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Abstract

Significant evidence suggests that exposure to traumatic and/or acute stress in both mice and
humans results in compromised immune function that in turn may affect associated brain
processes. Additionally, recent studies in mouse models of immune deficiency have suggested that
adaptive immunity may play a role during traumatic stress exposure and that impairments in
lymphocyte function may contribute to increased susceptibility to various psychogenic stressors.
However, rodent studies on the relationship between maladaptive stress responses and lymphocyte
deficiency have been complicated by the fact that genetic manipulations in these models may also
result in changes in CNS function due to the expression of targeted genes in tissues other than
lymphocytes, including the brain. To address these issues we utilized mice with a deletion of
recombination-activating gene 2 (Rag2), which has no confirmed expression in the CNS; thus, its
loss should result in the absence of mature lymphocytes without altering CNS function directly.

"Corresponding author: Leonardo H. Tonelli, PhD, Laboratory of Behavioral Neuroimmunology, Department of Psychiatry,
University of Maryland School of Medicine. Research & Development Service, VA Maryland Health Care System, 685 West
Baltimore Street, MSTF Building Room 934 C, Baltimore, Maryland 21201, Itonelli@psych.umaryland.edu, tonelli.leonard@va.gov,
Tel: 410-706-2325.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Clark et al.

Stress responsiveness of immune deficient Rag2~~ mice on a BALB/c background was evaluated
in three different paradigms: predator odor exposure (POE), fear conditioning (FC) and learned
helplessness (LH). These models are often used to study different aspects of stress responsiveness
after the exposure to an acute stressor. In addition, immunoblot analysis was used to assess
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hippocampal BDNF expression under both stressed and non-stressed conditions. Subsequent to
POE, Rag2™/~ mice exhibited a reduced acoustic startle response compared to BALB/c mice; no
significant differences in behavior were observed in either FC or LH. Furthermore, analysis of
hippocampal BDNF indicated that Rag2~/~ mice have elevated levels of the mature form of BDNF
compared to BALB/c mice. Results from our studies suggest that the absence of mature
lymphocytes is associated with increased resilience to stress exposure in the POE and does not
affect behavioral responses in the FC and LH paradigms. These findings indicate that lymphocytes
play a specific role in stress responsiveness dependent upon the type, nature and intensity of the

stressor.
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1. Introduction

Pathological responses to stress, as a result of a traumatic event, are known to be related to a
combination of genetic and environmental factors that determine susceptibility or resilience
to develop exacerbated fear responses (Gillespie et al., 2009; Skelton et al., 2012). Recent
research suggests that impairments in immune function may be a central mechanism
determining susceptibility or resilience to the development of these responses (Baker et al.,
2012; Neylan et al., 2011) with a higher incidence of maladaptive responses among those
with pre-existing inflammatory conditions (LeardMann et al., 2009; O’Toole and Catts,
2008). Additionally, a number of studies have shown a myriad of immune abnormalities,
along with specific epigenetic modifications in genes associated with immune responses, in
people suffering from conditions such as posttraumatic stress disorder (Glatt et al., 2013;
Rusiecki et al., 2013; Smith et al., 2011; Uddin et al., 2010; Zovkic et al., 2013). This link
between stress exposure and the immune system appears to be bi-directional, in which
traumatic stress exposure is associated with a higher risk for developing a significant
number of chronic inflammatory conditions (Lemieux et al., 2008; O’Toole and Catts, 2008;
Plantinga et al., 2013). Despite mounting evidence implicating the immune system in
pathological stress responses, specific mechanisms linking traumatic stress and immune
function remain poorly understood.

Research using various animal models of immune deficiency suggests a role for the adaptive
arm of the immune system in determining resilience to stress via mechanisms mediated
through the actions of T cells (Cohen et al., 2006; Lewitus et al., 2008; Lewitus and
Schwartz, 2009). These studies have found that the absence of adaptive immunity is
associated with increased fear and anxiety responses after stress exposure (Cohen et al.,
2006) and have culminated in the proposal that mature T cells help maintain homeostasis
and confer protection against stress exposure by a mechanism involving down-regulation of
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pro-inflammatory cytokines and the production of brain-derived neurotrophic factor (BDNF)
in the hippocampus (Lewitus et al., 2008; Lewitus and Schwartz, 2009; Schwartz and Ziv,
2008). Nevertheless, certain behavioral traits seen in the immune deficiency models
employed in these studies may be due to the expression of targeted genes in the CNS rather
than in peripheral immune cells alone (Fang et al., 2013; Rattazzi et al., 2013). Of particular
concern is recombination-activating gene 1 (RAG1), which is highly expressed in the
hippocampus and cerebellum, as well as lymphocytes (Chun et al., 1991; Sun et al., 2007)
and whose deletion induces behavioral deficits independent of lymphocyte function (Fang et
al., 2013; McGowan et al., 2011).

