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Abstract

Our observation that male rats innate fear response differed with hormonal status, as well as the
higher prevalence of fear and anxiety disorders in human females led to the current investigation of
the impact of phases of the estrous cycle on innate fear responding. Female rats in different phases
of the cycle were exposed to an innate fear-inducing stimulus (2,5-dihydro- 2,4,5-trimethylthiazoline,
TMT odor) and monitored for changes in behavior and brain activation. Behavioral data showed
freezing responses to TMT were significantly enhanced during estrus as compared to other phases
of the cycle. This data was supported by significant increases in pixel intensity in cortical and sub-
cortical regions in estrus compared to proestrus and diestrus.

Imaging results demonstrated significant increases in brain activation in the somatosensory and
insular cortices when comparing estrus to diestrus. There were significant increases in neural activity
in the BNST and septum in estrus as compared to proestrus. Additionally, the hippocampus,
hypothalamus, olfactory system, and cingulate cortex show significant increases in the estrus phase
when compared to both diestrus and proestrus. Taken together, these results suggest that the female's
hormonal status may be correlated with alterations in both neuronal and behavioral indices of fear.
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1. Introduction

Anxiety disorders affect more than 40 million individuals in the United States each year and
have a yearly economic cost of $50 billion [26]. Studies suggest that females have a higher
prevalence of anxiety disorders and phobias than their male counterparts [28]. In fact, the
national comorbidity survey reports that women have a phobia prevalence rate of 15.7%,
compared to a rate of 6.7% for men [30].
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Phobias and other anxiety disorders have been linked to alterations in both conditioned and
innate fear responses [46]. Although the literature is replete with studies on conditioned fear
much less is known about innate fear and the possible impact of gender. Reports examining
sex differences in stress responsivity demonstrate higher levels and enhanced release of the
stress hormones adrenocorticotrophin (ACTH) and corticosterone in female rodents
responding to stressors [6,12]. In addition to general stressors, female rodents have been shown
to exhibit more defensive behaviors than males when exposed to predator induced stressors
[3,4,29,31], suggesting a link to hormonal status. The possible role of alterations in gonadal
hormones like estrogen and progesterone on female fear behavior appears complex and
multidimensional. For example, while some rodent studies show that estrogen administration
increases in anxiety-like behaviors [40] others report anxiolytic-like effects [56] and still others
show no significant effect [38]. Much work needs to be done to elucidate the possible
mechanisms and brain regions involved in these possible conflicting reports. Functional
imaging provides an innovative way to view the neural correlates of a stimulus. When using
fearful face recognition as an fMRI stimulus, women show a different pattern of activation in
the left amygdala and other regions such as the prefrontal cortex. In fact, the female fear
recognition response was characterized by increased habituation in the amygdala followed by
increased activity in the hippocampus in human studies [8]. Independent of the current lack of
consensus in this field, the important impact of hormones on psychiatric disorders in women
have been supported by reports showing that the occurrence of mood disorders is greatest
during times when gonadal hormones are in flux [45,58].

Recently several models of predation stress have been utilized to interrogate the neural
mechanisms underlying innate fear. Behaviorally, 2,4,5-trimethylthiazoline (TMT), a
molecule produced by the gland secretions of the red fox [55] has been shown to elicit fearful
behaviors in rodents, including freezing [16], defensive burying [25], and avoidance [7]. With
this in mind, the current study was designed to assess the influence of the estrus cycle in
modulating innate fear response. We have examined both behaviorally and with functional
MRI the TMT induced-innate fear response of female rats (at different phases of the cycle).
We hypothesize that changes in phases of the cycle will correlate to heightened behavioral and
neuronal responses to predator stress.

2. Materials and Methods

2.1. Animals

Sexually mature female Sprague-Dawley rats (250-300 g) were obtained from Harlan
Sprague—-Dawley Laboratories (Indianapolis, IN). Animals were housed in Plexiglas cages
(two to a cage) and maintained in ambient temperature (22-24 °C) on a 12-h light: 12-h dark
schedule (lights on at 09:00 h). Food and water were provided ad lib. All animals were acquired
and cared for in accordance with the guidelines published in the NIH Guide for the Care and
Use of Laboratory Animals (#80-23, Revised 1996). These studies were approved by the
IACUC Committee of the University of Massachusetts Medical School.

