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Abstract

Depression and anxiety disorders overlap in clinical populations, suggesting common mechanisms
that may be further investigated in reliable animal models. We used filial 8 female Long-Evans
rats bred for high (HAn; n=19) and low anxiety (LAnN)-like behavior (n=21) to assess forced

swim test mobility strategies and chronic mild stress (CMS)-induced depression-like symptoms.
We measured (1) weight, (2) fur piloerection, (3) sweet food consumption, (4) grooming behavior,
and (5) circulating estradiol (E2). One month after CMS terminated and following a terminal
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forced swim test, brains were processed for immunohistochemistry targeting c-Fos and serotonin
1A receptor (5-HT1AR) protein in the paraventricular nucleus (PVN) of the hypothalamus.

HAn female rats showed increased anxiety-like behavior (i.e., lower open to closed arm ratios,
increased closed arm entries), more swimming (i.e., mobility), and less floating (i.e., immobility)
behavior in the forced swim test. Overall, HAn females weighed less than their LAn counterparts.
After chronic mild stress, HAn lines displayed even greater mobility and consumed fewer Froot
Loops™. Fur and grooming analyses indicated no significant differences in mean counts across
experimental groups. One month after CMS, cycling E2 concentrations (pg/ml) did not differ
between HAN and LAn animals. Elevated c-Fos and 5-HT1AR expression were observed in

the PVN, where HAn CMS rats expressed the most c-Fos and 5-HT1AR immunoreactivity. In
summary, outbred HAn rats show robust anxiety-like behavior, exhibit more mobility in the forced
swim test, and are more sensitive to chronic mild stress-induced grooming and decline in palatable
food ingestion.

Keywords

forced-swim test; trait anxiety; unpredictable stress; anhedonia; serotonin receptors; immediate
early gene; rodents

Introduction

While many individuals experience everyday life stressors without any remarkable
socioemotional decline, others will show extreme distress to the same stressors (Marciniak
et al., 2004). Anxiety and depression are significantly comorbid in children and adolescents
(Brady & Kendall, 1992; Cummings et al., 2014) and adults (Rohde et al., 1991; Flint,
1994; Mineka et al., 1998; Kessler et al., 2012B; Hasin et al., 2018). The World Health
Organization’s (WHO) global prevalence estimates for anxiety and depression disorders
grew by 14.9% and 18.4%, respectively, from 2005-2015 (WHO, 2017). In the United
States, one-year and lifetime prevalence estimates for depression disorders are almost two-
fold higher in women than men (Hasin et al., 2018). Out of individuals with chronic stress
disorders, women were more likely to develop a comorbid depressive disorder (McLean,
Asnaani et al., 2011). Further, females report higher rates of multiple anxiety disorders than
males (for review see, McLean and Andersen, 2009; for review see, Christiansen, 2015; for
review see, Asher et al., 2017; Asher & Aderka, 2018).

Depressive episodes disproportionately impact women (Yang & Lee, 2009), have a heritable
component, and are linked to pre-existing traits and physiological differences such as
temperament and neuroendocrine function (Gorwood et al., 2004). An increase in major
depressive disorder (MDD) diagnosis in girls parallels the onset of ovarian cycling (i.e.,

a significant increase in circulating estrogens), and post-pubertal females experience up

to twice as many MDD episodes as males (Altemus et al., 2014). Ovarian hormone
fluctuations can account for variability in behavioral changes related to emotionality and
anxiety (Mora, Dussaubat & Diaz-Veliz, 1996; Palanza et al., 2001; Azizi-Malekabadi et
al., 2015; Ramos-Ortolaza et al., 2017). For example, a reduction in anxiety-like behavior
(ALB) in female rats is reported during proestrus and estrus (Mora, Dussaubat, and Diaz-
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Veliz 1996; Zimmberg & Farley, 1993; Palanza et al., 2001); while estradiol, progesterone,
and their metabolites exert anti-anxiety effects in rats and mice (Mora et al., 1996; Rodgers
et al., 1998; Palanza et al., 2001; Weiser et al., 2010; Calmarza-Font et al., 2012; Oyola

et al., 2012). Furthermore, these anxiolytic effects are either mediated by changes in GABA/
benzodiazepine receptors or serotonin (Mora et al., 1997; Rodgers et al., 1998; Palanza et
al., 2001; MacKenzie & Maguire, 2014; Ferreira et al., 2016).

Rats inbred along high and low ALB differ in their coping responses to the forced swim test
(FST) since high ALB rats exhibit more passive and depression-like behaviors, including
freezing, attenuated struggling, and low sensory thresholds relative to low ALB rats
(Landgraf & Wigger, 2002). In response to a social defeat test, high ALB rats showed more
significant Fos immunoreactivity in the medial nucleus of the amygdala, produced more
ultrasonic vocalizations, and exhibited increased freezing during the confrontation (Landgraf
& Wigger, 2003). Additionally, Cohen and colleagues (2017) selectively bred rats for high
(HR) or low (LR) response to novel stimuli—a behavioral measure of ALB, where low ALB
animals are designated as HR. In response to the defensive burying test, HR rats showed
proactive while LR rats displayed reactive coping styles (i.e., increased immobility scores).
The increase in proactive coping styles in HR rats was associated with increased activation
of serotoninergic neurons and differential neuroimmune mRNA expression compared to LR
rats (Cohen et al., 2017).