The purpose of the present study was to further clarify the role of the adaptive immune
system in stress responsiveness by employing the Rag2~/~ mouse model of immune
deficiency. Similar to Rag1™~ mice, the loss of RAG2 in these mice inactivates the variable
(diverse) recombination (V[D]J) process of the immunoglobulin and T cell and B cell
receptors. However, in contrast to RAG1, RAG2 has no confirmed expression in the CNS
(Chun et al., 1991; Shinkai et al., 1992) (Supplemental figures 1 and 2) and thus, the impact
of its loss should be restricted to peripheral lymphocytes. As a result, Rag2~~ mice lack
mature T and B lymphocytes while maintaining normal hematopoiesis (Shinkai et al., 1992).
To examine the role of lymphocytes in several models of stress responsiveness after acute
stress exposure, mice were tested in the following fear and stressor paradigms: 1) predator
odor exposure (POE), 2) Pavlovian fear conditioning (FC), and 3) learned helplessness
(LH). Additionally, the expression of BDNF was examined in order to explore the potential
relationship between lymphocytes, stress exposure and the regulation of this neurotrophic
factor. Our results indicate that immune deficient and immune competent mice display
similar behavior in the FC and LH paradigms while the absence of lymphocyte function
contributes to resilience in the POE paradigm. Moreover, hippocampal BDNF levels for the
mature form of the protein were higher in Rag2™/~ mice under basal conditions and
following LH, but not POE. The present studies suggest that the impact of lymphocyte
function on stress responsiveness is dependent on the nature of the stressor and type of
response involved.

2. Methods

2.1 Animals

Rag2~~ mice were originally developed by the Alt laboratory by targeting the RAG2 gene
in CCE embryonic stem cells and transferring targeted cells into blastocysts (Shinkai et al.,
1992). For this study, Rag2~/~ mice were acquired from Taconic Farms, Inc. (Hudson, NY)
where they have been backcrossed onto the BALB/c background for twelve generations and
maintained by homozygous pairings. Male Rag2~/~ and wild type (WT) BALB/c mice were
obtained at 5-6 weeks of age and housed under normal conditions (12 hr light/dark cycle, 4—
5 mice per cage) with ad libitum access to food and water. All experiments were conducted
when mice were between 8-12 weeks old. Prior to beginning any experiments all animals
were handled daily for several days to habituate the animals to the experimenter and to
monitor overall health. Any cages exhibiting severe signs of fighting between cage mates
either before or after stress exposure were excluded. Verification of immune status was
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conducted by flow cytometry for all mice at the completion of each experiment
(Supplemental Figure 3). All procedures were carried out under approved IACUC protocols
and institutional guidelines at the University of Maryland, School of Medicine and
Baltimore VA Health Care System.

2.2 Basal Behavioral Assessments

To determine if basal behavioral responses were comparable between WT and Rag2~/~
mice, an independent group of animals was first tested in the open field test (day 1) followed
by the elevated plus maze test (day 2). In addition, to ensure that the olfactory system was
not compromised by the absence of lymphocytes a group of mice was evaluated in a buried
food test. All tests were conducted between 10 am and 3 pm under 5 lux illumination and
constant background white noise (~65-70dB).

Open field test (OFT)—Individual mice (WT: n = 12; Rag2~/~: n = 14, 8 weeks old) were
placed in square arenas (50 x 50 cm) and allowed to explore for 30 min while being
recorded overhead. Total distance traveled and time in center (interior 50% of the arena)
were analyzed with the use of TopScan (Cleversys; Reston, VA).

Elevated plus maze test (EPM)—The EPM is an apparatus raised 50cm above the
ground with two enclosed arms (35 x 5 x 15 cm) perpendicular to two open arms (39.5 x 5
cm) intersected by an open central area (5 x 5 cm). Individual mice were placed in the center
facing one of the two open arms and recorded with an overhead camera for 10 min as they
freely explored the maze. An observer was present for the entire session and any mouse that
fell off of the maze was returned to the same arm, in the same position. TopScan was used to
determine total distance traveled, the number of entries into each arm and the proportion of
time spent in the open arms.

Olfaction Test—To evaluate whether there are differences in olfaction between WT and
Rag2~~ mice that may influence the effect of predator odor exposure, a buried food test
(YYang and Crawley, 2009) was conducted to compare the latency of WT (n = 8) and
Rag2~~ mice (n = 9) to sniff out and begin consuming a treat that they had been
familiarized with in their home cage. For the test a Honey Teddy Graham (Nabisco) was
buried in the bedding at one end of a clean cage and a single mouse was placed at the
opposite end of the cage. The animal was then allowed to freely explore the cage for 15 min;
the time to find and retrieve the buried food was recorded by an observer. To avoid any
scent traces, mice were placed in a new cage separate from any remaining cage mates upon
completion of the test and clean cages with fresh bedding were used for each round of
testing.

2.3 Experiment 1: Predator odor exposure (POE) and behavioral assessments

This paradigm, based on an innate fear response to feline urine odor present in rodent
species, has been validated in rats and mice (Blanchard et al., 2003a; Blanchard et al., 1990)
and used in immune deficient mice by Cohen et al (2006). These studies have shown that a
short exposure to cat odor is sufficient to elicit long term behavioral changes, including
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increased anxiety as measured by the EPM and heightened startle responsiveness in the
acoustic startle test.