2.2 Acclimation procedure

For imaging experiments, animals were acclimated to the restraint device for 3 days according
to a previously published procedure [10]. Briefly, animals were lightly anesthetized with 2%
isoflurane secured in a dual coil rodent restrainer developed for fMRI (Insight Neuroimaging
Systems LLC, Worcester, MA). A plastic semicircular headpiece with blunted ear supports
that fit into the ear canals was positioned over the ears. Lidocaine paste (2%) was added to
points of mechanical restraint, e.g., bridge of the nose and ear canals to minimize any pain or
discomfort during the study. The head was placed into the cylindrical head holder with the
animals' incisors secured over a bite bar and the ears were positioned inside the head holder.
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The body of the animal was placed in a customfitted cylindrical body tube. The body restrainer
isolates all of the body movement from the head restrainer and minimizes motion artifact
[32], while allowing for unrestricted respiration. The head holder and body tube were
subsequently placed in a black opaque tube “mock scanner” with a tape recording of scanner
noises. Scanner noises were identical to the precise imaging protocol to which rats would later
be exposed during the experimental imaging protocol.

2.3 Estrus cycle assessment

Estrus cycle was determined by virginal smear examination [9]. Female in diestrus, proestrus
and estrus phases were used in this experiment.

The vagina presents cyclic changes according to hormonal fluctuations, so estrus cycle can be
determined by virginal smear examination [9]. Epithelial cells exfoliated from the vaginal wall
can be collected onto a swab, smeared onto a slide, and examined under the microscope; the
presence of cornified cells is indicative of estrus. In this study, all rats had vaginal smears to
determine estrus cycle stage. This involved sampling the cells of the vaginal canal with sterile
saline using plastic pipette. The recovered solution containing cells were placed on microscope
slides. Subsequent cell cytology was examined under low or medium-power with a light
microscope. Cell descriptions, as described by Sharp and LaRegina [49], were used to classify
rats as being in diestrus, proestrus, or estrus.

Usually in diestrus phase, there is an abrupt decrease in superficial epithelial cell numbers and
a marked increase in basal and parabasal epithelial cell numbers, many neutrophils are present
at first with a marked decrease in 1-2 days, red cells may or may not be present. Simply, there
were a variety of cell types along with leukocytes In diestrus. In proestrus, epithelial cells are
all non-cornified basal, parabasal, and intermediate cells gradually decreasing in number,
superficial epithelial cells appear by 2nd or 3rd day and increase in number over time.
Erythrocytes are numerous and gradually decrease in number. Leukocytes disappear by the
last day or two of proestrus and large and small intermediate cells along with red cells
predominate.

Specifically, in proestrus the majorities of cells were large, round and nucleated. In estrus
phase, epithelial cells are mostly large flat angular cornified epithelial cells that become
wrinkled and irregular as estrus progresses. Red cells may be observed micro scopically
throughout estrus, leukocytes appear on the last day or two of estrus. Large numbers of
leukocytes indicate the end of estrus. In estrus the majority of cells were cornified.

2.4 Behavioral assessment

Rats were tested to assess their behavioral response to each scent and control prior to imaging
studies. Briefly, a separate group of female rats (n = 8 per group) were removed from their
home cage between 9:00 - 11:00 am EST (to minimize the impact of circadian rhythms) and
allowed to habituate to the environment (plastic container) for two 10 minute sessions. The
following day, the rats were placed in the same environment (Plexiglass cage, 40 cm in length,
20 cm in breadth, 20 cm in height) and 100 ul of either water (no odor), lemon scent, and TMT
odor (Phero Tech Inc., British Columbia, Canada) were presented in this order. Between each
scent the animal was allowed to return to its home cage for a resting period of 10 minutes. This
quantity of TMT has been used in past behavioral and imaging experiments to examine innate
fear responses in our laboratory [10].

The animal remained in each condition for 5 min. Each test session was scored as well as
videotaped for future analysis. The videotapes were then blindly scored for fear behaviors,
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particularly freezing behavior. The freezing response consisted of cessation of all movement
except those necessary for breathing [23].

