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Abstract

A wide range of stress-related pathologies such as post-traumatic stress disorder are thought to
arise from aberrant or maladaptive forms of stress adaptation. The hypothalamic-pituitary-adrenal
(HPA) axis readily adapts to repeated stressor exposure, yet little is known about adaptation in
neuroimmune responses to repeated or sequential stress challenges. In Experiment 1, rats were
exposed to ten days of restraint alone (60 min daily), forced swim alone (30 min daily), or daily
sequential exposure to restraint (60 min) followed immediately by forced swim (30 minutes),
termed sequential stress exposure. Habituation of the corticosterone (CORT) response occurred to
restraint by 5 days and swim at 10 days, whereas rats exposed to sequential stress exposure failed
to display habituation to the combined challenge. Experiment 2 compared 1 or 5 days of forced
swim to sequential stress exposure and examined how each affected expression of several
neuroimmune and cellular activation genes in the paraventricular nucleus of the hypothalamus
(PVN), prefrontal cortex (PFC), and hippocampus (HPC). Sequential exposure to restraint and
swim increased IL-1p in the PVN, an effect that was attenuated after 5 days. Sequential stress
exposure also elicited IL-6 and TNF-a responses in the HPC and PFC, respectively, that did not
habituate after 5 days. Experiment 3 tested whether prior habituation to restraint (5 days) would
alter the IL-1B response evoked by swim exposure imposed immediately after the 6t day of
restraint. Surprisingly, a history of repeated exposure to restraint attenuated the PVN IL-1p
response after swim in comparison to acutely-exposed subjects despite an equivalent CORT
response. Overall, these findings suggest that habituation of neuroimmune responses to stress
proceeds (a) independent of HPA axis habituation; (b) likely requires more daily sessions of stress
to develop; and that (c) IL-1p displays a greater tendency to habituate after repeated stress
challenges than other stress-reactive cytokines.
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1.0 Introduction

Exposure to physiological or perceived threats elicits a stress response that redirects
physiological systems toward overcoming the challenge at hand. While this response is
initially adaptive, in the case of prolonged stress exposure it can become overactive and
maladaptive, depleting resources and inhibiting growth and memory (1), altering nutrient
preferences (2), and decreasing food intake (3). One of the major consequences of stressor
exposure is activation of the hypothalamic-pituitary-adrenal (HPA) axis, resulting in the
release of corticosterone (CORT). Stressors thought to be more psychological in nature, such
as restraint and social defeat, have been shown to drive the HPA axis through activation of
forebrain and limbic structures, whereas stressors that more directly affect physiological
homeostasis, such as hypoxia or dehydration, activate the P\VN through brainstem autonomic
nuclei (4).

Cytokines are small signaling proteins that are important in regulating the immune response
and inflammation. Interleukin-1 beta (IL-1p) in particular is known to stimulate the HPA
axis and modify neural plasticity (5), sickness-like behaviors such as fever (6), reduce food
and water intake (7), and reduce social interaction (8, 9). Another pro-inflammatory
cytokine, TNF-a, has been shown to work in tandem with IL-1p; each can stimulate release
of the other, and high local concentrations can induce inflammation, recruit neutrophils, and
promote insulin resistance (10). Interleukin-6 (IL-6) is another important mediator of
inflammation and energy metabolism, and has both pro-inflammatory (cytokine) and more
recently discovered anti-inflammatory (myokine) roles, such as inhibiting expression of
TNF-a and IL-1p (11).

