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Relative to males, female rats can show enhanced contextual fear generalization (demonstrating a fear response in a safe or

neutral context) dependent on estrogen receptor activation. The current experiment aimed to extend this finding to cued

fear conditioning. Females in low-estrogen phases of the estrous cycle showed good discrimination, similar to males,

between a conditional stimulus that predicted shock (CS+) and an equally familiar one that did not (CS−), while females

in the proestrus (high estrogen) phase demonstrated similar levels of fear between the CS+ and CS−. These results demon-

strate that cued fear generalization is similarly influenced by endogenous estrogens.

Forming precise fear-based memories is impaired in several neuro-
psychiatric diseases (e.g., Giustino et al. 2016). These fear- and
anxiety-related disorders, such as generalized anxiety disorder
(GAD) and posttraumatic stress disorder (PTSD), constitute the
most prevalent class of psychiatric illnesses, with a lifetime occur-
rence of over 30% in the United States alone (Kessler et al. 2005).
Interestingly, these disorders occur more frequently in women
than men, even when controlling for external variables (cause/
severity of trauma, age, etc.; Kessler et al. 1995, 2012).

Pavlovian conditioning (Pavlov 1927) in rodents provides an
ideal method to understand the fundamental differences between
males and females in the development of these disorders. In a typ-
ical preparation, a neutral conditional stimulus (CS; e.g., a tone) is
paired with an aversive unconditional stimulus (UCS; e.g., a
shock). Rats will demonstrate a conditional fear response (such as
freezing) to this CS during subsequent testing (e.g., Goode et al.
2017). Freezing to a CS that has consistently been paired with a
shock (CS+) can be compared to a neutral CS that has never been
paired with a shock (CS−). This learning typically results in higher
freezing to the CS+ than the CS−, indicating that the animal is suc-
cessfully discriminating between fearful and safe stimuli (e.g.,
Ferrara et al. 2017).

Impairments in this type of stimulus discrimination can lead
to generalization of fear responding to safe (or novel) stimuli.
Stimulus generalization is a hallmark symptom of both PTSD and
GAD, which both occur disproportionately in women. Recent
workhas begun to investigate the potential role for estradiol in con-
text fear generalization (Lynch et al. 2013). For example, Lynch
et al. (2014) conditioned animals using a passive avoidance proce-
dure inwhich the dark side of a two-sided black andwhite chamber
is paired with footshock. They found that ovarectomized female
rats injected with estradiol benzoate 1 h before training showed in-
creased contextual generalization of this learning (demonstrated
by increased latency to cross from the light to the dark side of the
chamber in a neutral context) relative to vehicle-injected controls.
Similar work found that naturally cycling female mice display in-
creased contextual fear generalization when compared to males
(Keiser et al. 2017). Interestingly, when comparing female subjects
across all phases of estrous to males using a cued fear conditioning
paradigm, Foilb et al. (2018) found that female rodents showedbet-

ter discrimination between a CS that predicts shock (CS+) and a CS
predictive of nothing (CS−). It is worth noting that they did not
track the estrous phase, so the influence of fluctuating hormones
is still unclear.

Based on the findings from Lynch et al. (2014, 2016) and oth-
ers (e.g., Keiser et al. 2017), we hypothesized that high levels of en-
dogenous estrogens (measured using estrous phase as a proxy
measure) would correspond with impaired fear discrimination
and enhanced generalization using a discrete cue fear discrimina-
tion paradigm previously used in our laboratory (Ferrara et al.
2017). In rodents, the estrous cycle is 4–5 d in length and consists
of four distinct phases: proestrus, estrous, metestrus, and diestrus
(Nelson 2011). Notably, changes in the estrous phase are correlated
with fluctuating levels of several steroid hormones, including pro-
gesterone and estrogen. A high level of estrogen is primarily char-
acteristic of the proestrus phase (Milad et al. 2009). We, therefore,
expected that males and low-estrogen females (in the estrus, met-
estrus, or diestrus phases) would show good discrimination be-
tween the CS+ and CS−, but that high-estrogen females (in
proestrus phase) would show similar levels of freezing in the CS+
and the CS− (indicative of fear generalization).

Subjects were male and female Long Evans rats from Envigo
(n=42; Madison, WI). Rats were individually housed with free ac-
cess to water and rat chow. The animal colony was maintained at
a 14:10-h light–dark cycle with all experiments occurring under
the light portion of the cycle. All experiments were approved by
theUW-Milwaukee Institutional Animal Care andUse Committee.