Predator Odor Exposure (POE)—Age-matched WT and Rag2™/~ mice (8-12 weeks)
were divided into control non-exposed (WT: n = 13; Rag2~/~: n = 14) and exposed (WT: n =
18, Rag2™~: n = 20) groups. All exposure sessions were conducted in a secluded room
separate from the colony and behavioral testing rooms. Following transport to the exposure
room animals were allowed to acclimate for approximately 30 minutes. To avoid any
contact with aversive odors, all control mice were ran through the paradigm and removed
from the testing room prior to exposing experimental mice to predator odor. In brief, mice
were individually placed in a clear acrylic, covered chamber (40 x 40 x 40 cm) with ~1 inch
of cat litter for 10 minutes; control mice were exposed to fresh cat litter (Tidy Cat, Non-
clumping “Breathe Easy” cat litter with anti-microbial additives), while POE mice were
exposed to sifted cat litter that had been used for two weeks by both a male and female cat.
Upon removal from the chamber, mice were placed in a clean cage separate from remaining
cage mates to avoid transference of stress to non-exposed mice; once all cage mates had
been processed they were returned to their home cage. Following completion of exposure all
mice were returned to the colony room where they remained undisturbed for one week at
which point the mice were tested in the EPM as previously described. Twenty-four hours
after the EPM test they were evaluated for acoustic startle responses.

Acoustic Startle Test—All mice were individually tested in startle chambers equipped
with an animal enclosure mounted on a piezoelectric accelerometer (SR-LAB, San Diego
Instruments, San Diego, CA). Following previously published protocols testing acoustic
startle response following POE (Cohen et al, 2006; Lewitus et al, 2008) mice were allowed
to acclimate to the startle chambers for 5 min (68 dB background noise) and then underwent
30 acoustic startle trials with an average inter-trial interval of 30s. Each trial consisted of 60
ms of background noise followed by a 40 ms 110dB tone. The response window, during
which maximum and average startle response was determined, lasted for 65ms after stimulus
onset. Data are presented as the initial startle response (average of first 2 trials) and the
average startle response across trial bins (5 trials/bin).

Re-exposure to POE context—Three weeks after the acoustic startle test, a subset of
mice (control non-exposed WT: n = 7; Rag2~/~: n = 8 and exposed WT: n = 8, Rag2™/~: n =
8) were tested for maintenance of fear memory by returning them to the exposure chambers
and assessing exploratory behavior. For this test, all mice were individually placed in control
chambers with clean cat litter and video recorded for 10 minutes. Exploratory behavior was
manually scored as the number of rearings, with both front paws raised, in the open area of
the chamber. Topscan was utilized to determine total distance traveled. Two hours after re-
exposure to the context mice were euthanized; brains extracted, snap frozen and stored at
—80° until used for BDNF analysis.

2.4 Experiment 2: Pavlovian Fear Conditioning (FC)

The FC paradigm has been instrumental in exploring both the neurochemical underpinnings,
as well as potential treatments, for the inability to extinguish a learned fear. In this protocol,
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which provides a moderate to severe stressor (Gafford and Ressler, 2011), mice are exposed
to a non-aversive conditioned stimulus (CS) paired with an aversive unconditioned stimulus
(US); repeated exposures (2-5) result in the development of a cued response (CR), such as
freezing. Mice are then presented with the CS only in a new context and tested for extinction
of the CR, a measure of the animal’s ability to learn to dissociate the CS and the US in a
neutral environment. Spontaneous recovery, or renewal, of the CR can then be assessed in a
third context after several days to weeks to determine if extinction is context specific.

Day 1 - Conditioning—Acquisition of fear conditioning (WT: n = 12; Rag2/~: n =9, age
11-12 weeks) took place in Context 1: one side of a shuttle box with a grid shock floor
within a sound attenuating chamber (Coulbourn Instruments; Whitehall, PA). The front and
back walls of the chamber were clear acrylic, while the inner and side walls were metallic. A
speaker was mounted at the top of the side wall and lighting was provided by a house light
(~12 lux) mounted in the ceiling of the chamber. Mice were individually placed in the cage
and acclimated for three minutes. The conditioning session consisted of five CS-US paired
trials separated by a 5 min inter-trial interval. Each 30 s trial consisted of an auditory CS (80
dB, 1000 Hz) that coterminated with a 1 s US foot shock (500 pA). To remove any scent
traces between sessions each chamber was cleaned with Vimoba (Quip Laboratories, Inc.;
Wilmington, DE).

Days 2 and 3 - Extinction—Twenty-four hours after conditioning, mice were
individually placed in a test cage within an isolation chamber (Coulbourn Instruments). This
new context consisted of four clear acrylic walls, a light mounted on the side of the chamber
(~9 lux), a wire mesh floor, and the addition of a drop of diluted almond extract (1:10 in
water) in the drop pan under the floor. Cages were cleaned with 70% ethanol between
sessions to avoid olfaction cues imparted by the cleanser during the acquisition stage. To
evaluate extinction, mice were placed in the test cage and underwent a 3 minute habituation
period followed by 15 trials of CS presentation only (80dB tone, at 1000Hz, for 30s) with a
90s inter-trial interval. All sessions were recorded with a camera mounted in the ceiling of
each test cage and automatically scored with FreezeFrame (Actimetrics; Wilmette, IL).

