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Abstract

Chronic stress leads to sex-dependent outcomes on spatial memory by producing deficits in males,
but not in females. Recently it was reported that compared to daily restraint, intermittent restraint
(IR) produced more robust stress and anxiety responses in male rats. Whether IR would be
sufficiently robust to impair hippocampal-dependent spatial memory in both male and female rats
was investigated. IR involved mixing restraint with non-restraint days over weeks before assessing
spatial memory and anxiety profile on the radial arm water maze, object placement, novel object
recognition, Y-maze, open field and novelty suppressed feeding. Experiments 1 and 2 used
Sprague-Dawley male rats only and determined that IR for 6hrs/d (IR6), but not 2hrs/d, impaired
spatial memory and that task order was important. In experiment 3, IR6 was extended for 6wks
before spatial memory testing commenced using both sexes. Unexpectedly, an extended IR6
paradigm failed to impair spatial memory in either sex, suggesting that by 6wks IR6 may have
become predictable. In experiment 4, an unpredictable IR (UIR) paradigm was implemented, in
which restraint duration (30 or 60-min) combined with orbital shaking, time of day, and the days
off from UIR were varied. UIR impaired spatial memory in males, but not in females. Together
with other reports, these findings support the interpretation that chronic stress negatively impairs
hippocampal-dependent function in males, but not in females. We interpret these findings to show
that females are more resilient to chronic stress than are males as it pertains to spatial ability.
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1. Introduction

Major Depressive Disorder (MDD) affects more than 300 million people worldwide and is
the leading cause of global disability [1,2]. Despite the wide variety of interventions,
approximately a third of MDD patients fail to improve with treatment [3,4], emphasizing the
need to identify novel mechanisms for potentially new therapeutic targets. Chronic stress in
preclinical research is commonly used to study depressive-like symptoms [5-7] and the
respective changes in cognitive function [8,9]. While no one animal model produces all
symptoms of MDD, together they can offer new novel insights [10].

Chronic restraint is a common manipulation in rodents, but also carries some caveats.
Restraint is relatively cost-effective, has readily available materials for construction, and is
straightforward to implement. Restraint also produces fairly consistent outcomes across
animals, which is not always the case for paradigms that require two animals to engage, such
as with social defeat [11,12]. Some caveats include the concern that restraint stress is not
ecologically relevant [13]; however, this is less of an issue when the goal is to induce
neurobiological changes in certain limbic structures, such as the hippocampus, before
initiating behavioral assessments. In addition, chronic restraint is a homotypic (i.e., a repeat
of the same type of) stressor, leading to adrenal response habituation in which the stress
steroid, corticosterone, levels in the blood become less pronounced than compared to the
first restraint exposure [14-16]. Again, this is less of a concern because the muted
corticosterone response aligns with adrenal dysregulation found in patients with MDD
[16-21]. Consequently, restraint stress in rodents produces a subset of outcomes that align
with those found in MDD, especially as they pertain to the hippocampus and stress
responsivity.

A puzzling outcome following chronic daily restraint is the sex differences observed in
spatial ability. In male rodents, chronic restraint stress compromises the hippocampus and
impairs hippocampal-dependent spatial learning and memory [22-28]. In contrast, female
rodents fail to show hippocampal-dependent memory deficits following chronic restraint
[29-32] or even other chronic stressors [33-35]. Instead, female rodents almost seem to be
resilient in the face of chronic stress, and may even show improved spatial ability in the
Morris Water Maze, Y-maze and Radial arm water maze (RAWM), [29,31,33,36-40]. The
concern is that in humans, women are nearly twice as likely as men to be diagnosed with
MDD, even when accounting for willingness to seek out help [41,42]. Consequently, one
aim is to identify a chronic stress paradigm that leads to cognitive deficits in female rodents.

When characterizing the behavioral phenotype in animal models, obtaining several behavior
measures is helpful. For that reason, behavioral batteries using multiple tests can be
advantageous in order to examine different aspects of the spatial memory domain and other
cognitive abilities. This requires measuring cognition over multiple days, but the timeline of
the daily restraint paradigm is restrictive because spatial memory deficits begin to improve
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in the days and weeks after chronic stress has ended [43-45]. Given the limited window of
time to capture cognitive deficits following chronic restraint, identifying a paradigm that
allows for multiple cognitive assessments during this window may be of great benefit.

Recently, Zhang and colleagues [46] found that a modified restraint model using a work-
week design, produced stress and anxiety responses that were greater than that observed
with chronic daily restraint for the same duration. Specifically, in male Sprague- Dawley
rats, restraint for 20 minutes/day in a hemi-cylinder for 5 days, followed by two days off,
and then with restraint for two more days produced robust effects on stress responses, body
weight gain and anxiety levels than compared to restraint daily for the same period. This
raised the question as to whether the robust nature of this interrupted restraint stress
paradigm may be useful in producing more substantial effects on spatial memory in both
male and female rats.

While this interrupted restraint paradigm has the potential to be a more robust stressor than
daily restraint, many questions remain as it pertains to the way it is used to assess spatial
memory. The goal of the current series of experiments was to use a modified version of the
interrupted restraint paradigm described by Zhang et al., [46], which we termed intermittent
restraint (IR), on hippocampal function in both male and female rodents. First, it was unclear
whether an extended duration of three weeks (instead of nine days as used by Zhang et al.,
[46]) would have similar potentiating effects on impairing hippocampal function in males
when compared to the daily restraint paradigm. Second, Zhang and colleagues [46] used
plastic hemi-cylinders to restrain rats for just 20 min each day; however, past work from our
team found that daily restraint in wire mesh for 2 hours/day for three weeks failed to impair
spatial memory in males [47]. Consequently, experiment 1 included intermittent restraint for
two-hours (IR2) and six-hours (IR6), as well as the traditional daily restraint paradigm for
six hours/day (DR6) and compared outcomes on spatial ability in male rats. In addition, the
IR may produce a more robust deficit on spatial memory and so a behavioral battery was
incorporated in the event that spatial memory impairments persisted beyond the few days
after restraint ended. Hence, experiments 1 and 2 used a behavioral battery in male rats, with
experiment 2 testing from the least to most aversive task. Experiment 3 tested both male and
female rats using an extended IR6 paradigm for a minimum of 6 weeks. Experiment 4
implemented an unpredictable intermittent restraint (UIR) paradigm in both sexes, with
behavioral testing occurring on days when UIR was not used. We tested the hypothesis that
IR and/or UIR would produce spatial memory deficits in both male and female rats and that
these deficits would be long-lasting.

Materials and methods

2.1. Subjects.

Arizona State University Institutional Animal Care and Use Committee approved the
procedures, which align with the Guide for the Care and Use of Laboratory Animals. Male
and Female Sprague-Dawley (Charles River Laboratories, Hollister, CA, USA) rats
weighing approximately 200-225 grams upon arrival were pair housed in standard laboratory
cages (21-22 °C, corncob bedding). Male and female rats were housed in same-sex housing
units and were tested on separate days or in different rooms. Except where noted below,
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animals were allowed food and water ad /ibitum. Animals were housed on a reverse 12:12
light cycle; lights off at 07:00. All procedures occurred during the dark phase of the light
cycle.

2.2. Chronic stress procedure

Rats were chronically stressed by wire mesh restraint. Restrainers were constructed from
wire mesh (19 cm diameter x 26.5 cm long for males, 16.5 cm diameter x 26.5 cm long for
females, aluminum screen wire Model #3001120, Lowes) with the cut edges and ends sealed
with Plasti Dip (Performix #075815116024). Once rats were placed in the restraint, the ends
were secured with black binder clips (Staples Inc., Framingham, MA, USA). Animals were
upgraded to larger wire-mesh restrainers as they grew (21.5 cm diameter x 29 cm long for
males, 19 cm circumference x 26.5 cm long for females). Control rats (CON) were always
housed in a chamber separate than the stressed rats in order to reduce the likelihood of
communication through odor, sounds and sight. To maintain similar handling procedures and
access to food and water across groups, CON rats were handled daily, and food restricted for
the same duration as the restrained rats. Body weights were measured weekly for all groups.
For experiments 1-3, restraint occurred between the hours of 09:00 and 15:00 of the dark
phase of the light cycle. In experiment 4, restraint occurred between the hours of 07:00 and
21:00. One to three days following the last behavioral testing day in Experiments 1 and 4,
rats were euthanized using isoflurane and rapidly decapitated. Adrenal glands, thymus and
uterus were excised and weighed for a secondary measure of stressor effectiveness.