2.5 Magnetic Resonance Imaging

All images were acquired using a 4.7T/40 cm horizontal magnet equipped with a Bruker
BioSpec console and a 20 Gauss/cm magnetic field gradient insert (inner diameter, 12 cm)
capable of a 120 ps rise time (Bruker, Billerica, MA U.S.A). High resolution multislice
anatomical images for each subject were obtained using a fast spin-echo pulse sequence
(RARE, or rapid acquisition relaxation enhanced) with relaxation time (TR) = 2.0s, effective
excitation time (TE =12 ms), Matrix = 256 x 256, field of view (FOV) = 3.0cm x 3.0 cm,
eighteen 1.0-mm slices. Subtraction of these data sets confirmed there was no significant
movement of the animal over the imaging session. Subsequent functional imaging was
performed at a resolution of 642 x 18 slices with the same FOV and slice thickness with RARE
sequence of TR = 2.5s, TE =7 ms,16 echo train length, average =2, Number of repetitions=30,
total acquisition time=10 minutes. The first 10 repetitions were used for acclimation and
control. Following baseline data acquisition, the stimulus (TMT, British Colombia, Canada)
was introduced and acquisition continued for an additional 20 repetitions.

2.5 Data processing

Following the functional sequences repeated anatomy images were collected and compared to
the initial anatomy image sets. Motion artifact was assessed by: 1) subtraction of anatomical
data across the imaging session, 2) qualitative analysis of time series movies looking for voxel
displacement, and 3) analysis of raw data time series for course spikes. The time series movies
correlated with course spike activity. The multiple data sets collected from these imaging
sessions showed very little motion artifact using these criteria. On the rare occasion there would
be a course spike usually caused by movement of the mouth such as in swallowing. The data
for these images were excluded.

Each subject was registered or aligned to a fully segmented rat brain atlas that delineates more
than 1200 distinct anatomical subvolumes within the brain based on 2D atlas textbooks [42,
52]. These detailed regions are collected into some major regions of the brain, e.g. amygdaloid
complex, cerebrum, hippocampus, BNST, etc. The anatomy volumes were aligned to the atlas
volume using interactive manual registration. The affine registration involved translation,
rotation, and scaling in all 3 dimensions, independently.

The matrices that transformed the subject's anatomy volume to the atlas space were used to
embed each slice within the atlas. All transformed pixel locations of the anatomy images were
tagged with the segmented atlas major and minor regions creating a fully segmented
representation of each subject. The inverse transformation matrix [T;]"1for each subject (i) was
also calculated. An interactive GUI facilitated these alignments [59].

Unpaired t-test statistics were performed on each individual subject within their original
coordinate system. The control period was repetitions 2 to 9. The stimulation was repetition
12 to 19 when stimulus was presented. The t-test used a 95% confidence level, two-tailed
distributions and heteroscedastic variance assumptions. These analysis settings provided
conservative estimates for significance. Those pixels deemed statistically significant, retained
their percent change values, (stimulation mean minus control mean) relative to control mean.
All other pixel values were set to zero.

The segmented atlas was cropped and rendered onto 18 slices of 256x256 resolution
corresponding to the 30x30mm FOV of the subjects. This cropped atlas served as the
segmented composite with coordinates for row, column, and slice. For each group, by taking
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the average of activated number of pixels (Nact) within each ROI, and presenting the Nact
pixels with the highest BOLD change, a group statistical composite was created.

The segmented atlas was cropped and rendered onto 18 slices of 2562 resolution corresponding
to the FOV of the subjects. This cropped atlas served as the segmented composite with
coordinates for row, column, and slice. A statistical composite was created for each group. The
individual analyses were summed within groups.

The BOLD response maps of the composite were somewhat broader in their spatial coverage
than an individual subject. Consequently, the magnitudes of the statistical values were
commensurately reduced. This outcome was a natural consequence of the inability to align
each subject within a pixel resolution. However, the subjects were aligned very well at the
resolution of the regions of interest (ROIs). Regions of interest were chosen a priori based on
previous imaging studies done with TMT and other regions commonly cited to be involved in
the innate fear response, which will be further described in the discussion portion of this paper.

Figure 1 summarizes behavioral responses to fear-inducing (TMT) odor, neutral (lemon), and
no stimulus as monitored by changes in freezing behavior in different phases of the estrus cycle.
Time spent freezing, defined as an animal remaining motionless for at least 3 seconds was
significantly enhanced in the estrus phase (F=41.3, p=0.03) compared to both the proestrus
and diestrus phases during TMT presentation. There were no significant differences across
estrus cycle during control scent presentation (lemon and no odor, p>0.05). This behavioral
increase in fear responding was also monitored for corresponding changes in brain activation
(see below).

Figure 2 depicts TMT odor-induced brain activation maps (2D) of positive BOLD signal
response across the estrus cycle. Each subject was registered or aligned to a fully segmented
rat brain atlas using MIVA (Medical Image Visualization and Analysis). The activated voxels
(based on a t-test, thresholded at p <0.05) are overlaid onto the corresponding anatomy (2D)
atlas. Independent of the phase of the cycle all animals exhibited regional changes in brain
activation in cortical and sub-cortical regions in response to TMT olfactory cue.