Day 26, Spontaneous recovery—Contextual cues were changed in the test cage to
create a third context. Side walls were covered with black and white vertical striped paper;
the floor was replaced by a solid wood, black panel and the dimensions of the cage changed
by the insertion of a Lin. thick white wooden panel at the back of the cage. No olfaction cue
was added and the cages were cleaned with MB-10 (Quip Laboratories) between sessions.
The test session was then conducted as previously described.

2.4 Experiment 3: Learned helplessness (LH)

The LH paradigm utilizes an exposure to inescapable stress to induce the development of
behavioral interference when provided an option to escape (Maier and Watkins, 2005). The
protocol employed was based on comparative studies on different strains of mice, including
BALB/c mice (Shanks and Anisman, 1988). For this experiment WT and Rag2~/~ mice, age
11-13 weeks (n = 10-12/group), were subjected to one session of inescapable stress and
tested 24 hours and 7 days later to assess behavioral interference. An additional group of
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non-stressed controls (5/genoptype) was included to confirm the inducement of behavioral
interference. The inescapable stress session (day 1) took place in a shuttle cage with grid
shock floor (Coulbourn Instruments) and consisted of 360, 2s foot shocks at 150pA (average
inter-trial interval of 8s); the door separating the two sides of the shuttle box remained
closed to prevent any escape. The test sessions (days 2 and 8) consisted of returning the
mice to the shuttle box, subjecting them to a series of foot shocks (150 pA) while providing
an option to escape upon opening of the shuttle door; the foot shock was terminated upon
escape through the door or after 24s. The test session consisted of a total of 30 trials with an
average 15s inter-trial interval. During the first five test trials (p1-5), the foot shock and the
opening of the shuttle door commenced simultaneously, allowing the animal to immediately
move to the other side of the box and terminate the shock. Trials 630 included a 2s delay
between the initiation of the foot shock and the opening of the door. The animal’s coping
response was analyzed as a measure of escape latency (the average time it took to terminate
a shock) and number of escape failures over the course of the last 25 trials. Each shuttle box
was cleaned with 70% ethanol between individual runs. Twenty-four hours after the retest
mice were euthanized and brains extracted for BDNF analysis.

2.5 Hippocampal BDNF expression

The expression of BDNF was studied in dissected hippocampi from non-stressed mice as
well as a subset of mice that underwent the POE and LH paradigms. Relative amounts of
hippocampal pro-BDNF and mature BDNF were determined by immunoblot analysis.
Protein extraction was performed on a single hippocampus (right or left hemisphere at
random) with RIPA buffer (Life Technologies Corp.) supplemented with protease and
phosphatase inhibitors (1:100, Sigma-Aldrich). Tissue was manually dissociated, sonicated
and centrifuged at 4°C for 30 min at 14000rpm. The supernatant was removed and stored at
—-80°C until ready for use. Protein concentration was determined using the microplate
procedure for the Pierce BCA Protein Assay Kit (Thermo Scientific). Immunoblot analysis
was conducted using the NUPAGE SDS-PAGE gel system (Life Technologies Corp.) with
10% Bis-Tris gels. Briefly, 10ug of protein was loaded per lane and electrophoresed for 45
min at 170V. Proteins were then transferred onto PVDF membranes for 1 hour at 40V.
Membranes were washed in Tris-buffered saline with Tween-20 (TBST) and blocked with
5% non-fat dry milk (NFM) in TBST for 1 hr. The membranes were incubated overnight at
4°C in a 5% NFM/TBST containing anti-BDNF (1:5000; Santa Cruz Biotechnology,
#sc-546) or anti-GAPDH (1:50000; Cell Signaling, #5174), then washed and incubated in
HRP-conjugated secondary antibody for 1 hour at room temp. Bound antibody was detected
via chemiluminescence (SuperSignal West Pico, Thermo Scientific) and exposure to x-ray
film. Quantification of signals was accomplished using ImageJ software (NIH; Bethesda,
MD). All values were normalized to a loading control and standardized to a blot control
across gels as necessary and are presented as the optical density relative to the average WT
control values for comparison. Specificity and accuracy of the anti-BDNF antibody was
evaluated by pre-absorption with a blocking peptide (Santa Cruz, sc-546P) and comparison
with both a human SH-SY5Y cell lysate (50ug) and mouse hippocampal extract (10ug) as
positive controls. The antibody recognizes both pro-BDNF (28-32 kDa) and mature BDNF
(14 kDa) in the mouse hippocampus.
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2.6 Statistical Analysis

All statistical analyses were conducted using GraphPad Prism 6 (GraphPad Software, Inc.,
La Jolla, CA). Students t-tests were utilized for group comparisons to analyze basal behavior
in the EPM, as well as paired comparisons for BDNF expression. Two-way ANOVAS
comparing immune status and treatment were used to analyze the effect of POE and average
escape latencies in the LH paradigm. Repeated measure 2-way ANOVAs were used to
analyze trial bin data from the OFT, POE, FC and LH paradigms. As appropriate, these tests
were followed up with Fisher’s LSD post hoc analysis; p < 0.05 was considered significant.
Any outliers (2 SD from group mean) were excluded from analysis.