2.3. Treatment conditions

Experiment 1: Effects of three weeks IR2 and IR6 on spatial memory in male rats. One
stress group was restrained for 6h/day for 21 consecutive days (daily restraint, 6-hours/d,
DR6), another was restrained for 6h/day in an interrupted pattern: 5 days restrained then two
days without restraint over a period of 23 days (Intermittent restraint, 6-hours/d, IR6) and
the third was restrained for 2h/day over a period of 23 days (IR2). The sum total of restraint
days for DR and IR was 21 and 17 days, respectively. CON rats were not restrained. Each
group, n=12 for a total of 48 rats.

Experiment 2: Effects of three weeks IR6 on a behavioral battery, ordered with the least
aversive task first and using male rats. Three treatment conditions were used: CON (n= 14),
IR6 (n=12) and DR6 (n=12). DR6 and IR6 restraint were described in experiment 1.

Experiment 3: Effects of an extended IR6 paradigm on spatial memory in male and female
rats. IR6 was used on half the male and female rats and was performed for 6 weeks before
the first spatial task was implemented. Details are listed in experiment 1. Each group (n= 12)
for a total of 48 rats. One female rat died from unrelated complications during the
experiment, and so her behavior was included up until that point.

Experiment 4: Effect of unpredictable intermittent restraint (UIR) on spatial memory in male
and female rats. The stressor was changed to be unpredictable and robust, termed
“Unpredictable Intermittent Restraint” or UIR. Restraint occurred for 30 or 60 min, while on
an orbital shaker (120 rpm) and at different times of day (ranging from 7:00 to 21:00) and
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for different consecutive day lengths (2-6 days) before one or two days off without a
stressor. There were four groups (n= 12) for a total of 48 rats.

2.4. Behavioral tests

In order to minimize potential behavioral outcomes that may arise from rats being exposed
to different investigators, worn/unlaundered t-shirts were located in the testing room out of
the rodent’s view when inside the apparatus [48]. Fans were placed in the room to provide
white noise and to disperse odors. Four different testing rooms were used, and curtains
drawn as needed to ensure that testing environments and cues differed across tasks. All
behavior was recorded by cameras (GoPro Hero3) mounted on the ceiling. Unless otherwise
noted, three home cages of pair-housed rats were carted from the animal colony and placed
in an adjacent room until it was time for testing. An investigator retrieved the home-cage
from the adjacent room and brought it to the testing room. The investigator remained behind
a curtain during trials, out of sight of the rats, but could view the rats on a live video feed via
a computer monitor.

2.4.1. Y-maze—The Y-maze is a task that requires hippocampal function and spatial
memory to navigate [23,25]. Y-maze testing occurred over two days to accommodate the
large number of rats (20-24 rats tested on each day, counterbalanced for treatment).

2.4.1.1. Y-maze apparatus.: Two Y-maze apparatuses were located in the same room and
were constructed of black Plexiglas. Three identical and symmetrical arms (58.4 cm long x
20.3 cm wide x 38.1 cm height) radiated from the center. The sides were tall enough that the
rats could not jump out of the maze. Outside the maze, large, explicit cues (painted shapes
on the walls and furniture in the room) were located on the walls and around the room in
order to encourage the use of extra-maze cues. The light intensity at the floor of the maze
was 80-90 lux for the duration of testing. No explicit cues were present inside of the maze.
Corncob rat bedding covered the maze floor to about 3 cm thick.

2.4.1.2. Y-maze procedure: Cage mates were tested simultaneously, in side-by-side Y-
mazes. For trial 1, a rat was placed in one arm, which was then designated the “start” arm
for that rat. Another arm was blocked with black Plexiglas, so the rat was able to explore the
start and the other open arm, called the “other” arm. Rats were given 15 min to explore the
maze and two accessible arms before they were removed, returned to their home cage and
brought back to the animal colony. After each Y-maze exposure, the bedding in the maze
was mixed to dissipate the odors before the next set of rats were tested. At the end of trial 1
and before the start of trial 2, the two Y-mazes were swapped so that rats would be tested in
a new Y-maze, but in the exact same position as before to further reduce the likelihood that
they would use intramaze cues.

Trial 2 began after a 4-hr intertrial interval (1T1). Rats were brought back to the testing room
as before and now the previously blocked arm, the “novel” arm, was open to investigation.
Rats started in the same arm as in trial 1 and were given 5 minutes to explore. The start,
other, and novel arms were counter-balanced across groups but held constant for a given rat.
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2.4.1.3. Y-maze quantification: Behavior was quantified at a later date by an investigator
who was blind to the treatments and novel/other arm identities. The dependent variables
measured in trial 2 were the number of entries made (entry) and time spent in each arm
(dwell) during each minute. An entry was defined as the forelimbs crossing from the middle
of the maze into an arm entrance. The first two minutes of exploration during testing were
used for analysis because rats habituate quickly to the Y-maze [49]. The start arm was not
included in the analysis because the rats were placed there at the beginning of the trial,
causing an inherent bias compared to the novel and other arms. Entry and dwell data were
converted into percentages for all three arms (novel, start, and other), with chance being
equal to 33.3%. Discrimination performance for the novel arm compared to the other arm
was calculated by subtracting the percentage of entries into the other arm from the
percentage of entries into the novel arm. Dwell was calculated similarly for percentage of
time spent in the arms. For simplicity, only entry data are shown in the figures. Chance for
the discrimination index would be 50% and with a preference for the novel arm being a
value greater than 50%.

2.4.2. Open Field (OF)—OF acclimates rats to the environment in which they are to be
tested on subsequent days. Moreover, OF can serve as a measure of locomotor activity and
anxiety-like behavior [50,51].

2.4.2.1. OF apparatus: The OF apparatus consisted of two side-by-side black square
fields (96.5 cm x 96.5 cm) with high walls (38.1 cm height) to prevent escape and yet
permitting the rats to see the extra-maze cues around the walls and room (painted geometric
shapes, shelving). The light intensity at the floor of the field was 150-160 lux for the
duration of OF testing and during the following testing days.

2.4.2.2. OF procedure: An investigator carted three pairs of rats from the home colony
room and placed in an adjacent room until OF testing. In the OF test, rats were tested in
pairs with their cage mate in an adjacent OF apparatus. Rats were allowed to explore for 10
min and then removed and returned to the animal colony. After each trial, an investigator
wiped the arena with paper towels and Lime/Sea Salt Scented, Method All-Purpose cleaner.

2.4.2.3. OF guantification: Behavior was quantified at a later date by an investigator who
was unaware of the treatment identities. The 10-min open field trial was quantified in two, 5-
min blocks, utilizing a 4 x 4 grid. The first 5-min block was utilized for analyses because
rats readily habituate to OF testing [52,53], but the full ten minutes provided rats with time
to acclimate to the arena and room. Peripheral crossings were quantified as the front two
paws crossing a line on the periphery of the grid. Central crossings were quantified as the
front two paws crossing a center gridline. An anxiety index was calculated as used in our
past work [54]:

_ (Center crossings / Total crossings) + (Time in center / 300)

! 2

Total locomotor activity was scored as the number of line crossings (front two paws crossing
any line).
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2.4.3. Novel Object Recognition (NOR) and Object Placement (OP)—NOR can
assess a type of memory that does not necessarily require the hippocampus [55-57] and was
used to provide minimal cognitive challenge with just 1 minute inter-trial-interval (ITI).
Experiment 4 also implemented a 1-hour ITI NOR test as an added measure of cognitive
ability. OP testing assesses hippocampal-mediated spatial memory in which rats use the
spatial context to detect familiar objects in new locations [54,57-59]. A 1-hour ITI in OP has
been shown to be effective in assessing hippocampal mediated deficits [60,61]. For this
reasoning, a 1-hour ITI was utilized for OP testing in the experiments in this study.

2.4.3.1. NOR and OP apparatus: NOR and OP occurred in the same OF arena in which
rats were previously acclimated and in a testing room under similar conditions. When
shifting from one task to the next, the OF remained in the same location, but vinyl curtains
were used to obscure/change the cues in the room.

The objects were sufficiently large so that rats could not climb or topple them and were
made of ceramic, metal, or glass for easy cleaning. Each object had at least four duplicates
so that they could be swapped quickly. The objects included a plastic red opaque rectangle
(24 cm high x 10 cm x 8 cm), a tall, slender opaque green glass bottle (36 cm high, 9 cm
wide), and a tall, slender gold rectangle attached to a heavy rectangular base (23 cm high, 6
cm wide). To ensure object stability, the objects were either filled with sand (if hollow) or
secured to a heavy aluminum base. Before each trial, the objects and arena were cleaned
with Method All-Purpose Cleaner. Different scented cleaners were used for OP and NOR,
but the same scent was used within a session.