In the current study, we used selectively outbred filial 8 (F8) Long-Evans female rats
displaying high (HAn) and low anxiety (LAnN)-like behavior to assess mobility strategies in
the FST and to determine the impact of a three-week chronic mild stress (CMS) paradigm
(adapted from Papp et al., 2003) on depression-like symptoms (DLS), serum estradiol (E2)
concentration, and c-Fos and serotonin 1A receptor (5-HT1AR) immunoreactivity (IR) in
the paraventricular nucleus (PVN) of the hypothalamus. The PVN is implicated in ALB
and stress regulation in clinical populations and rodent models (Flandreau et al., 2012). For
example, in rats, serotonin depletion in the PVN significantly altered ALB on the elevated
plus maze (EPM) behavior (Ciobica et al., 2010). We further selected the PVN as recent
work in our lab has shown higher 5-HT1A receptor protein expression in this region in filial
5 outbred HAN males (Niedzielak et al., 2020).

2 Materials and Methods

2.1 Study Design

2.1.1 Animals—For the current study, female Long-Evans rats from a ninth generational
line (F8; N=104) were housed in groups of 3—4 per cage under controlled conditions

of temperature, light (12h light-dark cycle; lights on from 0700 h to 1900 h, E.S.T.),

and humidity, with free access to food and water. All animals used were bred from nine
generations of unrelated Trait ALB mating pairs (HAn males and HAn females/LAn males
and LAN females), determined by quartile analysis of time spent on the open arms in the
EPM (e.g., lower quartile, less time spent on OA, HAn; upper quartile, more time spent

on OA, LAN), in the animal facilities of the University of Massachusetts Boston in Boston,
Massachusetts (For details, see Ravenelle et al., 2013). Previous work in our lab (Ravenelle
et al., 2013) has demonstrated that successive generational lines of animals starting at filial
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3 (4th generational line) resemble the parental line (filial 0, FO) when screened on the EPM
and this effect was observed for filial 5 generational line animals as well (Niedzielak et al.,
2020). Accordingly, in the current study, we selected females (N=65) screened on the EPM
that shared similar Trait ALB to the FO parental line. We did vaginal swabs and evaluated
stage of estrous at this selection process and prior to testing; only females that were cycling
together were selected. All protocols were approved by the University of Massachusetts
IACUC and adhered to the applicable portions of the Animal Welfare Act and the U.S.
Department of Health and Human Services “Guide for the Care and Use of Laboratory
Animals.”

2.2 Elevated Plus Maze

2.2.1 Equipment—The EPM (Med Associates, St. Albans, VT) was elevated 70 cm
from the floor and consisted of two opposing high-walled arms and two opposing arms open
to the ambient testing room, with a square (10 x 10 cm) junction at the center of the four
arms. The EPM was automated to a PC using MedAssociates software (Med Associates, St.
Albans, VT) for calculating entry and time parameters.

2.2.2 Procedure—Animals were phenotyped on the EPM using a quartile analysis, with
animals characterized as having HAn in the lower quartile (i.e., they spent <20% of their
time on the open arms) and LAn in the upper quartile (i.e., they spent >40% of their time

on the open arms). To confirm emotionality or extreme HAn and LAn phenotypes, we tested
all animals on the EPM on postnatal day (PND) 25, after weaning, and PND 49, before

the onset of CMS. Before starting each session, the maze was sanitized with a mixture of
mild detergent and water and dried. A rat was placed on the central platform facing an

open or closed arm and allowed to move for 5 minutes freely; the direction of placement
was randomized for each subsequent animal. Percent of time spent on open arms (%0A)
was collected and utilized from MED-SYST-8 interface and software. We next calculated a
quartile analysis for %0A data. Animals in the lower quartile (those animals showing the
least %OA time) and upper quartile (those animals showing the most %OA time) of the
quartile analysis were used to determine HAn and LAn phenotypes, respectively. A total of
65 eligible females (HAN: n=25, LAn: n=40) from the F8 generational line were screened on
the EPM across two rounds of tests to confirm ALB (PND 25 and PND 49). Following the
EPM screen on PND 49, the LAn and HAN animals were split by CMS treatment (3 weeks)
to yield four experimental groups: LAn control (7=11), LAn CMS (7= 10), HAn control
(m/=9), and HAn CMS (7=10). A pictorial representation of the Study Timeline and the CMS
Protocol can be seen in Fig 1 (A-B). EPM data are presented as %OA time tstandard error
of the mean (xSEM).

2.3 Forced Swim Test

The FST was performed three times: 1-2 days pre-CMS onset (FST1), 1-2 days after the
end of CMS (FST2), and 60 minutes prior to sacrifice (terminal FST, no data recorded).

On PND 71, after the final CMS treatment, animals were exposed to FST2. Thirty minutes
before each FST, animals were taken in their home cages to the experimental room (same
lighting cycle) to allow for habituation. Rats were individually subjected to the FST in a
cylindrical plastic tank (Plexiglas fashioned for the experimenter: height 40 cm, diameter 18
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cm) filled with tap water (25°C) to approximately 20 cm from the top. Over the five minutes,
floating and swimming behaviors were recorded as a proxy for immobility and mobility
responses, respectively. After the test session, animals were dried with towels and placed

in cages with a heating pad for five minutes. FST data are presented as mean percent time
+SEM displaying immobile (floating) or mobile (swimming: whenever the animals moved
both forelimbs and hindlimbs or any combination) behavior.

2.4 Chronic Mild Stress

The LAn and HAN animals were further divided into groups based on CMS treatment. LAn
and HAn animals that did not experience CMS were categorized as LAn control (/7=11)
and HAn control (/7=9), respectively. Similarly, LAn and HAn animals that did experience
CMS were categorized as LAn CMS (/7=10) and HAn CMS (/=10), respectively. The CMS
procedure was adapted from Papp et a/. (1991) and modified for three weeks. CMS was
operationalized as the following:

. Bedding was removed at 22:00 for 14 hours.

. Food was taken away at 20:00 for 14 hours.