3. Results

3.1 Basal behavioral profile

Analysis of behavior in the OFT revealed significant main effects of immune status (F (1,
24) = 4.425, p = 0.046) and time (F (2, 48) = 46.25, p < 0.0001) with no interaction,
indicating that Rag2~/~ mice display greater locomotion with comparable habituation to the
arena as compared to WT mice (Figure 1A). While no significant effect of either immune
status or time was detected for time spent in the center of the arena, there was a significant
interaction (F (2, 48) = 5.018, p = 0.011). Fisher’s LSD post-hoc analysis indicated that
significant differences were restricted to the first 10 minutes of the test, with Rag2~/~ mice
spending more time in the center of the arena than WT mice (Figure 1B). In contrast,
analysis of behavior in the EPM showed no significant differences for either the time spent
in the open arms or total distance traveled in the maze (Figure 1C). Furthermore, distance
traveled in the open arms and the ratio of open arm entries to total arm entries were also
comparable (data not shown). These findings suggest that behavioral differences between
WT and Rag2~/~ mice may be test specific, with Rag2~/~ mice exhibiting reduced basal
levels of anxiety and increased locomotor activity in the OFT that is not evident in the EPM
test. Finally, there is no difference in olfaction between WT and Rag2~/~ mice as indicated
by the lack of significant differences in the latency to retrieve buried food during the
olfaction test (Figure 1D).

3.2 Experiment 1: Predator odor exposure (POE)

Assessment of the effect of POE on anxiety-like behavior one week after exposure revealed
no significant effects in any measure of the EPM (data not shown). However, when
evaluated for stress reactivity in the acoustic startle test (8 days post POE) WT mice
exhibited an enhanced startle response compared to Rag2~/~ mice. Non-exposed WT and
Rag2~/~ mice display similar startle behavior, with no significant differences evident for
average startle responses or habituation to the tone (Figure 2A, 2C and 2D). In contrast,
POE mice exhibited a significant effect of immune status (F (1, 33) = 8.26, p = 0.007) and
time (F (5, 165) = 2.60, p = 0.027) with no significant interaction over the course of the
session (Figure 2B). Additionally, analysis of the initial startle response (Figure 2C)
indicated significant main effects for both immune status (F (1, 56) = 6.402, p = 0.014) and
POE (F (1, 56) = 4.804, p = 0.033), with no significant interaction. Finally, there was a
significant interaction between immune status and POE (F (1, 56) = 1.253, p = 0.025) when
analyzing the mean startle amplitude for the entire session (Figure 2D). Fisher’s LSD post
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hoc analysis revealed that the effect of POE is dependent upon immune status, with WT
POE mice displaying a significant increase in startle amplitude compared to Rag2~/~ POE
mice (p = 0.011). These results indicate that while WT mice display greater reactivity than
Rag2~~ mice following POE, habituation to the acoustic startle test is comparable between
the two groups. Finally, a subgroup of mice was returned to the exposure context three
weeks after the initial exposure to assess fear memory. A significant decrease in exploratory
behavior, reflected by reduced rearing in the open area of the chamber, was seen in the POE
mice compared to non-exposed controls (F (1, 27) = 10.56, p = 0.0031; Figure 3A).
Concomitant with these findings, POE mice also exhibited greater locomotion than controls
(F (1, 27) = 18.10, p = 0.0002; Figure 3B); there were no significant effect of immune status
or an interaction between immune status and treatment.

3.3 Experiment 2: Pavlovian Fear Conditioning (FC)

Following FC in Context 1, all mice were tested for the presence and extinction of freezing
behavior in response to the CS over the course of three sessions (Figure 4). For the first two
sessions mice were placed in a new context where they exhibited low levels of freezing
during the habituation period (H) indicative of a lack of contextual fear (Figure 4A and 4B).
Quantification of freezing during the tone presentation indicated that WT and Rag2~/~ mice
display similar stress responses to FC, which decreased from the first session to the second
suggesting extinction of the CR (Figure 4A and 4B). Manifestation of a fear response when
presented with a similar stimulus, particularly within a novel, non-aversive context, is a
maladaptive fear response; thus, we retested mice for spontaneous recovery of the CR three
weeks after the initial extinction test to determine if either group were more susceptible to
developing this trait. Overall, WT and Rag2~/~ mice failed to display renewal of the CR in a
new context as revealed by the lack of significant difference in freezing (Figure 4C).

3.4 Experiment 3: Learned helplessness (LH)

After exposure to inescapable stress mice were assessed for the development and
maintenance of behavioral interference in the LH paradigm as determined by the latency to
escape and the number of failed escapes when given the opportunity to terminate a foot
shock. Mice were initially tested twenty-four hours after the inescapable stress session. As
seen in Figure 5A, escape latencies for WT and Rag2™~ mice are not significantly different,
with both groups showing a similar distribution of responses. Evaluation of escape failures
by trial bin (Figure 5C) shows that WT and Rag2™~ mice exposed to inescapable stress had
a similar number of escape failures and failed to escape more often than non-stressed
controls (stress versus non-stressed: F (1,28) = 5.24, p = 0.0298), a verification of the
development of behavioral interference. In order to determine if lymphocytes participate in
long-term effects of traumatic stress exposure, mice were retested one week after the first
test. As seen in Figure 5B and 5D, behavioral interference persisted in both WT and Rag2™/~
mice, with no significant differences in escape latency or escape failures between groups. In
contrast, the non-stressed controls display improved coping responses and exhibited
significantly fewer escape failures during the retest than stressed animals (F (1,28) = 22.87,
p < 0.0001; Figure 5D).
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3.5 Hippocampal BDNF expression