2.4.3.2. NOR and OP procedure: All rats were tested on the same day with pairs of cage
mates being tested simultaneously in adjacent fields. During trial 1, the arena contained two
identical objects. A rat was placed in a corner of the arena, away from the objects and
allowed to explore for 3 min. After the trial ended, the rat was removed and returned to its
home cage with its cage mate. The arena and objects were wiped clean. After the designated
ITI, rats were returned to the arena in trial 2 at the same starting location as before, but with
the following differences. In the NOR, both objects were replaced, but one object was
identical to the object used in trial 1 and the other was exchanged for an object that was
unique. These objects were placed in the same location as was used in trial 1. In the OP, the
objects were replaced with new, but identical objects to those used in trial 1; however, one
object was moved to a novel location and the other remained in the same location as in trial
1. In trial 2, rats were allowed to explore the objects in for 3 min. The start locations of the
rats and the object locations were counter-balanced across groups but held constant for a
given rat.

2.4.3.3.  NOR and OP quantification: Behavior was quantified at a later date by an
investigator who was unaware of the treatment identities. Exploration was defined as the rat
facing the object within 3 cm and attentively interacting with the object. Rats were excluded
from analyses if they failed to explore both objects in trial 1 or explored the objects for less
than 10 second total in either trial 1 or 2. An object exploration index was calculated as
reported elsewhere [54]:
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Time spent exploring novel object (NOR) or location (OP) in trial2
Total amount of time spent exploring both objects in trial2

2.4.4. Radial Arm Water Maze (RAWM) win-stay paradigm with 1 platform—
RAWM testing was conducted because of its use in measuring spatial ability in rodents
[45,62,63] and in assessing spatial learning and memory following chronic stress
[33,45,63,64].

2.4.4.1. RAWM apparatus: Two RAWM mazes and rooms were used. The RAWM was
constructed of black polypropylene, with eight symmetrical arms (27.9 cm long x 12.7 cm
wide) originating from a circular center (48 cm diameter). The maze was filled with water
and allowed to equilibrate to room temperature ranging from 20 to 22 °C. Black powder
tempera paint was added to the water until its opacity was sufficient to conceal a black
rubber platform placed in one of the eight arms. The testing rooms provided several
prominent extra-maze cues including the door to the room, shelves, heat lamps, and cues
made of black and white construction paper located on the walls.

2.4.4.2. RAWM procedure: Groups were counterbalanced between the two testing rooms
and experimenters. Rats were tested in squads of 6-8 (e.g. two rats from each experimental
group). Once a rat finished a trial, the other rats in the squad completed the given trial before
the first rat in the squad began the next trial. Testing occurred over three days with 8 trials
occurring on each of the first 2 days and a single retention trial occurring on the third day
(17 total trials). Each trial consisted of releasing a rat into an arm (start arm) that did not
contain the platform, the start arm was also never directly across from the platform arm to
increase the navigational demand of the task. For each rat, the start arm location varied
across trials, while the platform arm remained in the same location. Once a rat reached the
hidden platform, it was permitted to remain on the platform for 15 s to visualize the room
spatially before being returned to its testing cage in the same room, under a heat lamp. If a
rat failed to find the platform within 3 min, the experimenter used a pole to guide the rat to
the hidden platform. After each trial, any debris was skimmed and removed with a net and
the water stirred to reduce the likelihood of rats using non-spatial cues.

2.4.4.3. RAWM quantification: The investigator recorded arm entrances during the
behavioral testing and then arm entries were quantified at a later date. An entrance was
recorded when the tip of the rat’s nose crossed a mark on the outside of the maze (about 22
cm into the arm). Reference memory errors were considered the number of first-time entries
into arms that did not contain the platform within a given trial (first entries into the start arm
were also quantified as reference memory errors). Working memory errors were considered
the number of repeat entries into an arm that did not contain the platform within a given trial
(i.e. repeat entries into an arm where a reference memory error was previously committed in
the same trial).

2.4.5. Novelty Suppressed Feeding (NSF)—Anxiety-like behavior was assessed
using a test to examine how readily rats will eat food in a novel environment [65,66]. Slow
latency to approach the food and begin eating may be indicative of high anxiety.
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2.4.5.1. NSF apparatus: NSF occurred in a novel testing room, but using the same dual-
field apparatus as implemented for the OF, OP and NOR. The OF arena was brightly lit
(170-180 lux) and located in a novel testing room without obvious spatial cues. Before each
rat was tested, the arena was cleaned with 70% isopropyl alcohol.

2.4.5.2. NSF procedure: Twenty-four hours prior to NSF, rats were food deprived, but
with unlimited access to drinking water. On the day of testing, rats were carted, two pairs at
a time in their home cages, to a holding room prior to testing. Then, an investigator retrieved
the cage and brought it to the NSF testing arena. In the center of the arena there was a pile of
standard rodent chow. The rat was placed in one corner of the field, and the amount of time
it took the rat to approach the food was recorded. If the rat did not approach the food after 8
min, the testing was terminated, and the animal was given a score of 480 sec. When
completed, the animals were returned to the animal colony and placed individually in their
cages for 10-minutes. In each cage was a pre-weighed piece of rat chow with water still
available. The amount of food consumed during the home-cage feeding was measured to
assess the motivation of the rats to eat in a familiar environment. Littermates were re-united
after the end of the home-cage eating assessment and food was provided ad /ibitum.

2.4.6. Elevated Platform (EP) stressor—When implemented seven days following
chronic stress, novel acute stressors may increase activation in corticolimbic structures in
female rats [67,68]. The impact of this novel stressor was assessed on spatial ability at the
end of the fourth experiment. Seven days following the last UIR day, rats that previously
underwent UIR were exposed to this EP stressor and then spatial memory using the Y-maze
was tested one day after the EP stressor concluded.

2.4.6.1. EP Apparatus: An elevated platform (12 cm x 12 cm, elevated 90 cm from
ground) was used as a unique stressor. EP occurred in a novel testing room.

2.4.6.2. EP procedure: The UIR rats were transported in pairs in their home cages and the
rat pairs were tested simultaneously in two separate rooms. Rats were placed on the top of
the EP for 30 minutes. In the event that a rat fell, an investigator immediately returned it to
the platform. The EP was performed seven days after the end of UIR, based upon a study
that found cognitive deficits using a similar acute stressor seven days after the end of
restraint in female rats [67]. One day after the EP stressor, all rats (UIR and CON), were
tested in the Y-maze as described previously.

2.5. Statistical analyses—Data were analyzed using SPSS (v. 23). Analysis of
variance (ANOVA) was used to analyze parametric data. Body weights were analyzed as a
change in body weight from the start of the study to the end of the study, as the experimental
timelines varied. Fisher’s LSD post hoc tests were used when ANOVA reached significance.
In some cases, planned comparisons were performed. Parametric data were represented as
means + S.E.M. For object tests and the Y-Maze, Wilcoxon Signed Rank tests were used on
nonparametric data and represented as medians and quartiles. Statistical significance was
defined when p-values were equal to or less than 0.05.
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3. Results

3.1. Experiment 1: Effects of three weeks IR2 and IR6 on spatial memory in male rats

Two IR paradigms using 2 and 6 hours of restraint were compared with the 6 hours of daily
restraint paradigm on several spatial tasks (Fig. 1A). Rats were tested first on the RAWM
because of consistent chronic stress effects from past work [33,45], and because the most
robust chronic stress effects occur in RM assessment [33,45].

As expected, all groups acquired the task rapidly, as shown by decreased errors as trials
progressed (Day 1, F7 301 = 13.515, p < 0.05; Day 2 F7 301 = 8.224, p < 0.05), with no
significant main effect of group or interaction (Fig. 1B). Surprisingly, on Day 3 when a
single retention trial was given, no significant effects were observed (Fig. 1C). However, the
data showed high variability and so a subsequent analysis was performed comparing IR6
with CON, as we expected IR6 to be most impaired [47] and errors from training day 1 and
2 were used as a covariate to reduce the variance and revealed a significant effect. IR6 made
more errors than did CON on the retention test (p < 0.05 for group, using T1 and T17 as the
within-subjects variable).