. Water bottles were removed at 22:00 for 14 hours.

. Bedding was moistened with 250 ml of water and remained wet for 14 hours.

. Cages were tilted at a 45° angle at 20:00 for 14 hours.

. Animals were placed in restraints for 20 minutes.
. Animals were induced into a reversed light/dark cycle within home cages for 24
hours.

On days marked as none, there was no stressor performed. Please refer to Figure 1B for a
depiction of the rotation of the CMS manipulations.

2.5 Sweet Food Consumption (Froot Loops™)

We conducted a sweet food consumption test at the start of each CMS treatment week

for three tests throughout the CMS protocol. Each animal was first isolated and placed

into a new cage for the duration of the test. Within each new cage, bedding was removed,
and a grid floor was inserted. Next, a sheet of construction paper was placed under the

grid to collect any pellet crumbs that may have fallen throughout the test. Froot Loops"™
(Kellogg’s pellets containing wheat, cornstarch, and sucrose) were placed in a weigh boat;
each weigh boat was weighed prior to the start of the test for pre-test measurements. Froot
Loops™ has been used as a highly palatable reward in food consumption and anticipation
tasks evoking dopamine efflux (Butts et al., 2011) and has been shown to evoke ultrasonic
vocalization patterns like ethanol consumption (Mulvihill & Brudzynski, 2018). Other
research examining depression-like behavior (Dandekar et al., 2019) has also been reported,
and thus, Froot Loops' were selected as a highly palatable food reward in the current work.

The filled weigh boat was placed in the corner of the cage, and each animal was left
alone for three minutes. After the test, any crumbs that remained at the bottom of the
cage were added back into the weigh boat, and the weigh boat was weighed for post-
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test measurements. The difference between the weigh boat pre-and-post-test was used to
calculate total Froot LoopsTM consumption. Data are presented as total Froot Loops™
consumption (g) £SEM. Animals were exposed to Froot Loops™ and periodic experimenter
handling during the week before the sweet food consumption tests to control for neophobia.
This protocol was adapted from Silveira et al. (2006).

2.6 Weight, Fur Piloerection, and Grooming

Animals were weighed at the beginning of each week throughout the CMS treatment,
including baseline (start of CMS week 1). Following weight measurements, animals were
placed in a novel cage in a brightly lit room (70 lux) and underwent fur piloerection and
grooming checks. We were interested in whether the groups displayed any differences in
weight, fur piloerection, or grooming, used as typical proxies of a decline in health, in
response to the CMS treatment. The fur piloerection check examined the face, back, belly,
nose, and eyes for piloerection and the tail for discoloration. The grooming check examined
the licking of the paws and subsequent cleaning of the face, ears, and fur throughout the rest
of the body. A five-minute timer was set, and two raters blind to the experimental design
had one sheet corresponding to fur piloerection and another corresponding to grooming
behavior. The raters recorded when fur piloerection and grooming behavior was observed
across each five-minute test period. Rater one measured the front of each animal, while rater
two measured the rear of each animal. A “1” was recorded if fur piloerection or grooming
behavior was observed, and a “0” if none were observed. Data are reported as weight (g) and
counts of observed fur piloerection and grooming behavior.

2.7 E2 Concentration

One month following FST2, animals (LAn Control (n-=10), HAn control (n=10); LAn CMS
(n=11), HAn CMS (n=9)) were exposed to a terminal FST and sacrificed thirty minutes

later by rapid live decapitations, and their blood was collected for cycling E2 concentration
analysis. Animal sacrifice occurred before 1400 h, trunk blood was collected in heparinized
test tubes, centrifuged, and plasma samples were stored at —20°C until the analysis time. Our
radioimmunoassay protocol was adopted from Bridges and Byrnes (2006). As such, plasma
E2 concentrations were assayed using a Coat-A-Count Kit targeted against E2 purchased
from Diagnostic Products Corporation (Los Angeles, CA). Within a single assay, all samples
were assayed in 100ul duplicates at an assay sensitivity of 1 pg/ml and with an intraassay
coefficient of variation of 12%. Plasma E2 data are reported as concentration (pg/ml) +SEM.

2.8 Immunohistochemistry

Following the behavioral tests, animals were given a terminal FST followed by an overdose
of Fatal Plus (Vortech Pharmaceuticals, Ltd., Dearborn, MI; 0.075-0.2 ml) 90 minutes

later, with a sterile hypodermic needle injection and perfused transcardially to preserve

the brain for immunohistochemistry (IHC). Animals were perfused first with 0.9% saline,
followed by 4% paraformaldehyde to fix the brain tissue. After perfusions, the brains were
extracted and stored in 4% paraformaldehyde until 24 h cryoprotection in a stepwise fashion
beginning at 5%, then changing to 10%, and ultimately 25% sucrose+4% paraformaldehyde.
Rabbit polyclonal anti-c-Fos antibody (1:5,000 dilution; Calbiochem, Calif., USA) and
rabbit polyclonal anti-5-HT1AR antibody (1:7,500; Abcam, Waltham, MA., USA) were
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used to detect c-Fos and 5-HT1AR protein expression in the PVN. Using free-floating tissue
sections, day one began with phosphate-buffered saline (PBS) washes for 15 minutes, then
blocking in 0.3% H202 for 45 minutes, washed with PBS again, and then incubated in

the primary antibodies c-Fos and 5-HT1AR, diluted in Tris-buffered NaPBS, overnight. On
day two, the tissue sections were washed in PBS for 15 minutes and then incubated in the
respective secondary antibody (Vector labs, Vectastain kit; mouse 1:600 (c-fos) and goat
1:600 (5HT1AR)) for one hour. For day three, the tissue sections were washed, incubated

in avidin-biotin solution for one hour, washed with Tris-buffered NaPBS, and placed in
0.02% 3,3’-diaminobenzidine (DAB) for c-Fos and DAB + Nickel for SHT1AR (Vector labs,
Vectastain) stain for 3 minutes. We also ran controls for the antibody staining following the
same protocol, save for incubation in the primary antibodies substituting the normal goat
serum; here, we observed no staining relative to IHC + antibody tissues (data not shown).