Figure 3 summarizes the number of activated positive pixels across the estrus cycle in the
olfactory cortex and other cortical brain regions in response to TMT odor. Significant
differences in positive signal intensity were observed after TMT exposure in several cortical
brain regions including the olfactory cortex (F=6.674, p=0.009), somatosensory cortex
(F=4.193,=0.037), insular cortex (F=6.964, p=0.008) and cingulate cortex (F=5.409, p=0.018).
Post-hoc tests showed that signal intensity was significantly increased in the estrus compared
to proestrus phase of the cycle in the olfactory cortex (0.009) and cingulate cortex (p=0.039).
When comparing estrus to diestrus significant changes in pixel intensity were observed in the
olfactory cortex (p=0.041), somatosensory cortex (p=0.034), insular cortex (p=0.007), and the
cingulate cortex (p=0.024) compared to estrus.

Figure 4 depicts the number of activated positive pixels across the estrus cycle in sub-cortical
brain regions in response to TMT odor. Significant differences in positive signal intensity were
observed after TMT exposure in several sub-cortical brain regions including hippocampus
(F=6.863, p= 0.008), hypothalamus (F=5.004, p=0.023), BNST (F=5.647, p=0.016), and
septum (F=3.7388, p=0.0001). Post hoc analysis showed significantly enhanced activation in
estrus compared proestrus in the hippocampus (p=0.01), hypothalamus (p=0.031), BNST
(p=0.034), and septum (p=0.001). While significantly positive pixels were observed in estrus
compared to the diestrus phase of the cycle in the following sub-cortical brain regions namely
the hippocampus (p=0.024), hypothalamus (p=0.045), and septum (p=0.001).
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Both cortical and sub-cortical sites were uniquely activated in different phases of the cycle in
response to TMT odor. These data suggest that the phase of the cycle may facilitate a selective
neuronal and behavioral response to emotionally relevant stimuli.

Figure 5 shows a time course exhibiting BOLD signal change over time in response to TMT
presentation. This data demonstrates there were no significant differences between estrus
phases during baseline fMRI imaging (p>0.05).

4. Discussion

The current study was performed to assess the impact of estrus cycle phase on female's response
to an innate fear-evoking stimulus. Behavioral studies assessing olfactory-induced freezing
responses to TMT clearly demonstrate enhanced fear-induced response in estrus versus other
phases of the cycle. Additionally, freezing was not significantly altered during different estrus
phases in response to control stimuli suggesting that the animals exhibit a more appropriate
response following. Since the estrus phase, is the period of female sexually receptivity, these
data suggest that females in this phase of the cycle maybe more perceptive to olfactory stimuli
warning the organism of possible impending danger. Because predation odor elicits relevant
defensive behavioral responses in rodents, it is not surprising that these responses are plastic
and subject to factors such as context [5] and physiological variables like age, sex, and
reproductive status [27,43]. In addition to the behavioral responses, neuronal activation in the
olfactory system is significantly enhanced in estrus supporting the phenomenon that olfactory
sensitivity may be modulated by reproductive state as observed in rodents [48] and humans
[44]. In a human study using n-butanol to address the influence of fluctuating hormones on
olfaction researchers observed thresholds were lower in midcycle as opposed to during menses,
when this pattern switches [44]. We speculate that during sexually receptivity stage, it would
be evolutionarily advantageous for females to become more aware of relevant olfactory stimuli
necessary for both survival and procreation (i.e. pheromones and predator odor). Since we only
monitored each experimental condition for freezing behavior due to its relevance to the defense
response, we are unsure if olfactory sensitivity to other odors changed with other phases of the
estrus cycle. This would be an interesting question to examine in future studies.

Since several studies have shown that hormonal alterations across the menstrual cycle may be
associated with significant changes in brain activity [11,14,17,24], this study was designed to
explore the neural components associated with exposure to a fear-inducing stimulus across the
esrus cycle. Past reports exploring the effects of estrous status on mood and anxiety related
behaviors have not arrived at a clear consensus. Some studies suggest that proestrus is period
when females show reduced immaobility on the forced swim test [19], inceased latencies in
burying an electrified prod [20], and spend more time in the open arms of the elevated plus
maze than do diestrus females or males [21,37,58]. Other studies show that females in proestrus
and estrus show increased anxiety on elevated plus maze, additionally when estrogen and
progesterone are given to ovariectomized rats, they exhibit decreased anxity on this task [39].