The next tests performed used an appetitive incentive in the OP, NOR and Y-maze.
Unexpectedly, many of the rats failed to sufficiently explore OP and NOR, despite
acclimation to the OF under similar parameters used with success in past studies in which
RAWM testing was followed by object testing [64]. In the OP, 50% of the rats failed to meet
criteria and this was distributed similarly across the experimental groups (n = 6/all groups).
Distributions of the OP index from individual rats were plotted (Fig. 1D). While the subject
number is low and with insufficient power, it is notable that the group with an OP index
distributed around chance levels is IR6. In the NOR with a 1-min ITl and minimal cognitive
load, the subject number ranged from six (CON), eight (IR6, IR2) and nine (DR6).
Wilcoxon paired analysis revealed that CON spent more time with the novel object than they
did with the familiar object (p < 0.05, Fig. 1E). The NOR index from the other groups did
not reach statistical significance, even though they had more rats than did the CON cohort (p
> 0.1 for DR6, IR6, IR2). On the Y-maze, which was performed six and seven days after the
end of IR, nearly all rats explored the arms in trial 2 with just one rat in each in CON and
DR6 failing to leave the start arm. Wilcoxon paired tests showed that rats in most treatment
conditions entered and spent more time in the novel arm compared to the other arm over the
first two minutes for CON (p < 0.05), DR6 (p < 0.05), and IR6 (p < 0.05). IR2 failed to show
a significant preference for the novel arm and performed at chance levels (Fig. 1F).

To determine whether anxiety or motor ability may have impacted performance, additional
assessments were performed on the OF, OP and Y-maze. An anxiety index was calculated to
determine whether the groups differed in anxiety profile regardless of locomotor activity. In
the OF, the anxiety index was high and similar for all groups (greater than 90%, Fig. 1G).
Consequently, anxiety profile was unlikely to explain differences in performance among
groups. However, the groups demonstrated heightened anxiety overall, perhaps from the
prior day exposures on the RAWM. This may also explain the lack of investigation for many
of the rats on the OP, which requires motivation to explore. For the total time spent exploring
objects during trial 2 in OP, an ANOVA revealed significant differences between groups on
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Trial 2 (F1 3 = 3.56, p < 0.05). LSD post-hoc tests showed that IR2 spent more time
exploring both objects than the rest of the groups during OP (p < 0.05 compared to CON,
DR6, IR6, Fig. 1H, note, no group differences were found on NOR for trial 2, data not
shown). No other statistical differences were found. On the Y-maze, all groups entered a
similar number of arms over the first two minutes, ranging from 6.3 £ 0.6 for CONto 7.8 £
0.4 for IR6 (Fig. 11). These OP data suggest that motor or motivation may have contributed
to the IR2 group’s spatial profile on OP, but a lack of an effect on the total entries of the Y-
maze suggest that motor/motivation was unlikely to contribute to spatial ability in the Y-
maze. Importantly, CON and IR6 showed similar motor/motivational ability and suggests
that they were similarly motivated.

In summary, patterns were observed to suggest that IR6 may have exhibited impaired spatial
memory on the RAWM compared to CON, but that performance on the OP and NOR may
have been obscured by high anxiety. In addition, spatial memory was displayed on the Y-
maze by days 6 and 7 from the CON, DR6 and IR6, but not IR2. Given the high anxiety
metric and the exploration differences on OP, the behavior for IR2 was harder to interpret
than performance observed earlier on RAWM. These findings suggest that IR6 may have
compromised spatial ability on the RAWM, but that this effect was not long lasting.

Experiment 2: Effects of three weeks IR6 on a behavioral battery, ordered with the

least aversive task first and using male rats

The effects of the IR6 and DR6 on a behavioral battery were compared, but with the testing
order starting with the least aversive task first (Y-maze) and ending with the most aversive
task (RAWM, Fig. 2A).

On the first two days after restraint ended, rats were tested on the Y-maze. CON rats
demonstrated spatial memory, whereas DR6 and IR6 did not (Fig. 2B). For the CON rats,
Wilcoxon Signed Rank Tests indicated a significantly greater number of entries in the novel
arm than in the other arm (p < 0.05) as well as significantly more time spent in the novel arm
(p < 0.05, data not shown). For the DR6 and IR6 rats, the Wilcoxon analyses failed to reveal
a significant difference for entries made (or time spent, data not shown) in the novel and
other arms.

The rats were tested in the NOR on the third day after the end of restraint. Since rats had just
1-min ITI, all groups were expected to recognize and spend more time with the novel object
compared to the familiar object. A Wilcoxon Signed Rank Test showed that CON and IR6
rats explored the novel object significantly more than the familiar object (p < 0.05), an effect
that was not found with the DR6 rats (Fig. 2C).

OP occurred on the fourth day after the end of restraint. Wilcoxon Signed Rank Tests were
performed to determine whether each group explored the object in the novel location more
than the object in the same location after a 1-hr delay (Fig. 2D). The CON rats spent
significantly more time with the object in the novel location than the object in the same
location (p < 0.05). DRG6 rats performed at chance by exploring both objects similarly.
Interestingly, IR6 rats explored the object in the same location more than the new location (p
< 0.05). Additional analysis was performed to compare across groups using a 1-way
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ANOVA for the OP discrimination index, revealing a significant effect (F, 31 = 6.200, p <
0.05, Power = 0.860, Fig. 2D). LSD post-hoc analyses found a significant difference
between the OP discrimination index for CON and IR6 rats, with CON rats having a greater
OP discrimination index than did IR6 (p < 0.05, Fig. 2D).

RAWM testing began on the fifth day following the end of restraint and occurred over three
days. RAWM testing has typically revealed differences in performance between chronically
stress male rats and non-stressed controls [33,64]. During acquisition on days 1 and 2, all
three groups made fewer first time entry errors as trials proceeded (Fig. 2E). A repeated
measures ANOVA for groups across the 8 trials on day 1 showed a significant effect of trial
on first time entry errors (F7 259 = 8.838, p < 0.05). By day 2, a repeated measures ANOVA
for groups across the 8 trials did not show a significant effect of trial on first time entry
errors to suggest that the groups reached a plateau. However, when these trials were
analyzed in bins of 2 trials (e.g., a repeated measure of four bins), a significant effect of bin
was observed with rats making fewest errors during the last bin compared to the first (F3 111
= 3.537, p < 0.05). There were no other significant effects on either day 1 or 2. On the third
day, a one-way ANOVA for first time entry errors was not significant to reveal that rats were
making similar number of first-time entry errors (Fig. 2F).

To determine whether anxiety or motor ability may have impacted performance, additional
assessments were performed on the OF, OP and Y-maze. A one-way ANOVA performed on
anxiety index in the OF revealed significant differences (F, 33 = 6.644, p < 0.05, Power =
0.980, Fig. 2G). LSD post-hoc analyses showed that DR6 and IR6 rats expressed a higher
anxiety profile than did CON (p < 0.05). To determine whether locomotor activity or
motivation to explore the Y-maze differed across groups, total entries (sum of entries into
Novel, Start and Other arms over minutes 1 and 2) were analyzed using a one-way ANOVA.
No significant differences were detected (Fig. 2H). The total number of entries averaged 8.1
+ 0.6 for CON, 7.5 £ 0.6 for DR6 and 7.5 + 0.5 for IR6. Therefore, differences in spatial
memory in the Y-maze were unlikely due to motivation to explore. For the OP, the total time
spent exploring the objects was compared with a 1-way ANOVA and revealed no significant
effects. The total time exploring objects (in seconds) averaged 31.7 + 3.6 for CON, 28.1 +
3.6 for DR6 and 28.8 + 3.2 for IR6 (Fig. 21).

In summary, changing the task order helped with behavioral assessment as nearly all rats
explored the mazes throughout the behavioral battery. In the first task using the Y-maze,
both IR6 and DR6 showed impaired spatial memory at a time when the CON rats exhibited
spatial memory by entering the novel arm more than they did the other arm. As testing
continued in different mazes over days, IR6 and DR6 began to show the potential to
demonstrate spatial ability. In the OP performed on day 4 after stress, CON showed a better
OP discrimination Index than did IR6, but IR6 may have avoided the moved object. On the
NOR when cognitive load was minimal with 1-min ITI, CON and IR6 preferred the novel
object over the familiar one, but IR2 performed at chance. By the time they were tested on
the RAWM, the last task of the session, all rats acquired it and performed similarly. Motor
abilities were unlikely to explain the spatial memory differences observed in the beginning
on the Y-maze and OP, and although anxiety profiles were elevated for both DR6 and IR,
the rats explored similarly and well during the low cognitive load test. We conclude that a 6-

Behav Brain Res. Author manuscript; available in PMC 2021 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Peay et al.

Page 13

hour IR paradigm may lead to impaired hippocampal-dependent spatial ability with
comparably robust deficits as found with DR6. However, these effects failed to be long-
lasting, as groups performed similarly by days five and seven.