Immunoblot analysis for BDNF expression in the hippocampus was utilized to assess levels
of both the precursor form of BDNF (pro-BDNF) and the cleaved, mature form of BDNF
(Figure 6A). As seen in Figures 6B and 6C, under basal conditions, Rag2~~ mice have
significantly higher levels of mature BDNF compared to WT mice (t (2) = 6.631, p=0.022)
with no difference in pro-BDNF expression. Exposure to predator odor in WT mice induced
a notable, although not significant, increase over Rag2~'~ mice for both mature and pro-
BDNF (t (6) = 2.363, p = 0.056). In contrast, BDNF levels following LH remained relatively
unchanged, though slightly lower than under basal conditions, with Rag2~/~ mice
maintaining a slight, albeit not significant increase in mature BDNF compared to WT mice.

4. Discussion

This study demonstrates that, compared to WT BALB/c mice, Rag2~/~ mice on a BALB/c
background display reduced startle reactivity following exposure to predator odor. This can
be interpreted as resilience to develop specific aspects of maladaptive responses to stress,
elicited by an inability to engage adaptive immune responses. While differences were seen
in the POE paradigm, no significant findings were present in the LH or FC tests.
Furthermore, assessment of basal behavior revealed that Rag2™/~ mice display increased
locomotion and decreased anxiety in the OFT, but not the EPM. Finally, compared to their
WT counterparts, Rag2™/~ mice had elevated levels of mature BDNF in the hippocampus
under basal conditions. Taken together, these results suggest that mature lymphocyte
function may participate in certain facets of stress responsiveness by promoting and
maintaining heightened reactivity to stressors, perhaps via modulation of the production or
processing of BDNF.

Our primary behavioral difference between Rag2~/~ and WT mice was observed in the POE
paradigm. This finding may be related to specific aspects of stress responsiveness modeled
by POE. While the POE, FC and LH paradigms all rely upon exposure to an acute and
uncontrollable stressor, each models different long-term effects of acute stress exposure. The
POE paradigm was developed as an ethologically valid procedure which results in the
reproduction of key aspects of posttraumatic stress including heightened anxiety and startle
responses in a context distinct from the original traumatic experience (Adamec, 1997;
Adamec et al., 2006; Blanchard et al., 2003b; Blanchard et al., 1990; Blanchard et al., 1998;
Blanchard et al., 2001; Cohen et al., 2008; Cohen et al., 2013). It is based on the innate fear
responses of rodents to feline scents, which elicits long-lasting behavioral and hormonal
alterations (Matar et al., 2013).

The FC paradigm also reproduces important endophenotypes of posttraumatic stress, but is
based on associative learning of an aversive event. As the paradigm depends on the timing
and schedule of cue presentations it models different aspects of stress responsiveness than
the POE paradigm, namely development and extinction of a cued fear response (Balogh and
Wehner, 2003; Choi et al., 2010; Gafford and Ressler, 2011; Myers and Davis, 2007; Myers
et al., 2006). The FC procedure utilized for the present experiments measured several facets
of extinction and recall over different sessions, including consideration of the context in
which the original stressor occurred. Thus the present results suggest that the resilience of
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Rag2~~ mice evident in the POE paradigm may be related to resilience to the development
or maintenance of innate fear, rather than differential associative learning. In support of this
view, both WT and Rag2~/~ mice manifested comparable levels of increased locomotion and
rearing when re-exposed to the POE context, indicating similar recall to the context of the
traumatic event in both genotypes.

In regards to the LH paradigm, a lack of effect on associative fear learning may also explain
the absence of differential responses between WT and Rag2~/~ mice. While the LH is a
more accepted model of behavioral inhibition or behavioral depression, the intensity of the
stressor has led to the use of this model to study specific neurobehavioral, hormonal and
immunological alterations caused by an acute or traumatic stress exposure (Anisman and
Merali, 2001; King et al., 2001; Maier and Watkins, 2005; Petty et al., 1997). In particular,
the fact that re-exposure to the context alone is sufficient to maintain behavioral and
hormonal alterations caused by inescapable shock suggests a significant associative learning
component (Maier, 2001). Nevertheless, the genetic background should be considered when
interpreting the lack of effects in the LH paradigm. BALB/c mice display high levels of
behavioral interference in the LH when compared with other strains of mice (Shanks and
Anisman, 1988). Thus, it is possible that the LH procedure is not a good model to detect
behavioral differences in genetically modified BALB/c mice. Further studies employing
different strains of mice may provide better understanding on the role of lymphocytes in the
behavioral inhibition elicited with this paradigm.