2.8.1 Cell counts—Two experimenters blind to animal identifications were recruited to
assist with quantifying c-Fos and 5-HT1AR immunoreactive (IR) cells within the PVN of
the hypothalamus. Experimenters were trained to distinguish c-Fos based on its chemogenic
DAB light brown staining and 5-HT1AR based on its DAB-Nickel “punctate black” coloring
as described in Fort and Jouvet (1990). We used four rats from each experimental group
(N=16), and five consecutive 30-um sections were analyzed per animal; measurements were
averaged from the right and left hemispheres from six-eight tissues per animal. For image
analyses, a 250 pm 2 square reticule was placed in the PVN, and a digital image was
captured so each experimenter could manually count the IR cells within the reticule; we used
this same protocol for each protein. Representative images are provided (Figure 12). Data
are presented as the number of IR cell counts £ SEM (Figure 11).

2.9 Data Analysis

All data were exported to Excel and GraphPad Prism (v. 9.0) for Mac for graphing and
analyses. We employed Levene’s test to test all data for homogeneity of variance. Next,
we ran Welch’s #tests for the EPM and weight data to delineate any trait differences.
Additionally, where appropriate, we employed two- and three-way ANOVAs for FST,
weight, sweet food consumption, fur piloerection, grooming behavior, E2 concentration,
and IHC data. Where appropriate, Tukey’s or Sidak’s post-hoc test was used to examine
specific group differences.

3 Results

3.1 Elevated Plus Maze

We assessed ALB on the EPM (Figure 2), representing data as %0A time +SEM. A
Kolmogorov— Smirnov test confirmed that data were normally distributed. Next, an unpaired
Student’s t-test revealed that HAN rats spent less time in the open arms than LAn rats
(£=8.132, df=63; p<0.0001; R2 =0.574), confirming trait phenotypes like parental lines. The
LAN mean %0A time (xSEM) was 43.03 (+1.64) relative to the HAn mean of 20.27 (+2.39)
with an eta squared of 0.5754.
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3.2 Forced Swim Test

We operationalized and scored floating and swimming as immobility and mobility responses
during each FST five-minute trial. Behaviors scored in the FST were analyzed using a 2
(Trait Anxiety: LAn/HAnN) X 2 (Treatment: Control/CMS) X 2 (Time: FST1 and FST2)
mixed ANOVA design. Only those behaviors that approached or reached significant effects
are discussed. When main effects were found, data were collapsed across other factors and
analyzed using unpaired Student’s £tests to delineate the directionality of the difference(s).
All behaviors were manually scored; as such, some behaviors were not captured, leading to
missing data points that were dropped by the statistical package GraphPad Prism.

We scored immobile and mobile responses across a five-minute FST trial twice (FST 1,2):
one prior to the start of CMS and one after CMS. Data are shown as mean percent time
spent +SEM immobile (Figure 3) and mobile (Figure 4). CMS animals differed from control
counterparts in time spent immobile during the two FST trials (main effect of Treatment:

F (1, 74) = 5.110; p=0.0267) (Figure 3A). CMS animals spent less time being immobile
compared to controls (£2.371, df=46.44; p=0.02; LAn Control 5.45 £2.69, LAn CMS 0.91
+0.91; HAn Control 5 £2.86; HAn CMS 0); the effect size for immobility/floating was 0.39
(Figure 3B).

Further, HAn and LAn animals (main effect of Trait: F (1, 74) = 6.995; p=0.0100) and CMS
and control animals (main effect of treatment: F (1, 74) = 5.636; p=0.0202) differed in the
amount of time spent mobile during the two FST trials (Figure 4A). Specifically, HAn rats
were more mobile than LAn counterparts (£2.483, df=75.92; p=0.0152) (Figure 4B) and
CMS rats were more mobile than control counterparts (£2.550, df=83.53; p=0.0126; LAn
Control 29.09 £1.82, LAn CMS 37.27 £10, HAn Control 39 +3, HAn CMS 61.11 +3.33);
the effect size for mobility/swimming was 0.09 (Figure 4C).

3.3 Froot Loops™ Consumption

Sweet food consumption (Figure 5) was calculated as the original weight (g) of Froot
Loops™ minus the final weight of Froot Loops ™. Froot Loops™ consumption was analyzed
using a 2 (Trait Anxiety: LAn/HAnN) X 2 (Treatment: control/CMS) X 3 (Time: CMS weeks
1,2,3) mixed measures ANOVA. Only data that approached or reached significant effects
are discussed. Three-way interactions were further explored through a series of two-way
ANOVAs.