In accordance with past studies, several brain regions implicated in the neural response to TMT
(in male rats) [10] were activated in response to the fear-eliciting odor in females. Namely, the
enhanced defensive fear behaviors exhibited by female rats were accompanied by brain
activation in both cortical and sub-cortical sites [13]. Past studies in our laboratory [10] using
manganese—enhanced MRI (MEMRI) in males exposed to TMT show enhanced uptake in the
cingulate cortex, thalamus, hypothalamus, hippocampus, and amygdala. The current report
shows that the brain regions participating in innate fear are similar in both males and females
exposed to TMT. However, in the female studies we found neuronal activation alterations in
another cortical region namely the insular cortex.
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Other studies have found changes in the insular cortex when processing negative emotional
stimuli [34,36] and or the reported action of estrogen in modulating arousal/sympathetic tone
in the insular cortex to [47]. Outside of the insular cortex the septum is another region that did
not appear as critical using the MEMRI method. In the current data the septum shows enhanced
activation in estrus compared to the other stages of the cycle. The septum, a subregion of the
basal ganglia, has been implicated in threat assessment in mammals. More specifically, recent
observations demonstrate that this region is critical to TMT—induced fear behaviors[15].

Taken together, these data support TMT enhanced behavioral and neuronal activation in estrus
females as opposed to other stages of the estrus cycle. We speculate that the influence of
hormonal status on the observed emotional responding may be via complex interactions
between ovarian hormones and the cortico-limbic circuitry. For example, in the hippocampus
a brain region critical to the expression of certain types of defensive behavior [4,53] and
implicated in fear conditioning [1,2] has been shown to contain large numbers of estrogen
receptors [18]. In addition, estrogen may function at these sites critical to fear expression in an
indirect manner. Estrogen down-regulates 5-HT1A receptor in the limbic system and up-
regulates the levels of 5-HT2A receptor in the cortex of both female rats and pre-menopausal
women [41,51]. These receptors have opposite effects on excitation in the bed nucleus of the
stria terminals (BNST), another important area in the anxiety and unconditioned fear response
[35,50]. The differential effects of estrogen in several of these critical brain regions may
modulate the response to different evolutionarily relevant olfactory cues associated with
survival and procreation.

In conclusion, greater responsiveness to fear both behaviorally and neuronally in estrus may
indicate that fluctuations in gonadal hormones that occur with the estrus cycle may influence
females in an evolutionary distinct manner. Further research elucidating the exact mechanisms
involved in this response can have both scientific and clinical relevance.
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Figure 1. Behavioral response to TMT and lemon scent across the estrus cycle

Error bars represent SEM. Time spent freezing, defined as an animal remaining motionless for
at least 3 seconds was recorded. The estrus rat froze significantly longer than both the proestrus
and diestrus phases (p=0.03). There were no significant differences between estrus phases in
response to lemon scent (p>0.05). Additionally there were no significant differences between
phases in freezing in response when no scent stimulus was presented (p>0.05).
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Figure 2. TMT-elicited brain activation maps (2D) of positive BOLD signal response across the
estrus cycle

Each subject was registered or aligned to a fully segmented rat brain atlas using MIVA (Medical
Image Visualization and Analysis). Activated voxels (based on a t-test, thresholded at p <0.05)
are overlaid onto the corresponding segmented atlas (2D).
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Figure 3. Average number of significantly activated voxels across the estrus cycle in cortical areas
Error bars represent SEM (PFC, prefrontal cortex, RSC, retrosplenial cortex). The
somatosensory cortex, insular cortex exhibits significant difference between diestrus and estrus
(shown by *). The olfactory system and cingulate cortex exhibit significant differences between
estrus and both pro and diestrus (represented by **).
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Figure 4. Average number of significantly activated voxels across the estrus cycle in sub-cortical
areas

Error bars represent SEM. (BNST, Bed nucleus stria terminalis; CPU- Caudate putamen, SN,
Substantia nigra) The hypothalamus, hippocampus, BNST, and septum exhibit significant
differences between the proestrus and estrus phases (*).
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Figure 5. Time course showing signal change across estrus phases for the olfactory cortex
Error bars represent SEM. This figure demonstrates that there were no significant differences
(p>0.05) in BOLD response during baseline imaging where no scent was presented.
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