While these results differ from previous studies that found increased susceptibility to stress
in immune deficient mice (Cohen et al., 2006; Lewitus et al., 2008; Lewitus and Schwartz,
2009) it is important to note that there are numerous dissimilarities, the most important of
which was the use of a different mouse model of lymphocyte deficiency. Studies using the
SCID Rag1/Rag2~~ mouse, as well as those examining Ragl™~ mice (McGowan et al.,
2011; Rattazzi et al., 2013) report deficits in these models when exposed to stressors.
Nevertheless, several of these neurobehavioral alterations have been attributed to a potential
role for the RAG1 gene in hippocampal function rather than lymphocyte function (Cushman
et al., 2003; Fang et al., 2013; McGowan et al., 2011). Specifically, the RAG1 gene is
expressed in the hippocampus and has been proposed to be involved in hippocampal
function including learning and memory (Chun et al., 1991; Fang et al., 2013; McGowan et
al., 2011). Thus, the utilization of the Rag2~'~ model of lymphocyte deficiency described
here may represent a more precise model to address specific peripheral lymphocyte
modulation of stress responsiveness and brain function.

An important consideration with respect to previously published studies is that the present
studies did not involve lymphocyte stimulation by means of antigen challenge. Thus, the
concept of a protective role for lymphocytes under stress remains valid under mechanisms
engaging specific immune responses as shown in cases of vaccination with CNS specific
peptides (Lewitus et al., 2008; Lewitus and Schwartz, 2009; Lewitus et al., 2009).
Moreover, it is possible that preventing the function of specific T cell subsets results in
impaired stress responsiveness (Na et al., 2012; Rattazzi et al., 2013). As is the case for a
myriad of immunological responses involving different lymphocytes subsets, the
relationship (protective or detrimental) between stress and lymphocyte function is likely
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very selective and specific (Beurel et al., 2013; Cohen et al., 2006; Na et al., 2012; Rattazzi
et al., 2013). Nevertheless, the present results indicate that immune deficient Rag2~'~ mice
behave remarkably similar to their immune competent counterparts in a considerable
number of behavioral tests. They are comparable in several measures of basal anxiety,
including their performance in the EPM test, and also perform similarly in the FC paradigm
showing normal association learning of paired stimuli. While the extinction effect was not
evident during single sessions there was a progressive attenuation of fear responses
associated with time, indicating that memory consolidation processes are normal in both
groups of mice. Moreover, coping responses were also comparable in the LH paradigm, a
stressor of significant demand, applied in different sessions, and lasting more than a week
after initial stress exposure. These results clearly indicate that deletion of the RAG2 gene
with the consequent impairment in adaptive immune function does not necessarily result in
impaired stress responsiveness. Furthermore, taken in consideration with previous studies
using RAG1 knockout mice, our findings indicate that the role of RAG1 in the CNS may be
quite substantial and warrants further investigation.

Previous studies have indicated that peripheral lymphocytes may contribute to the
production of BDNF, particularly in the hippocampus, as measurements of total BDNF via
immunofluorescent staining (Lewitus et al., 2008) or ELISA (Wolf et al., 2009) indicated
that CD4" T cell depletion or immune deficiency led to a significant reduction in this
neurotrophic factor. For this study we chose to examine BDNF via immunoblot analysis
allowing for the determination of both pro-BDNF and mature BDNF levels. Pro-BDNF
preferentially binds to the pan-neurotrophin receptor p75NTR while mature BDNF binds
with high affinity to TrkB receptors resulting in differential and often opposite effects on
neurons (Pang et al., 2004; Woo et al., 2005). Using this approach it was found that levels of
pro-BDNF did not appear to depend upon immune status while mature BDNF hippocampal
content was higher in Rag2~/~ mice relative to WT mice. Moreover, consistent with
previous findings that stress decreases hippocampal BDNF, a tendency towards reduced
BDNF was found in both WT and Rag2™/~ mice after the LH paradigm suggesting similar
regulatory mechanisms after stress. These results indicate that basal constitutive levels of
hippocampal mature BDNF are dependent upon functional peripheral recombination
processes while its modulation by stress is probably independent of peripheral lymphocyte
function. Thus, increased basal levels of mature BDNF may be related to some of the
behavioral differences observed between WT and Rag2™/~ mice in the POE paradigm as
well as the OFT. It must be noted however that the significance of these findings is still
unclear as the precise role of hippocampal BDNF in behavior following different stressors
remains elusive. For instance, increased or decreased BDNF expression in rodents has been
shown dependent on the type of stressor employed, the time of BDNF measurement and sex
and age of the animals (Bath et al., 2013). While most of the studies report decreased
hippocampal BDNF expression following stress, other studies report the opposite. For
instance elevated levels of pro-BDNF, were observed immediately after acute restraint stress
in rats (Marmigere et al., 2003; Rage et al., 2002) and after footshocks in female rats (Lin et
al., 2009). Whether the behavioral traits observed in our study are related to differential
processing or utilization of BDNF remains to be determined, along with the precise
mechanisms that control this pathway.
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Among the potential mechanisms by which peripheral lymphocytes may influence brain
function, a particular mention must be given to the production of acetylcholine (ACh) by
mature CD4" T cells and B cells (Reardon et al., 2013) along with their interaction with
components of the innate immune system, including toll-like receptors (TLRs) (Zimmerman
et al., 2012). It has been shown that vagal stimulation results in the production of ACh by
splenic CD4* T cells as a part of an anti-inflammatory loop governed by the CNS to control
inflammation in response to antigen stimulation (Rosas-Ballina et al., 2011). Similarly, B
cells can transiently express choline acetyltransferase (ChAT) and limit inflammation in
local microenvironments (Reardon et al., 2013). Thus, it is possible that reduced anxiety in
response to innate fear exposure may be related to the lack of ACh input from peripheral
mature CD4" T cells and B cells. This is supported by the recently demonstrated ability of
systemically administered acetylcholinesterase (AChE) inhibitors to promote anxiety in
mice (Mineur et al., 2013). Moreover, involvement of TLRs in stress responsiveness through
the engagement of lymphocyte responses (Zimmerman et al., 2012) will not be functional in
Rag2~~ mice. Thus, downstream mechanisms that promote anxiety by this pathway should
be limited, further supporting a TLR involvement in stress-induced anxiety. Consequently,
these potential mechanisms deserve future investigation.