3.3. Experiment 3: Effects of an extended IR6 paradigm on spatial memory in male and

female rats

The effects of an extended 6-hr IR paradigm were explored in both male and female rats by
increasing the stress period from three to six weeks before the first behavioral test, as longer
periods of restraint resulted in more robust spatial memory deficits on the RAWM in male
rats [69]. After six weeks of IR6, rats were tested on the Y-maze and then an additional three
weeks of IR6 was implement before a second Y-maze test. Thereafter, behavioral
assessments on different tasks occurred weekly (Fig. 3A).

In the first Y-Maze following 6-wks of IR, all groups (CON-M, IR6-M, CON-F, IR6-F)
entered (or spent more time in, data not shown) the novel arm than the other arm to reflect
intact spatial ability (Fig. 3B). Wilcoxon Signed Rank Tests revealed that rats entered
(and/or spent more time in, data not shown) the novel arm than the other arm (p < 0.05,
CON-M, IR6-M, CON-R, IR6-F). A two-way ANOVA across treatment conditions for the
entry index did not show a significant effect.

The rats were given another three weeks of IR and then tested again in the Y-maze in a
different room. After 9-wks of IR, the rats still showed spatial ability (Fig. 3C). Wilcoxon
Signed Rank Tests indicated a significantly greater number of entries (and/or time spent) in
the novel arm than in the other arm for CON-M, IR6-M, CON-F, and IR6-F (p < 0.05). A
two-way ANOVA revealed no significant effects on %entry index across groups.

After another week of IR, the rats were tested on the OP, which occurred during the 10t
week of restraint. Wilcoxon Signed Rank Tests were performed to determine whether each
group explored the object in the novel location more than the object in the same location.
Unexpectedly, no significant differences were detected: all groups, including the controls
(CON-M, IR6-M, CON-F and IR6-F), explored the objects in the novel and same location
similarly. A two-way ANOVA also found no significant differences across groups for OP
discrimination (Fig. 3D).

After another week of IRS, the rats were tested in the NOR during the 11t week of restraint.
Since rats had just 1-min ITI with a minimum cognitive load, all groups were expected to
recognize and spend more time with the novel object compared to the familiar object.
Wilcoxon Signed Rank Tests showed that all groups explored the novel object significantly
more than the familiar object (p < 0.05, Fig. 3E). A two-way ANOVA found no significant
differences across groups in NOR discrimination.

To determine whether anxiety or motor ability may have impacted performance, additional
assessments were performed on the OF, OP and Y-maze. A two-way ANOVA performed on
anxiety index in the OF revealed a significant interaction of stress and sex (F1 43 = 3.827, p =
0.05, Power = 0.481, Fig. 3F). LSD post-hoc analyses showed that IR6-F rats expressed a
reduced anxiety profile compared to CON-F (p < 0.05), CON-M (p < 0.05), and IR6-M (p <
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0.05, Fig. 3F). To determine whether locomotor activity or motivation to explore the Y-maze
differed across groups, total entries (sum of entries into novel, start and other arms over
minutes 1 and 2) were analyzed using two-way ANOVAs. No significant differences were
detected in the first Y-maze after 6-weeks of IR6 to suggest that the groups were similarly
motivated to explore (data not shown). The total number of entries averaged 7.8 + 0.8 for
CON-M, 8.2 £ 0.7 for IR6-M, 9.8 + 0.6 for CON-F and 8.9 + 0.7 for IR6-F. For the Y-maze
after 9-weeks of IR6, a two-way ANOVA revealed a significant effect of sex with female rats
making more total entries than male rats (F1 4o = 10.205, p < 0.05, Power = 0.877, Fig. 3G)
with no other significant effects. The total number of entries averaged 7.5 £+ 0.8 for CON-M,
7.7 £ 1.0 for IR6-M, 10.4 £ 0.8 for CON-F and 9.9 £ 0.6 for IR6-F. In OP, the total time
spent exploring the objects was compared with a two-way ANOVA and revealed a
significant effect of sex with male rats spending more time exploring objects compared to
female rats (F1 39 = 4.228, p < 0.05, Power = 0.518, Fig. 3H) with no other significant
effects. The total time exploring objects (in seconds) averaged 48.0 + 6.5 for CON-M, 56.7
+ 4.2 for IR6-M, 48.4 + 6.5 for CON-F and 54.3 + 6.1 for IR6-F.

In summary, an extended IR paradigm for six and even nine weeks failed to lead to impaired
spatial memory. Both IR6-M and IR6-F showed spatial memory on the Y-maze by entering
(and/or spending more time in) the novel arm than the other arm. OP behavior was less clear
as all groups, including controls, failed to discriminate and spent similar amounts of time
exploring both objects. On the NOR when cognitive load was minimal, all groups
discriminated and preferred the novel object over the familiar one. We conclude that when
the IR paradigm was extended beyond three weeks to six or nine weeks, IR failed to lead to
impaired spatial memory, perhaps due to the paradigm becoming predictable.

3.4. Experiment 4: Effects of UIR on spatial ability in male and female rats.

In experiments 1 and 2, IR led to impaired spatial memory at three weeks, but experiment 3
showed that when IR was extended to six or nine weeks, spatial memory deficits were not
detected to suggest that IR may have become predictable. Under predictable circumstances,
chronic stress responses becomes less robust [14,70]. Consequently, IR was modified as an
unpredictable intermittent restraint (UIR) and spatial memory was explored in both male and
female rats. The UIR paradigm involved varying the time of day which restraint occurred, as
well as the duration of restraint (either 30 min or 1 hr), with restraint repeating once a day
for a period of 2 to 6 consecutive days before a 1- or 2-day restraint hiatus. Moreover,
restraint occurred on an orbital shaker to increase the robustness of the restraint with a
shorter duration. After a 26-day UIR period (reflecting 21 restraint days), behavioral testing
began and occurred weekly on days without restraint with UIR continuing the day after
behavioral testing. As a final assessment, a robust heterotypic stressor was performed at the
end of UIR because it produced sex differences in set-shifting ability in a recent report [67].
However, its effect on spatial ability is unknown. A timeline of the experiment is shown in
figure 4A.

In the first spatial task, sex differences were observed in the Y-maze (Fig. 4B). In the males,
Wilcoxon Signed Rank Tests indicated a significantly greater number of entries and time
spent in the novel arm than in the other arm for the controls (CON-M, p < 0.05), but not in
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UIR-M. In the females, a tendency to enter and spend more time in the novel arm more than
the other arm was found in UIR-F (p < 0.10, Fig. 4B), but not in CON-F. A two-way
ANOVA did not reveal any significant effects on the %entry index (or %dwell index).
Motivation to explore was unlikely to have impacted performance, as total entries on the Y-
maze (sum of entries into Novel, Start and Other arms over minutes 1 and 2) were
statistically similar (Fig. 4C). The total number of entries averaged 10.2 + 0.9 for CON-M,
9.3+ 0.8 for UIR-M, 9.3 + 0.8 for CON-F and 9.6 + 0.8 for UIR-F. Therefore, differences in
spatial memory in the Y-maze were unlikely due to motivational differences to explore.

A second Y-maze test was performed seven days after the last UIR session concluded and
one day after an acute 30-min EP stressor, as this manipulation has been shown to impair
prefrontal cortex-mediated function [67]. However, no differences among groups were
detected on the post-EP Y-maze from a two-way ANOVA and all groups demonstrated
spatial memory (Fig. 4D). Wilcoxon Signed Rank Tests indicated that all groups
significantly entered (and/or spent more time in) the novel arm than in the other arm (p <
0.05).

OP occurred twice in this experiment, during the 2" and 51 weeks of behavioral testing. In
both OP tasks (1-hr ITI), none of the groups showed a significant preference for one object
over the other and explored both objects similarly (Wilcoxon Signed Rank, Fig. 4E for the
first task, data not shown for the second task). Moreover, a two-way ANOVA for the OP
indexes did not reveal any significant effects.

The rats were tested in two versions of the NOR (1-min and 1-hr IT1) during the 3 week of
behavioral testing. Wilcoxon Signed Rank Tests showed that all groups discriminated and
explored the novel object significantly more than the familiar object under both conditions
(ITI 1-min, p < 0.05, Fig. 4F; 1-hr IT1 p < 0.05, Fig. 4G). A two-way ANOVA did not show
any significant effects among groups for the NOR index in either task.

