline period of extinction testing. C)
Administration of 17 estradiol (.018mg/kg: n =10, .18mg/kg: n = 10) prior to SPS enhanced
conditioned freezing during extinction training. D) Darting (defined as increases in max. velocity
over baseline) was only observed during fear conditioning. SPS increased max. velocity during
extinction training and testing. E) 17 estradiol administration enhanced max. velocity in control
rats during extinction training and testing, but F) had no effect on max. velocity in SPS rats.
Black * represents p < .05 for stress comparisons, while red * represents p < .05 for drug

comparisons.

Fig S Effects of estrogen hormone receptor manipulation on changes in max. velocity at CS-tone
(T) and footshock (F) onset during fear conditioning in SPS and control rats. In all fear
conditioning experiments darting was observed during the onset of F, but not at the onset of T.
A) Darting during F3 onset was lower in SPS/vehicle rats relative to control/vehicle rats.
Administration of ICI182,780 had no effects on max. velocity in B) control rats, but enhanced
darting in C) SPS rats. D) Administration of G-1 had no effects on darting during fear
conditioning in SPS rats. E) In Experiment 2 darting was equivalent between SPS/vehicle and
control/vehicle rats. Administration of 17 estradiol had no effects on darting in F) control or G)

SPS animals.
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