Sweet food consumption changed across the duration of the experiment for all animals
(main effect of time: F (2, 111) = 29.57; p<0.0001). Overall, total Froot Loops™
consumption differed between HANn and LAn rats (main effect of trait: F (1, 111) = 34.63;
p<0.0001) and CMS and Control animals (main effect of treatment: F (1, 111) = 35.96;
p<0.0001). We observed the following means £SEMs: LAn Control = 15.71+0.67, LAn
CMS = 14.03+2.24, HAn Control = 14.07+0.62, HAn CMS = 12.19+1.15). Of interest,
sweet food consumption changed as a function of time, trait phenotype, and CMS treatment
(time X trait x treatment interaction effect: F (2, 111) = 4.426; p=0.0141). To further explore
this three-way interaction, we conducted a series of two-way ANOVAs (Figure 6) on total
Froot Loops™ consumption (g) per CMS week to examine phenotypic differences. At Week
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1, HAn and LAn CMS rats consumed less Froot LoopsTM than HAn and LAn control rats
(trait X treatment interaction effect: F (1, 37) = 5.379; p=0.026) and CMS rats consumed
less Froot Loops™ than control rats (main effect of treatment: F (1, 37) = 124.2; p<0.0001).
No significant trait differences were found at baseline. In Week 2, a trait difference emerged,
where HAN rats consumed less than LAn rats (main effect of Trait: F (1, 37) = 24.80;
p<0.0001). Interestingly, CMS animals consumed more than control animals (main effect

of treatment: F (1, 37) = 9.022; p=0.0048) at Week 2. By Week 3 of CMS, HAn animals
continued to consume less Froot Loops™ than LAnN counterparts (main effect of trait: F (1,
37) =12.71; p=0.001) and CMS animals consumed less than control animals (main effect of
treatment: F (1, 37) = 5.429; p=0.025).

3.4 Weight, Fur Piloerection, and Grooming

3.4.1 Weight—Body weight (Figure 7) was analyzed using a 2 (Trait Anxiety: LAn/
HAnR) X 2 (Treatment: control or CMS) X 3 (Time: CMS weeks 1,2,3) mixed ANOVA
design. Only some data were captured, and GraphPad Prism dropped these missing data
points for analysis. To delineate any trait differences between baseline or week three
weights, an unpaired Welch’s #test was performed on HAn and LAn animals’ weights

and each group’s percent difference in weight change from baseline to week three. Data
are represented as mean weight (g) and percent difference in weight change +SEM. The
mean and SEM for group weights were as follows: (Week 1) LAn Control = 320.5£10.35,
LANn CMS = 314.53£12.72, HAn Control = 295.56£8.99, HAn CMS = 287.93+11.25 with
eta squared=0.14; (Week 2) LAn Control = 319.69+7.46, LAn CMS = 304.45+8.81, HAn
Control = 286.10+10.83, HAn CMS = 292.94+15.42 with eta squared=0.12; (Week 3) LAn
Control = 322.06+6.21, LAn CMS = 288.28+6.15, HAn Control = 285.91+8.13, HAn CMS
= 302.84+18.51 with eta squared=0.04.

In general, HAn females weighed less than LAn counterparts (main effect of Trait: (F (1,
108) = 10.83; p=0.0013; HAN, LAN). To explore the nature of this effect, we conducted
Welch’s unpaired £tests for (1) baseline weights (Week 1: LAN) and (2) percent difference
in weight change between baseline and the start of CMS week three. No main treatment
effect was found; data were collapsed across treatments to highlight any trait differences.
HAnN weighed less than LAn rats prior to the start of CMS £2.428, df=37.94; p=0.02)
(Figure 7B); however, HAn and LAn lines did not differ in their percent weight change from
baseline to CMS week three (£0.9472, df=32.05; p=0.29) (Figure 7C). The eta squared for
percent difference in weight was (Week 1) 0.09; (Week 2) 0.02, (Week 3) 0.23.

3.4.2 Fur Piloerection—Fur piloerections mean values (Figure 8) were analyzed using
a 2 (Trait) X 2 (Treatment) X 7 (Body Region) ANOVA. Fur piloerection differed across
the seven body regions (main effect of region: F (6, 56) = 4.511; £=0.0009) and piloerection
counts differed as a function of trait phenotype, CMS treatment, and body region (Body
Region X Trait X CMS Treatment effect: F (6, 56) = 2.333; p=0.0442). To evaluate any
trait phenotype differences embedded within this interaction, mean counts per experimental
group were collapsed across treatment and time. A 2 (Trait) X 7 (Body Region) ANOVA
revealed that mean counts differed across body region only (main region effect: F (6,6) =
6.548; p=0.02), with no statistically significant difference between HAn and LAn animals.
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3.4.3 Grooming—Across all experimental groups, grooming counts (Figure 9) changed
over the five-minute test (main effect of grooming: F (4, 175) = 4.446; p=0.0019). Further,
HAn and LAn rats differed in their grooming behavior at points during the five-minute

test (interaction effect of grooming and Trait: F (4, 175) =2.826; p=0.0264). Group means
were: LAn Control = 0.89+0.24, LAn CMS = 0.76£0.12, HAn Control = 1.05+£0.33, HAn
CMS = 1.29+0.34. Tukey’s multiple comparison tests did not yield statistically significant
results; however, two sets of groups approached a statistically significant difference, such
that: LAN control rats’ counts during the first minute of the test differed from HAn control
rats (q=5.034, df=175; p=0.0564) and HAn CMS rats (q=4.87, df=175; p=0.0793) during the
final minute of the test.

3.5 Plasma E2 Concentrations

Plasma E2 data are reported as concentration levels (pg/ml) +- SEM and were analyzed
using a 2 (Trait: HAn, LAn) X 2 (Treatment: CMS, Control) ANOVA (Figure 10). Exposure
to a three-week CMS treatment did not confer differential E2 concentrations between HAN
and LAn females nor CMS and control rats one month following CMS (no significance

for trait and treatment factors nor interaction effects). Overall, we observed the following
means and +SEMs: LAn Control = 39.0+3.56, LAn CMS = 32.91+3.92, HAn Control =
35.85+7.61, HAn CMS = 31.38+4.9.