To determine whether anxiety may have impacted performance, the OF and NSF were used.
In the OF, a two-way ANOVA performed on the anxiety index did not reveal any significant
differences among groups, although there was a tendency for females to have a higher
anxiety index than in males (Fy 44 = 3.265, p < 0.10, Fig. 4H). In the NSF, there were no
significant differences across groups in latency to approach food (Fig. 41) and home cage
feeding was statistically similar. Together, the OF and NSF data suggest that the UIR groups
had similar overall anxiety profiles as the CON groups. Although females may have had a
higher anxiety index, this does not explain why UIR-F may have differed from CON-F.

In OP1 and OP2, the total time spent exploring the objects in trial 2 was compared with a
two-way ANOVA and revealed a significant effect of sex in OP1 (Fq 49 = 5.338, p < 0.05,
Power = 0.616, Fig. 4J) and OP2 (F1 41 = 16.641, p < 0.05, Power = 0.978, data not shown),
with no other significant effects. The total time exploring objects (in seconds) averaged for
OP1: 29.3 £ 2.5 for CON-M, 23.6 + 2.6 for UIR-M, 32.5 £+ 4.5 for CON-F and 38.9 + 5.3 for
UIR-F (Fig. 4J) and for OP2: 27.8 £ 5.1 for CON-M, 24.4 + 3.8 for UIR-M, 37.8 + 4.8 for
CON-F and 43.5 + 3.5 for UIR-F. While females spent more time with the objects than did
males, all rats performed similarly and at chance on the OP.
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In summary, the UIR paradigm was effective in leading to impaired spatial memory in male,
but not female rats. In the first spatial assessment, CON-M entered the novel arm more than
the other arm, while UIR-M performed at chance, which could not be explained by motor
differences or anxiety profile. In contrast to males, UIR in females did not result in spatial
memory deficits and may have even been beneficial, as UIR-F rats showed improved
discrimination compared to CON-F, with a tendency for more novel arm exploration than the
other arm in separate assessments for number of entries and time spent in the novel arm (0.1
> p >0.05). Motor abilities were unlikely to explain the spatial memory differences observed
in the first Y-maze and the lack of an effect in OP. We did not find any deficits in spatial
memory in the Y-maze following the EP stressor, suggesting rats had either recovered from
deficits by that time point and/or the EP procedure did not interfere with spatial ability. We
conclude that a EUR paradigm may lead to impaired hippocampal-dependent spatial ability
with robust deficits in male rats that fail to present in female rats.

Physiological Measures

In all four experiments, IR or UIR attenuated body weight gain compared to the same-sex
controls (Table 1). Follow-up post-hoc tests from a significant one-way ANOVA in
experiment 1 (F3 44 = 16.35 7, p < 0.05), showed that DR6, IR6, IR2 gained less weight
compared to CON over three weeks (p < 0.05) and that, DR6 gained the least body weight
compared to IR6 and IR2 (p < 0.05). IR6 and IR2 gained similar amounts of weight. In
experiment 2, follow-up from a significant one-way ANOVA (F3 44= 1153.777, p < 0.05),
showed that DR6 and IR6 gained less weight than CON (p < 0.05) and that DR6 gained
significantly less body weight than did IR6 (p < 0.05). In experiment 3 and 4, two-way
ANOVAs were performed for stress and sex with both revealing significant effects of stress
(Exp 3, F1 43 = 86.088, p < 0.05; Exp 4, F1 44 = 59.523, p < 0.05), sex (Exp 3, F1 43 =
454.343, p < 0.05; Exp 4, F1 44 = 436.739, p < 0.05), and interaction (Exp 3, F1 43 = 11.888,
p <0.05, Exp 4, F1 44 = 6.359, p < 0.05). Post-hoc tests from the interaction revealed that
while the stressors attenuated body weight gain in both sexes (p < 0.05), males showed more
robust effects than found with females.

In experiment 4, thymus, adrenal and uterine weights were analyzed as an additional
measure of stressor effectiveness (Table 2). A two-way ANOVA for thymus weight revealed
a significant effect of stress (Fy 44 = 10.982, p < 0.05) and sex (F1 44 = 27.557, p < 0.05)
with no significant interaction. UIR increased thymus weight in both males and females with
males showing heavier thymus. A two-way ANOVA for adrenal gland weights revealed a
significant effect of sex (F1 43 = 15.090, p < 0.05), with no significant stress or interaction.
Males had larger adrenals than females, as would be expected. Uterine weights in females
were not statistically different.

4. Discussion

The current study investigated whether an IR paradigm could be extended to study chronic
restraint effects on spatial memory deficits that would be more robust and/or longer lasting
than daily restraint in both male and female rats. We report that IR may be useful to
investigate spatial ability in male rats within a relatively brief period, such as for three weeks
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of IR, but not after an extended IR duration of six or nine weeks. Moreover, when spatial
memory deficits were detected in male rats, the effects of IR appeared marginally more
robust than daily restraint (Fig. 2D). In addition, when spatial memory deficits were detected
in male rats, the effects of IR were transient because spatial memory deficits begin to
improve within a few days after restraint ended. When IR continued for an extended
duration for up to six weeks, IR male and female rats failed to demonstrate spatial memory
impairments, suggesting that the IR paradigm may have become predictable. A modified
version of IR was subsequently designed to be unpredictable (UIR) through restraining rats
at different number of consecutive days restrained (2 to 6 days), changing the time of day
restrained, and mixing up the duration of restraint (30 or 60 min) when combined with
gentle shaking. The outcome showed that UIR males were impaired on spatial ability,
whereas UIR females were not. In summary, UIR was an effective chronic stressor when
studying spatial memory impairments in males and can be useful when spatial memory is to
be investigated repeatedly on the non-restraint days, and further highlights the sex
differences in how chronic stress impacts spatial ability.

An important outcome of these experiments is the corroboration of sex differences in how
chronic stress alters spatial memory. UIR impaired spatial memory in the Y-maze of male
rats without impairing spatial memory of female rats. For the stressed females (Fig. 4B),
they showed a non-significant tendency (p<0.1) to prefer the novel arm, while their same-sex
controls failed to reach this p-value. The results are consistent with the findings of others
documenting that males show deficits in spatial ability
[23,25,27,32,33,39,40,44,45,54,71,72], but not in females. For the females more specifically,
an extensive literature shows that chronic stress either fails to alter spatial memory
[33,73,74] or even enhances it [31,37,75]. Chronic stress may also alter female motivation,
as we found that stressed female rats delayed their exploration of the novel arm exploration
in the Y-maze [29], though this did not occur in the current experiments. It is unlikely that
the stressed females perceived the UIR differently than males, as physiological measures
validated UIR effectiveness, consistent other reports on chronic stress in rodents [39,76-80].
Once possible explanation as to why stressed females were less vulnerable to spatial
memory deficits than stressed males may be that chronic stress altered a different cognitive
function in females than was investigated in the current study. For example, chronic stress
impaired cognitive flexibility in females using a set-shifting task [81], which requires the
prefrontal cortex [82]. Or perhaps the type of stressor could be important, as heterotypic
stressors, defined as a novel stressor unique from prior stressors, impaired set-shifting in
females but not males [67]. Altogether, we interpret our results in the context of how the
control females performed and published reports that UIR did not impair spatial ability of
female rats and corroborates the literature highlighting the sex differences in chronic stress-
induced spatial memory effects.

The original intent of using the IR paradigm was to determine whether the potentiated
effects on stress responsiveness and anxiety reported previously [46] could be extended to
spatial memory. While experiment 1 showed some evidence for three weeks of IR to lead to
more robust spatial memory deficits than observed for DR (Fig. 1C), this was not always
observed. In experiment 2, DR6 and IR6 males performed poorly and similarly on the Y-
maze. On the OP task performed on day 4 after chronic stress ended in experiment 2, DR6
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males performed at chance, but IR6 males recognized the novel arm by showing avoidance
behavior, which is consistent with chronic stress facilitating neurocircuitries that favor habits
rather than flexible behaviors [83]. Then for experiment 3 when IR was extended to six and
even nine weeks, no spatial memory deficits were detected in either sex. The longer
paradigm was used because our past study showed that that five weeks of chronic daily
restraint resulted in more robust spatial memory deficits in males than compared to a three
week exposure [69]. The lack of an effect with six- and nine-weeks of IR to impair spatial
memory in the current study was unlikely attributed to stressor effectiveness because IR
attenuated body weight gain, a reliable measure of chronic stress in rodents [84-88]. Perhaps
the consistent five day exposure and two days off from restraint led to a muted stress
response, a phenomenon documented to occur with repeated exposures to the same stressor
[89], and as such, could have increased predictability [16] to thereby make IR less stressful
[14]. While this interpretation does not explain why DR would lead to more severe spatial
memory deficits when extended from three to five weeks [69], this may apply to the IR
paradigm, perhaps by making it more tolerable by having predicted days off from restraint.
Therefore, IR may produce potentiated stress responses and anxiety after 1-1/2 weeks, see
[46], but its effects on producing robust spatial memory deficits are mixed after 3 weeks and
certainly ineffective at leading to impairments after 6 weeks.