Female rats were subject to at least 3 d of handling in prepa-
ration of vaginal swab collection. Cotton swabs with tips no wider
than 2mm and no longer than 5mmwere autoclaved prior to use.
To collect vaginal cytological samples, autoclaved cotton swabs
were first soaked in sterile dH2O. Soaked swabswere then gently in-
serted into the vagina, the vaginal wall swabbed, and the swab
gently removed. The cotton tip was then lightly rolled on to a
prelabeled slide. Once dry, the estrous phase was identified via
light microscopy. To determine if females were naturally cycling,
the estrous phase was tracked through at least three complete
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cycles (12–15 d). The collection of vaginal epithelial samples oc-
curred at the same time each day.

Prior to training, all rats were transported to the room where
training would occur via a transportation cart and handled for
2-min each for three consecutive days. Rats were placed in
Context A for differential fear auditory conditioning. Context A
was comprised of four identical Plexiglas and stainless-steel cham-
bers each housed inside a separate sound-attenuating box. Each
outer box was illuminated with a 7.5-W house light and was ven-
tilatedwith a small fan. The backgroundnoise level in each of these
outer boxes ranged from 46 to –50 dB. The floors of the Plexiglas
chambers in Context A were made of evenly spaced stainless-steel
rods through which the footshock (UCS) was delivered. Each
chamber was cleaned and the inside wiped down with 5% ammo-
niumhydroxide between animals. During the training session, rats
received 10 counterbalanced CS+ and CS− presentations. CS+ cues
were always paired with a shock (1 sec, 0.5 mA), and CS− cues were
never paired with shock. The average intertrial interval (ITI) be-
tween each tone presentation was 70 sec. The tone duration was
10 sec with a frequency of either 1 kHz (65 dB) or 7 kHz (55 dB)
and frequencies were counterbalanced between groups.

Auditory CS testing took place in Context B 24 h after condi-
tioning. The chamber floors in Context B were composed of an
opaque, white piece of plastic. The chambers of Context B were
wiped with 5% acetic acid before each test session. Rats received
five discrete tone presentations of the CS− then five of the CS+
(30 sec; 60 sec ITI) following a 60 sec stimulus-free period.
Freezing was defined as the cessation of all movement excluding
respiration and was automatically scored in real-time with
FreezeScan 1.0 detection software (Clever Sys, Inc.) calibrated to a
trained human observer.

As our primary interest was in examining the contributions of
high-estrogen levels, female subjects were separated based on the
estrus phase at the time of retrieval testing. We compared animals
in their proestrus phase (High E) to animals in all other phases
(Low E). Crucially, there were no differences between freezing lev-
els in animals in estrus, metestrus, or diestrus phases. Both groups
were compared to males of the same age (previous work has dem-
onstrated good discrimination in males using this conditioning
preparation; Ferrara et al. 2017). Two animals were excluded for
showing baselines freezing rates over 20% in the neutral context
(Zs = 3.69, 3.27; Field 2005), leaving final groups sizes at n =10
(Males), n=5 (High E), and n=25 (Low E). One excluded animal
was from the estrus group and the second was from the metestrus
group.

Results from the testing day are displayed in Figure 1. A 3
(Group: Male, Female High E, and Female Low E) × 5 (Trial Type:
Pre-CS, CS−, CS+, ITI, and Post-CS) ANOVA found a main effect
of Group, F(2,37) = 10.87, MSE=1076.57, P<0.001, h2

p = 0.37, trial,
F(4,148) = 62.54, MSE=390.48, P<0.001, h2

p = 0.63, and an interac-
tion between the two, F(8,148) = 2.45, MSE=390.48, P=0.016,
h2
p = 0.12. While there were no group differences during the base-

line period, planned comparisons found that males differed from
both groups of females during the CS− (High E: P=0.001, Low E:
P=0.002), the CS+ (High E: P=0.01, Low E: P=0.006), the ITI
(High E: P= 0.001, Low E: P=0.002), and the post-CS period
(High E: P=0.03, Low E: P=0.007), reflecting overall lower rates
of freezing in males when compared to females. High-estrogen
and low-estrogen females did not differ from each other during
any trial. While males (P<0.001) and low-estrogen females (P<
0.001) froze less during the CS− than the CS+, this was not true
of high-estrogen females (P=0.42), highlighted in Figure 3A.

To isolate the effect of phase on retrieval, a similar ANOVA
was run to assess responding during the retrieval session as a func-
tionof phase at training (depicted in Fig. 2) and found amain effect
of Group, F(2,37) = 9.92, MSE=199.24, P<0.001, h2

p = 0.35, trial,

F(4,148) = 69.71, MSE=372.63, P<0.001, h2
p = 0.65, and an interac-

tion between the two, F(8,148) = 3.45, MSE=372.63, P=0.001,
h2
p = 0.16. Importantly, all three groups showed less responding

during the CS− than the CS+ (Male: P<0.001; High E Female: P=
0.03, Low E Female: P=0.001). These results suggest that the re-
duced discrimination was a function of estrogen level at the time
of retrieval rather than at the time of training.