In summary, lymphocyte deficiency in Rag2~/~ mice on a BALB/c background does not
result in enhanced susceptibility to stress exposure or reductions in BDNF when compared
to immune competent BALB/c mice under the tested conditions. In contrast, Rag2~/~ mice
display resilience to deleterious effects of exposure to predator odor when compared with
immune competent BALB/c mice and express elevated levels of hippocampal mature
BDNF. Our findings suggest that the influence of peripheral lymphocytes is dependent upon
the nature and intensity of the stressor. Further studies are necessary to address specific
mechanisms of interaction between peripheral lymphocytes and the CNS that may mediate
these effects.
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Figure 1. Basal behavioral assessments
A) Rag2~~ mice exhibit significantly greater locomotor activity than WT mice with

comparable habituation to the arena in the OFT (2-way repeated measures ANOVA:
immune status: p = 0.046; time: p < 0.0001; interaction: ns). B) Rag2™/~ mice spend
significantly more time in the center of the arena during the first ten minutes of the OFT
session (immune status x time: p = 0.011; Fisher’s LSD post hoc). C) No significant
differences were found in either the time spent in the open arms or total distance traveled in
the EPM. D) There are no evident differences in olfaction between WT and Rag2~/~ mice as
determined by the latency to retrieve buried food. * p < 0.05, ns: non-significant
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Figure 2. Startle responsiveness one week post POE
A) Startle behavior in control WT and Rag2~~ mice is comparable. B) WT POE mice

exhibit a significant increase in startle amplitude compared to Rag2~/~ POE with similar
habituation over the course of the entire session (2-way repeated measures ANOVA:
immune status: p = 0.007; time: p = 0.027; interaction: ns). C) Analysis of the initial startle
response revealed significant main effects for immune status (p = 0.014) and POE (p =
0.033); WT POE mice displayed a significantly enhanced response compared to both WT
control mice and Rag2~/~ POE mice (Fisher’s LSD post hoc). D) Evaluating the mean startle
amplitude for all trials reveals a significant interaction (immune status x POE: p = 0.025;
Fisher’s LSD post hoc) indicating that the effect of POE is dependent upon immune status. *
p < 0.05, ** p < 0.01, ns: non-significant
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Figure 3. Re-exposure to POE context
A) POE induces long-term changes in behavior in both WT POE and Rag2~/~ POE mice as

shown by a significant reduction in rearing in the open area of the exposure chamber three
weeks after exposure (2-way ANOVA; POE: p = 0.0031, immune status: ns, interaction; ns).
B) POE mice also exhibited greater locomotor activity compared to control mice (p =
0.0002) with no effect of immune status. ** p < 0.01, *** p < 0.001, ns: non-significant
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Figure 4. Fear Conditioning
A) WT and Rag2~/~ mice exhibit a similar degree of freezing in a new context 1 day after

fear conditioning. A lack of freezing during the habituation period “H” indicates that the CR
is driven by the cue and not the context. B) A test for extinction in the same context 1 day
later showed decreased, yet comparable, freezing in WT and Rag2~/~ mice. C) To test for
spontaneous recovery of the CR, all mice were retested in a third context 3 weeks after
conditioning. Neither WT nor Rag2~~ mice displayed a significant renewal of the CR.
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Figure 5. Behavioral interference following exposure to inescapable stress
WT and Rag2~/~ mice exhibit similar escape latencies and distribution of responses in the

LH paradigm when tested one day (A) and one week (B) after inescapable stress exposure.
The number of escape failures, shown by binned trials, was also similar for WT and Rag2™/~
mice during test 1 (C) and the retest (D). The development and maintenance of behavioral
interference is evident from the comparison to non-stressed controls that display
significantly fewer escape failures during test 1 (2-way ANOVA, p = 0.0298) and the retest
(p<0.0001).
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Figure 6. Immunoblot analysis of hippocampal BDNF
A) Representative bands of pro-BDNF and mature BDNF after POE. B) Semiquantitative

analysis of optical density relative to WT control values indicates no significant difference
in expression of pro-BDNF under basal conditions or after either POE or LH. C) However,
under basal condition there is a significant increase in mature BDNF (Student’s t test: p =
0.022), with no significant difference seen following POE or LH. *p < 0.05
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