A consistent theme following chronic stress is that males show spatial memory deficits,
which improve in the days after the chronic stressor ends. In one of the first studies to
investigate this phenomenon, 4 weeks of chronic stress impaired spatial learning on the
Morris Water Maze task, with these deficits improving after one month passed from the end
of the stressor [43]. Later, our lab found that 3 weeks of chronic restraint hindered spatial
memory on the RAWM, an effect that improved with the passage of time [45]. Our current
experiments add to the literature and suggest that the timeframe from when spatial memory
deficits improve following the end of these chronic restraint paradigms is shorter, within the
range of four to seven days. These findings are consistent with the changes in hippocampal
CA3 apical dendritic arbors following chronic stress: chronic stress leads to CA3 apical
dendritic retraction [63,76,77,90-92], and these dendritic arbors become more complex
within four to ten days after chronic stress has ended [92].

Another consideration for the relatively fast spatial memory improvement is that the rats
may have benefited from the repeated behavioral assessments. For example, environmental
enrichment counteracts chronic stress-induced learning and memory deficits [22,69,93,94].
Aspects of the cognitive assessments implemented in this study, such as the opportunity to
explore objects and environments, could be perceived as enriching and may have similar
effects as environmental enrichment in rats. For instance, CA3 synaptic density recovers
rapidly after two days of water maze training, suggesting that learning may promote synaptic
plasticity and counteract the chronic stress effects [71]. Another interpretation is that the rats
were able to transfer information from one testing situation to another [95-97], but this
likelihood was minimized by using unique testing rooms and contexts for each cognitive
task. Whether spatial memory deficits improved from repeated testing or from the passage of
time is unclear, but it is important to note that the phenomenon was found in all three of the
restraint paradigms (IR, UIR and DR) and could not be explained by motor or motivational
issues.
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The UIR paradigm was introduced after concluding experiment 3 because the ability to
behaviorally test both control and stress rodents on full days without disrupting the stress
manipulation would be of great benefit in experiments that require multiple assessments.
Moreover, the issue that spatial memory improves in as little as 5 days after the chronic
stress manipulation has ended makes an intermittent stress paradigm valuable when repeated
behavioral testing is desired. Experiment 4 demonstrated that UIR was effective at
producing spatial memory deficits in males, an outcome that would be expected from the
literature [27-29,33,44,98,99]. Consequently, UIR provides a way to obtain multiple
behavioral measures without disrupting the chronic stress paradigm.

An unforeseen outcome was the failure of the majority of control rats across groups to
explore the moved object more than the unmoved object during OP testing in experiments 3
(Fig. 3D) and 4 (Fig. 4E). We incorporated the OP into our behavioral battery based upon
our own success (and others) with using it. Our past work using young adult Sprague-
Dawley female rats revealed robust effects using OP in non-stressed rats [100] and after
chronic stress [39], as have others [40,101,102]. Similar robust effects on OP were reported
with male rats by us and others [44,54,64]. However, our lab recently discovered that
middle-aged female rats failed to explore during object testing even with repeated exposure
[103], bringing some questions about OP reliability as it pertains to females. As we reflect
on the tests used in the current work, experiments 3 and 4 started with Y-maze testing, which
differed from experiment 1. Testing on the Y-maze first may have had implications on
willingness to explore in OP later because rats were able to seek out novelty in the Y-maze
using thigmotaxis, but were unable to explore objects in the open field unless they ventured
away from the wall. Additional differences that would have encouraged exploration on the
Y-maze was that Y-maze testing occurred with bedding material and lower light intensity
(lux = 80-90) than used for OP (lux = 150-160), which was done to enhance visualization of
spatial cues and differentiate it from other tasks. In comparison with other reports that had
success with OP, the OP was the only task used [37,39,44,54,104] or a different type of task
preceded it [64,103], but we have not found an example in which OP followed Y-maze
testing. Consequently, it is possible that the controls may have been less willing to explore or
pay attention to the objects in the OP after being exposed to the Y-maze.

We also observed that the behavioral testing order impacted performance. In experiment 1,
when the RAWM occurred first, followed without breaks in daily testing by the OP and
NOR, half of the rats failed to explore despite being presented with an OF arena for
acclimation. In experiment 2, when the Y-maze occurred first, subsequent object exploration
was greatly increased, ranging from 83% to 100% participation across treatment conditions.
Other reports documented order effects and one found that mice explored less in the open
field and the Y-Maze when a behavioral battery preceded them, but how a behavioral battery
impacted performance on the Morris Water Maze was less obvious [105]. When aversive
tasks, such as the Morris Water Maze, precede comparatively less aversive tasks, such as OF,
mice exhibited reduced locomotion [106,107]. Taken together, the current series of studies
corroborate the literature that if multiple behavioral tasks are to be used to assess chronic
stress effects on spatial ability, then perhaps testing should start from the least to the most
aversive paradigm, except in the case that the Y-maze is used and have the Y-maze follow
tests that require open field exploration, such as OP.
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In conclusion, the results from the present set of experiments show important sex differences
in how chronic stress alters spatial ability and introduce UIR as a useful paradigm to probe
these effects when repeated behavioral measures are needed. We report that UIR led to
spatial memory deficits in male, but not female rats. The overwhelming evidence from the
current study and others suggest that chronic stress affects male and female rats differently.
Chronic stress impairs hippocampal function in male rats, as evidenced by poor spatial
ability, but fails to impair spatial ability in female rats. Instead, other studies suggest chronic
stress may alter the vulnerability of females to cognitive arousal and related attentional tasks
[108]. Future studies should continue to probe the types of respective cognitive
vulnerabilities exhibited by males and females in response to chronic stress.
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Highlights
. In males, unpredictable intermittent restraint (UIR) impaired spatial ability.
. In females, spatial ability was spared after UIR.
. Impaired spatial ability in males improved from 4 to 7 days after stressor
ended.
. UIR allows repeated behavioral testing without interrupting the stressor
pattern.
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Fig. 1.
Effect of two different IR durations on spatial ability and anxiety profiles using male rats. A)

Timeline of manipulations. Rats were restrained for 6hrs (long black-filled rectangles) or
2hrs (short black-filled rectangles). White-filled rectangles indicate days off from restraint.
CON = control, DR6 = daily restraint for 6-hrs, IR6 = intermittent restraint for 6-hrs., IR2 =
intermittent restraint for 2-hrs. The day after restraint ended, rats were tested on the RAWM
for 3 days, followed by the OF, OP and then the Y-maze and NOR. B) First time entry errors
on the RAWM during training on days 1 and 2. All groups acquired the task by decreasing
first time entry errors over days. There were no group differences. C) Single retention trial
on RAWM. IR6 made more first-time entry errors than did CON. D) OP Index from the
second trial after a 1-hr ITI. Preference for the moved object will show values greater than
0.5 with the dashed horizontal line indicating chance levels. All groups performed at chance,
with p-values listed below each group name; however, half the rats failed to explore,
reducing the power of the analyses. E) NOR Index from the second trial with a 1-min IT],
which reflects minimum cognitive load. Preference for the new object will show values
greater than 0.5 with the dashed horizontal line indicating chance levels. CON spent more
time with the new object than the familiar object despite a low subject number (n=6). The
remaining groups performed at chance levels. F) Y-maze performance showing the %Entry
in each of the arms (novel, start, other) in trial 2 after a 4-hr ITI. Six to seven days after IR
ended, CON, DR6 and IR6 entered (and spent more time in) the novel arm than the other
arm (dwell data are not shown). IR2 performed at chance levels. Two asterisks indicate
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significance in both entry and dwell measures. G) OF anxiety index. All groups showed
statistically similar and high anxiety profiles. H) OP total time exploring both objects during
trial 2. IR2 spent more time exploring both objects in trial 2 than did CON, DR®, and IR6.
There were no other group differences. 1) Entries made in all three arms of the Y-maze
during Trial 2. All groups made similar number of entries. *p < 0.05, +p < 0.05 with
covariate, CON = control, DR6 = daily restraint for 6hrs., IR6 = intermittent restraint for
6hrs, IR2 = intermittent restraint for 2hrs. Boxes represent median and inter-quartile ranges.
All other data points are mean + S.E.M.
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Fig. 2:

E19fects of three weeks IR6 on a behavioral battery, ordered with the least aversive task first
and using male rats A) Timeline of manipulations. Solid black rectangles indicate restraint
day and white-filled rectangles indicate when rats were given a day off. CON = control, DR6
= daily restraint for 6hrs., IR6 = intermittent restraint for 6hrs. The day after restraint ended,
rats were tested on the Y-maze and OF, followed by NOR, OP and then the RAWM (last 3
days). B) Y-maze performance showing the %Entry in each of the arms (novel, start, other)
in trial 2 after a 4-hr ITI. CON entered (and spent more time in) the novel arm than the other
arm, whereas DR6 and IR6 performed at chance levels. Two asterisks indicate significance
for each assessment in entry and dwell (dwell data are not shown). C) NOR Index from trial
2 with a 1-min ITI when cognitive load should be minimal. Preference for the new object
will show values greater than 0.5 with the dashed horizontal line indicating chance levels.
CON and IR6 spent more time with the new object than the familiar object when cognitive
load was minimal (1-min ITI). DR6 performed at chance levels. D) OP Index from the
second trial after a 1-hr ITI. Preference for the moved object will show values greater than
0.5 with the dashed horizontal line indicating chance levels. CON preferred the object in the
novel location. DR6 performed at chance while IR6 preferred the object in the familiar
location. IR6 significantly differed from CON in OP index. E) First time entry errors on the
RAWM during training on days 1 and 2. All groups acquired the task by decreasing first
time entry errors over days. There were no group differences. F) Single retention trial on
RAWM. There were no group differences. G) OF anxiety index. DR6 and IR6 showed
greater anxiety profiles compared to CON. H) Entries made in all three arms of the Y-maze
during Trial 2. All groups made similar number of entries. I) OP total object exploration
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time. All groups spent similar time exploring both objects. *p < 0.05, CON = control, DR6 =
daily restraint for 6hrs., IR6 = intermittent restraint for 6hrs.
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Fig. 3:

Ef%ects of an extended IR6 paradigm on spatial memory in male and female rats. A)
Timeline of manipulations. Black-filled rectangles indicate restraint was performed and
white-filled rectangles indicate when rats were given a day off. After 6-weeks of restraint,
rats were tested on the Y-maze and then returned to the restraint paradigm for an additional
3-weeks. Behavioral testing then occurred weekly on days without restraint, starting with
restraint for 6hrs. the Y-maze, followed by OF/OP (consecutive days) and ending with NOR.
B) Y-maze performance on trial 2 after 6-weeks of IR for entries in the first two minutes.
CON-M entered (and spent more time in, dwell data not shown) the novel arm than the other
arm. IR6-M, CON-F and IR6-F entered the novel arm more than the other arm. Two
symbols indicate significance or tendency toward significance in both entry and dwell
measures with entry measure listed first, followed by dwell. C) Y-maze performance on trial
2 after 9-weeks of IR for entries in the first two minutes. CON-M, IR6-M and CON-F
entered the novel arm more than the other arm. IR6-F showed a tendency to enter the novel
arm more than the other arm. Two symbols indicate significance or a tendency toward
significance in both entry and dwell measures with entry measure listed first, followed by
dwell (dwell data are not shown). D) OP performance after 10 weeks of IR. The OP Index
represents data from the second trial after a 1-hr ITI. Preference for the moved object will
show values greater than 0.5 with the dashed horizontal line indicating chance levels. All
groups performed at chance. E) NOR performance after 11 weeks of IR. The OP Index
represents data from the second trial with a 1-min ITI to reflect a low cognitive load.
Preference for the new object will show values greater than 0.5 with the dashed line
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indicating chance levels. All groups spent more time with the new object than the familiar
object to show that they would seek the novel object when cognitive demand was low. G) OF
anxiety index used from the same arena that rats were given acclimation before OP and
NOR. IR6-F had a significantly lower anxiety profile compared to CON-F, CON-M, and
IR6-M, but this did not seem to change performance on OP or NOR. H) Assessment of the
total number of entries made in all three arms of the Y-maze as a measure of motivation.
Data were taken from the second Y-maze assessment after 9 weeks of IR and reflect activity
during the first two minutes from trial 2. Female rats made more total entries compared to
male rats, but no other group differences were found. I) The total time spent exploring both
objects in OP during trial 2 after 10 weeks of IR. Male rats spent significantly more time
exploring both objects compared to female rats, but this fails to explain why none of the
groups showed object placement recognition. *p < 0.05, + p < 0.1, CON-M = control males,
IR6-M = intermittent restraint for 6hrs. males, CON-F = control females, IR6-F =
intermittent restraint for 6hrs females.
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Fig. 4:

Efgfects of a novel UIR paradigm on spatial ability and anxiety profiles in both male and
female rats. A) Timeline of manipulations. The stressor was 30-min (small zigzag) or 60-
min (large zigzag) restraint with gentle shaking. White-filled rectangles indicate when rats
were given a day off. After 28 days of UIR (which was 21 days of actual restraint), rats were
tested on the Y-maze and then returned to the UIR paradigm as indicated. At the end of UIR,
rats were given seven days before being placed on the EP for 30-min and then tested one day
later on the Y-maze. B) Y-mazel performance on trial 2 after 26 days of UIR for entries in
the first two minutes after a 4-hr ITI. CON entered (and spent more time in, data not shown)
the novel arm than the other arm. UIR-F tended to enter (and spend more time in, data not
shown) the novel arm than the other arm. UIR-M and CON-F performed at chance levels.
Two symbols indicate significance or tendency toward significance in both entry and dwell
measures. C) Entries made in all three arms of the Y-mazel during Trial 2 for the first two
minutes. The groups made a similar number of total entries during trial 2 of the Y-maze to
demonstrate similar motivation to explore. D) Y-maze2 performance following seven days
after the end of UIR and one day after EP (post-EP) for entries made in minutes 1 and 2
during trial 2 after a 4-hr ITI. CON-M, UIR-M, CON-F and UIR-F entered (and spent more
time in, data not shown) the novel arm more than the other arm. Chance is denoted by the
dashed horizontal line. Two symbols indicate significance (or tendency toward significance)
in both entry and dwell measures. E) OP1 performance after 36 days of UIR. The OP Index
reflects time spent with the moved object compared to total time spent with both objects in
the second trial after a 1-hr ITI. Preference for the moved object will show values greater
than 0.5 with the dashed horizontal line indicating chance levels. All groups performed at
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chance. F) NOR performance after 43 days of UIR. The NOR Index reflects time spent with
the novel object compared to total time with both objects in the second trial with a 1-min
ITI. Preference for the new object will show values greater than 0.5 with the dashed
horizontal line indicating chance levels. All groups spent more time with the new object than
the familiar object to demonstrate that they were able to recognize the new object when
cognitive load was minimal. G) NOR performance after 44 days of UIR, with the NOR
Index from the second trial with a 1-hr ITI. All groups spent more time with the new object
than the familiar object even with a longer delay than the day before. H) OF anxiety index.
Female rats tended to have an elevated anxiety profile compared to male rats, but this does
not explain the poor performance on OP for all groups. 1) NSF latency to feed. The time it
took for rats to approach the chow was similar across groups. J) The total time spent
exploring both objects in OP1 during trial 2 after 36 days of UIR. Female rats spent
significantly more time exploring both objects compared to male rats. There were no other
group differences. *p < 0.05, +p < 0.1, CON-M = control males, UIR-M = unpredictable
intermittent restraint males, CON-F = control females, UIR-F = unpredictable intermittent
restraint females.
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Table 1:

Experiments 1 and 2 body weight change (g) + SEM over 3 weeks of intermittent restraint.

Experiment CON DR6 IR6 IR2
1 123.8+9.8 51.8+63 739+54 93.4%80
2 1340+51 772449 996+45 —
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Table 2:

Experiment 3 body weight change (g) £ SEM over 11 weeks of intermittent restraint.

Experiment CON-M IR-M CON-F IR-F

3 254492 1745451 988455 62.2+3.4
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Table 3:

Experiment 4 body weight change (g) £ SEM over 9 weeks of unpredictable intermittent restraint.

Experiment CON-M UIR-M CON-F UIR-F

4 2382+85 1698+7.7 81.8+6.0 47.2+34
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Experiment 4 post-mortem physiological measures (mg) + SEM.

Table 4:

Organ CON-M UIR-M CON-F UIR-F
Adrenal  62.5 £3.7 64.3+3.0 81.6+4.3 749+4.1
Thymus 419.7+26.1 325.3+22.0 286.0+132 245.8x17.6
Uterus — — — 602.7+37.5 57441384
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