3.6 Immunohistochemistry

To evaluate c-Fos and 5SHT1AR protein expression (Figure 11) in the PVN, counts were
averaged from four animals per group (A=16) using both the left and right hemispheres.
This is not a large AVand thus, is a limitation for the current work. We had the following

IR cell counts +SEM: c-Fos expression in the PVN: LAn Control = 25.0+2.12, LAn CMS =
16.27+2.18, HANn Control = 14.0+1.30, HAn CMS = 40.64+4.18. Coronal sections of the rat
brain were microsections between —1.80 and —-1.90, the third ventricle was visualized, and
the PVN was located about 0.5 mm from the midline, lateral to the 3V. IR counts differed
for CMS and control animals (main effect of treatment: F (1,46) = 10.55; p=0.002) and
HAn rats expressed more c-Fos than LAn animals overall (main effect of trait: F (1,46)

= 6.53; p=0.014). Further, c-Fos expression was the highest in HAn CMS rats (Sidak’s
multiple comparisons test: p<0.0001). 5SHT1AR protein expression differed between CMS
and control animals (main effect of treatment: F (1,47) = 19.10; p<0.0001), and 5SHT1AR
protein expression was highest in HAn CMS rats (Sidak’s multiple comparisons test:
p<0.0001). Representative images are provided in Figure 12.

4 Discussion

The current data support the ninth generation (F8) of outbred female HAn/LAn lines bred
at the University of Massachusetts Boston showing comparable ALB to their parental lines.
Further, HAn and LAn rats phenotyped from the F8 generation exhibited differential DLS
across a three-week CMS regimen. Specifically, two FSTs, one before (FST1) and one after
(FST2) CMS treatment, were used to assess coping strategies, and as a proxy for DLS,

we assessed Froot Loops' consumption, weight, fur piloerection, and grooming behavior.

Behav Brain Res. Author manuscript; available in PMC 2024 February 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Calhoun et al.

Page 11

Trait phenotype conferred differences in FST mobility behavior, sweet food consumption,
immediate early gene (c-Fos) and 5-HT1AR expression in the PVN.

4.1 Implications of FST: Interpretation is Key

We assessed initial FST mobility responses after a five-minute exposure one to two days
before the onset of the CMS protocol (FST1) and then one to two days following a three-
week CMS (FST2). We recognize that there are limitations to a test-retest protocol in the
FST as it was designed for a single exposure. The second test could impact the ability of

the FST to serve as a stressor due to familiarity with the test (Bardi et al., 2012). Mezadri et
al. (2011) found that the latency to be immobile decreased across re-tests while the duration
(time) increased when animals were tested 1week and 2-weeks later. Thus, our findings with
the FST2 should be interpreted with caution. Here, we were also interested in determining
coping strategies in the 5-min FST exposures, recognizing that there may be limitations to
the test in general and that, as construed initially, the FST was not thought of as a measure of
depression-like symptoms.

Thus, HANn animals engaged in active coping strategies, which may typically be an index

of low depression like responding since immobility can be modulated by antidepressant
drug treatment and is consequently employed as an index of the drug’s clinical efficacy

and capacity to reverse DLS (Porsolt et al,, 1978; Slattery & Cryan, 2012; Possamai

etal., 2015). In most FST protocols, a stressor is given, and the impact on the FST is
assessed. However, adapting this test in the current study with the FST probe prior to any
manipulation should be interpreted with caution, especially since it is also suggested that
floating may be adaptive and not necessarily an index of depression (Molendijk & de Kloet,
2015).

Our behavioral findings are in opposition to those found in high (HAB) and low

anxiety behavior (LAB) ALB inbred lines (Landgraf & Wigger, 2002), underscoring key
experimental differences. Notably, the high/low ALB animal lines are inbred, while our
HAnN/LAnN lines are outbred (i.e., unrelated mating pairs). Presently, we tested the animals
on two separate occasions. The familiarity with the test could have certainly impacted the
behavioral responses and diminished the stress-inducing effects (Bardi et al., 2012). The
current discrepancies found in FST highlight patterns of inconsistencies reported in the
FST literature (Molendijk & de Kloet, 2015). These discrepancies are arguably attributed
to varied interpretations of FST outcomes (Pollak, Rey, and Monje, 2010) and the role of
personality traits in emotionality, as the current study aims to evaluate.

4.2 CMS-induced DLS

After a week of chronic stress exposure, HAn rats ate less Froot Loops'™ than LAn rats,
which continued after two weeks of CMS treatment. This palatable food paradigm (i.e.,
consumption f Froot Loops™) has been validat4d previously and used as a measure of
anhedonia in rodent models (Dandekar et al., 2019). HAn CMS rats consumed the least
amount of Froot Loops'" of all groups after two weeks of CMS exposure (Figure 6C),
suggesting differential DLS likely due to the influence of trait anxiety phenotype. Fur
piloerection is a proxy for distress behavior, and no trait differences were observed in the
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mean number of fur piloerection counts across the seven body regions (Figure 8). Thus,

our CMS model reduced sweet food consumption but did not impact grooming behavior in
HAn lines indicating greater sensitivity to some effects of CMS and promoting adaptation or
resilience to others. In our hands and others, early life stress has been shown to improve pup
outcomes, including reducing anxiety-like behavior (Berman, Lot, and Donaldson 2014),
promoting growth, and protecting against harm (Carrera et al., 2009; Pryce & Feldon,
2003). Furthermore, HAn and LAn lines are not typical animals, and thus, it is likely that
responses to the CMS are not as expected in these extreme anxiety lines. In our hands,

and that of other colleagues, extreme inbred/outbred phenotypes can be modified (i.e., to

be more normative) to approach each other after manipulations such as maternal separation
(Berman, Lott, Donaldson, 2014; Meaney), environmental enrichment (EE) (Ravenelle et al.
20144, 2014b; Sotnikov et al., 2014) and CMS (Sotnikov et al., 2014). In fact, in their title
and interpretation of the impact of EE and CMS on their HAB/LAB lines, Sotnikov and
colleagues (2014) suggest there is a “bidirectional rescue” of these extreme phenotypes. Our
current data also support this since HAn lines got “better” across the CMS protocol (i.e., in
terms of weight gain and mobility in the FST).