A

B

C

Figure 1. Means and SEM during the pre-CS, CS−, CS+, ITI, and post-CS
periods during the retrieval session for males (A), low-estrogen females (B),
and high-estrogen females (C). Asterisks indicate P<0.05 between CS−
and CS+. Groups were constructed based on the estrous phase at the
time of retrieval.

Sex differences in discrimination
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While 100% of males showed clear discrimination (in which
CS+ freezing was higher than CS− freezing) between cues, 76%
of low-estrogen females showed this effect and 60% of high-
estrogen females showed this effect. Of the animals in each group
that demonstrated this effect, the average discrimination score
(calculated by subtracting freezing in the CS− from freezing during

the CS+) was 24.75 for males, 22.99 for low-estrogen females, and
12.05 for high-estrogen females, suggesting that even in animals
that did discriminate, this effect was smallest for high-estrogen
females. When a discrimination index was calculated by examin-
ing CS− freezing as a proportion of CS+ freezing the means fol-
lowed a similar numerical trend (Males: M=0.53; Low E Females:
M=0.81; High E Females: M=0.93). Discrimination did not differ
substantially across the nonproestrus phases of the estrous cycle,
with animals showing a significant difference (or trend toward sig-
nificance) between the CS+ and CS− in the estrus (P=0.01), metes-
trus (P= 0.036), and diestrus (P=0.074) phases (Fig. 3B).

This result demonstrates that while both males and low-
estrogen females can discriminate between a CS that signals shock
and a neutral CS, this discrimination was not evident in female ro-
dents in the proestrus phase. This experiment replicates and ex-
pands on the results from Lynch et al. (2013, 2014) in at least
two important ways. First, it demonstrates a role for estrogens in
cued fear discrimination, similar to previouswork using contextual
fear conditioning. Second, it shows that endogenous estrogens
likely influence generalization of fear behavior in a similar manner
to systemic estradiol injections. It should also be noted that female
rats frozemore thanmale rats, regardless of cycle. This result seems
to be in accord with some research that demonstrates differential
involvement of brain structures (such as the prefrontal cortex) re-
cruited during fear conditioning as well as alterations in excitatory
and inhibitory sensitivity within the amygdala across the estrous
cycle (Blume et al. 2017; Kirry et al. 2019).

Previous research has demonstrated systemic estrogens and
estradiol are associated with general improvements in learning
and memory (for review, see Frick et al. 2015), with typical results
demonstrating an effect of estrogen on the ability to more readily
acquire both fear learning (Jasnow et al. 2006) and extinction
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Figure 2. Means and SEM during the pre-CS, CS−, CS+, ITI, and post-CS
periods during the retrieval session for males (A), low-estrogen females (B),
and high-estrogen females (C ). Asterisks indicate P<0.05 between CS−
and CS+. Groups were constructed based on the estrous phase at the
time of acquisition.

A

B

Figure 3. Means and SEM during the CS− and CS+ periods during the
retrieval session separated into males, and High E and Low E females (A) as
well as examining each individual phase of the estrous cycle (B). Asterisks
indicate P<0.05 between CS− and CS+.
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learning (in which conditional responding is decreased following
repeated presentations of the CS without the UCS; Milad et al.
2009; Zeidan et al. 2011). If the ability to discriminate between a
fear-provoking CS+ and a neutral or safe CS− is representative of
good or successful learning, then the body of work demonstrating
increased generalization (and thus, less discrimination) lies in stark
contrast to those results. One potential way to reconcile this is that
generalized fear responding might be seen as an enhanced or po-
tentiated fear learning. In line with this interpretation, some
work has demonstrated that factors that result in enhanced mem-
ory performance following cued fear conditioning (e.g., increased
CREB levels in the auditory thalamus), also result in increased
freezing to neutral tones (Han et al. 2008). Similarly, Keiser et al.
(2017) demonstrated that, while females showed increased contex-
tual generalization, this was accompanied by an overall increase in
fear to the acquisition context. The current resultsmirror this latter
finding using a cued fear conditioning paradigm.

Given the high levels of freezing in both the current results
and Keiser et al. (2017) it is difficult to conclusively state that any
lack of discrimination was due to a failure to discriminate instead
of an overall ceiling effect. One potential explanation is that
estrogen might correlate with higher levels of anxiety leading to
a potentiated fear response. However, previous work has demon-
strated that female rodents in the proestrus phase show decreased
anxiety-like responding as measured by an elevated-plusmaze task
(Marcondes et al. 2001), suggesting that the effect reported here is
not due to increased anxiety. In a similar vein, overall differences
between males and females in the present manuscript may have
been due to the swabbing procedure.

The current results provide a crucial step in furthering our un-
derstanding of howestrogensmediate fear learning by demonstrat-
ing that female rats in the proestrus phase of their cycle show a
generalized fear response to a neutral cue relative to both females
in other phases as well as to male controls.
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