4.3 Effects of CMS and Trait Phenotype on Cycling E2 Activity

One month following the end of CMS, blood plasma was collected and analyzed for
circulating E2 activity. No trait nor treatment differences were found for plasma E2 levels.

It is important to note that the plasma assay occurred one month after CMS terminated and,
as such, reflects only the potential chronic effects of CMS on E2 levels. E2 concentration
was not measured during or immediately after CMS. Exploring the acute effects of CMS and
anxiety-like phenotypes would be advantageous and should be centered in future research.
Indeed, DLS-induced changes to hormonal regulation are well documented in animals (Dalla
et al., 2005; Dalla et al., 2008) and clinical models (Jacobs et al., 2015).

4.4 CMS differentially affects c-Fos and 5HT1AR Expression in the PVN

CMS-induced differential immediate early gene (c-Fos) and 5SHT1AR expression in the PVN
of the hypothalamus. Overall, HAn rats expressed more c-Fos than LAn rats, and HAn

CMS rats expressed the most c-Fos. HAn animals did not differ from LAn counterparts in
5-HT1AR expression; however, the difference did #rendtowards significance (p=0.08), and
HAnN CMS rats expressed the most 5-HT1AR in the PVN.

These results are similar to increased hypothalamic c-Fos expression patterns reported

in HAB/LAB animals treated with and without antidepressants (Muigg et al., 2007).
Additionally, any conferred effect of trait phenotype on CMS-induced behavior may be
regulated through mechanisms than those highlighted by immediate early gene changes in
regions implicated in stress responses. For example, factors influencing synaptic plasticity
(Zurawek et al., 2013), neurotrophic activity (Taliaz et al., 2011), morphology (Tornese

et al., 2019), neurogenesis (Anacker et al., 2018), and downstream effectors of immediate
early genes (Waung et al., 2008). Acute and chronic stressors also trigger a variety of
time-dependent neurobehavioral (Sterrenburg et al., 2012; Wall, Fischer, & Bland, 2012),
neuroendocrine (Brunton & Russel, 2010), neuroimmune (Frank et al., 2013; Hodes et al.,
2014), and epigenetic (Sterrenburg et al., 2011; Saunderson et al., 2016) alterations in the
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rat brain that could be involved in DLS. Moreover, sex-differentiated responses centered
around hypothalamic-pituitary-adrenal axis sensitivity exist (Brunton et al., 2011; Kudwa et
al., 2014) and highlight the importance of using females in stress and mood experimental
models. The findings highlight that HAn female rats exposed to CMS display unique DLS,
including increased mobility in the FST, decreased sweet food consumption, initial weight
gain, and c-Fos activity. Future work should further examine the intersection of biological
factors (e.g., age, stage of estrous activity, sex) and chronic stress on behavior, phenotypic
expression, and neural changes in brain regions important for anxiety and depression-like
behaviors.
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5-HT1A 5-hydroxytryptamine 1A
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Figure 1A-B. Experimental timeline.
(A) Timeline outlining experimental study details. After nine generations of unrelated trait-

paired mating, animals were screened on the EPM on PNDs 25 and 49. Following the last
EPM screen, the three-week CMS treatment commenced. Estrous cycling sampling for E2
occurred one month after CMS. Three FSTs were conducted: FST1 prior to the onset of
CMS, FST2 following the three-week CMS regimen, and a terminal FST (data not recorded)
prior to animal sacrifice. (B) CMS protocol. Schematic depicting seven mild stressors that
comprised the CMS procedure.
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Figure 2. %0Open Arm time on EPM.
Bar graphs with scatter plot depicting %OA time for filial 8 (F8) females. Scores were used

to phenotype high anxiety-like behavior (HAn; 7=25) and low anxiety-like behavior (LAR;
=40) on the elevated plus maze. Data are represented as %0A time +SEM. HAn rats spent
significantly less time on the open arms (****p<0.0001) than LAn females.
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Figure 3A-B. FST Mean % Time Spent | mmobile.
Scatter plots of mean % immobility time £SEM. A three-way mixed ANOVA (N=41)

showed that CMS and control animals differed in mean % time spent immobile [F (1, 74)
=5.110; *p=0.0267]. (B) A Welch’s-corrected unpaired Student’s #test (A=41) showed
that CMS animals (/7=20) spent less time immobile compared to control animals (/7=21)
(£2.371, df=46.44; *p=0.02).
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Figure 4A-C. FST Mean % Time Mobile.
Bar graphs with scatter plots (A-C). Data are represented as mean % mobility time £SEM.

(A) A three-way mixed ANOVA (N=41) revealed that CMS and control rats [F (1, 74) =
5.636; *p=0.0202] as well as HAn and LAn rats [F (1, 74) = 6.995; *p=0.0100] differed in
% time spent mobile. (B-C) Two Welch’s-corrected unpaired t-tests (A=41), one collapsed
across treatment and time to highlight trait differences (B) and the other collapsed across
Trait and time to highlight treatment differences (C). (B) HAn rats (/#=19) spent more time
mobile than LAn rats (7=22) (t=2.483, df=75.92; *p=0.0152). (C) CMS animals (n=20)
exhibited more mobility than control rats (7=21) (£2.550, df=83.53; *p=0.0126).

Behav Brain Res. Author manuscript; available in PMC 2024 February 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Calhoun et al.

Total Froot Loops™ Consumed (g)

204

15+

10

Page 24
Froot Loops™ Consumption
#H
- a & LAn Control

& v O
h @ a ﬁ ﬂ Mo v LANCMS
A ﬂ = - ; g ﬁ © HAnCMS

E = ® HAn Control

T T T
Week 1 Week 2 Week 3

Figure 5. Froot LoopsTM Consumption across CMS Treatment.
Scatter bar plots depict a three-way mixed ANOVA. Data are represented as total Froot

Loops™ consumption +SEM. A three-way mixed ANOVA (A=41) revealed HAn animals
differed from LAnN counterparts [F (1, 111) = 34.63; ****p<0.0001], and an interaction
effect across all three factors [F (2, 111) = 4.426; ##p=0.0141].
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Figure 6. Froot LoopsTM Consumption per CMS Week.
Scatter plots (A-C) that depict a series of two-way ANOVAs (A=41) reflecting total Froot

Loops™ consumption (g) per CMS week to examine potential phenotypic differences. (A)
Week one analyses revealed that HAn/LAn CMS rats consumed less Froot Loops™ than
HAnN/LAn control rats [F (1, 37) = 5.379; p=0.026] and consumption differed for CMS
and control animals [F (1, 37) = 124.2; ####p<0.0001]. (B) One week post CMS, HAn
rats consumed less Froot LoopsTM than LAn rats [F (1, 37) = 24.80; p<0.0001] and CMS
animals continued to differ from control counterparts [F (1, 37) = 9.022; ##p=0.0048]. At
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the start of the final week of CMS, HAn rats consumed less Froot LoopsTM than LAnN rat
[F (1, 37) = 12.71; ***=0.001] and CMS and control animals’ sweet food consumption
remained different [F (1, 37) = 5.429; #p=0.025].

Behav Brain Res. Author manuscript; available in PMC 2024 February 13.



1duosnuely Joyiny 1duosnuey Joyiny

1duosnuepy Joyiny

1duosnuely Joyiny

Calhoun et al.

Mean Weight (g)

400

3004

200

1004

Weight (g)
*ok Kok 4 LAn Control
v v LAnCMS
oy 21°% g o8
géé‘ ﬁa @‘@ O HAn Control
ﬂ Al ﬂ a ﬂ ® HAnCMS
Al
1 1 1
Week 1 Week 2 Week 3

Figure 7. Mean Weight (g) across CMS Treatment.
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Pictured are bar graphs with scatter plots representing mean weight (g) data (A-C). Data
are represented as mean weight (g) and percent difference in weight change +SEM. (A)
A three-way mixed ANOVA (N=41) indicated that HAn animals weighed less than LAn
animals overall [F (1, 108) = 10.83; ***p=0.0013]. (B) Mean weight (g) values collapsed
across treatment and time to examine trait differences. At baseline, HAn rats weighed
less than LAN rats (£2.428, df=37.94; *p=0.02). (C) Percent difference in weight change
between weeks one and three. HAn and LAn animals did not differ in their weight change

from baseline to week 1 (£0.9472, df=32.05; p=0.29).

Behav Brain Res. Author manuscript; available in PMC 2024 February 13.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Calhoun et al.

Mean Counts

Page 28

Fur Piloerection
* A LAn Control
- v LAnCMS
O HAn Control
® HAnCMS

1 T T 1 T 1 1
Face Nose Eyes Ears Back Belly Tail

Body Region

Figure 8. Number and Mean Number of Piloerections across CMS Treatment.
Graphs with scatter plots representing fur piloerection counts. Data are represented as

the mean number of counts £SEM. A three-way ANOVA (A=39) showed a significant
interaction between trait phenotype, CMS treatment group, and body region [F (6, 56) =
2.333; *p=0.0442].
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Figure 9. Number of Grooming Behavior Counts.
Scatter plots representing grooming behavior counts across a five-minute test interval. Data

are represented as the number of counts +SEM. Grooming counts changed over time [F (4,
175) = 4.446; **p=0.0019]. Further, HAn and LAn rats differed in their grooming counts
over time [F (4, 175) =2.826; #p=0.0264].
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Figure 10. Estradiol Concentrations One-Month Post CMS.
Bar graphs with scatter plots representing the levels of cycling E2 at the time of animal

sacrifice. A two-way ANOVA revealed that cycling E2 levels (pg/ml) did not differ between
Trait and treatment one month following CMS.
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Figure 11. c-Fos and 5SHT1AR Expression in the PVN.
Scatter dot plots representing a two-way ANOVA with Sidak’s multiple comparisons test

for c-Fos (A) and 5HT1AR (B) protein expression in the PVN. Data are represented

as immunoreactive cell counts +SEM. (A) c-Fos. HAN rats expressed more c-Fos than
LAnN counterparts [F (1,46) = 6.53; *p=0.014] and CMS/control rats differed in number
of IR cell counts of c-Fos expressed [F (1,46) = 10.55; **p=0.002]. Post-hoc analyses
revealed that HAn CMS rats expressed the most c-Fos (Sidak’s multiple comparisons test:
####p<0.0001). (B) 5-HT1AR. CMS rats differed from control rats [F (1,47) = 19.10;
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****n<0.0001] and HAn/LANn CMS animals differed from HAn/LAn control animals F (1,
47) = 14.91; ***p=0.0003]. Further, HAn CMS rats expressed the most 5-HT1AR (Sidak’s
multiple comparisons test: ####p<0.0001).
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Figure 12. Representative Images of PVN Immunohistochemistry.
Representative images (40X magnification) of the PVN from each experimental group

expressing immunoreactive staining for c-Fos and 5-HT1AR proteins.
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