Cytokines have emerged as important stress-responsive targets. Stress exposure has been
shown to drive the activation of microglia (12), and activated microglia show morphological
changes such as a thickening of fine processes, additional branching of processes, and
changes in cell-surface markers that indicate a stress-reactive, primed state associated with
inflammation (13). Some examples of these markers are CD14, which are found on
microglia and are shown to be increased in response to stress (14), and the interaction
between CD200, found on neurons, and CD200R, found on microglia, whose decoupling
results in microglial activation (15). Microglia may also be a key cellular source of
cytokines, since minocycline, a putative microglial inhibitor, blocked stress-induced IL-1p
expression (12, 16). IL-1B has been the key focus of many studies because it is reliably
elevated in the hypothalamus following multiple types of stressors, including immobilization
(17), tailshock (18), and footshock (12, 19). However, forced swim (20), predator odor (21),
and social defeat (22) did not induce IL-1p expression. It is of note that the stressors
considered to be more intense induced IL-1f, whereas the less-intense stressors did not,
which lends support to the notion that IL-1 expression may in part reflect the intensity of the
stress challenge (23). Further, while restraint alone did not induce IL-1f expression in the
hypothalamus, when it was combined with placement on an orbital shaker or insulin-induced
hypoglycemia, thereby increasing the intensity of the stressful experience, IL-1p protein was
induced (19). Recent findings have shown that multiple types of stress imposed
simultaneously (termed multi-modal stressors) such as restraint, noise, and rotation, may
have a greater impact on the stress response than any one modality alone (24). In other
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studies, the combination of restraint with either insulin-induced hypoglycemia or being
placed on an orbital shaker increased IL-1p in hypothalamic blocks, whereas restraint alone
had no effect (19). Together, these findings seemed to suggest that a certain threshold of
stress intensity may be necessary to incur stress-dependent changes in cytokine expression
during an acute bout of stress.

While there is a rich literature on neuroendocrine adaption to stress, few studies have
addressed habituation of neuroimmune responses to stress. Our lab examined the effect of
social defeat on IL-1p expression, but neither acute, 7 days, nor 21 days of exposure
increased IL-1P expression (22). Repeated restraint stress, but not chronic variable stress,
has been shown to increase Iba-1 levels, indicative of microglial activity, in the prelimbic
and infralimbic portions of the prefrontal cortex (25).

One practical consideration in the design of chronic stress studies is the temporal
relationship between individual components of the stress regimen. For instance, repeated
restraint is a common stress model that produces robust habituation of the HPA axis.
Importantly, there is growing interest in the impact of sequential exposure to stress
challenges, such as in the single prolonged stress (SPS) model of post-traumatic stress
disorder, in which rats are exposed to a restraint, forced swim, and ether exposure (26-28).
In contrast, the chronic variable stress (CVS) models are comprised of multiple stress
components that are unpredictable by design. Certainly both approaches have many
strengths and limitations, but neither procedure lends itself toward understanding the
interaction between stress challenges imposed in rapid succession. Of particular interest is
the question of how habituation to a mild stressor is impacted if immediately followed by a
robust stressor which is notably resistant to habituation, such as forced swim or footshock
(29). It would make sense that, across multiple daily pairings and exposures, the anticipation
of the second more intense challenge might (a) disrupt habituation either by reducing
robustness or lengthening the number of days required to see an effect; or (b) lead to signs of
anticipatory responses as daily exposures (pairings) ensue. Additionally, in this paradigm the
initial stressor is positioned to become predictive of the subsequent more robust stressor.
Prior work has shown that the psychological factor of predictability can modulate the stress
response. A procedure where shock was cued by a CS for 5 days induced a rise in basal
CORT levels indicative of the chronically stressed state, and cue presentation induced an
anticipatory rise in plasma NE, an effect that was not seen in subjects given unpredictable
shocks (30). As stress in daily life is often multimodal and somewhat predictable, the study
of these elements may provide an important piece of the chronic stress puzzle.

With these matters in mind, we conducted three experiments to explore the impact of
repeated exposure to restraint followed immediately by forced swim, termed sequential
stress exposure, on habituation of the CORT response, pro-inflammatory cytokine
expression, and markers of cellular activity. In experiment 1, we investigated habituation of
the CORT response to sequential stress using a within-subjects design by exposing rats to 10
days of restraint alone, swim alone, or restraint immediately followed by swim and
measured CORT at key points that allowed for determination of habituation to individual
elements of the sequential stress. Experiment 2 examined mRNA expression levels of key
cytokines and cellular activation markers in the PVN, PFC, and HPC after 1 or 5 days of
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sequential stress. The terminal nature of this design necessitated a between-subjects design,
and day 5 was chosen as it allowed for examination of gene targets at a point where
differences in habituation between CORT and pro-inflammatory cytokines may be
detectable. Experiment 3 examined the potential development of expectancies regarding
sequential stress challenges and their impact on neuroimmune processes by comparing acute
exposure to sequential stress between subjects that had no previous stress experience and
subjects that had previously been exposed to 5 days of the first element of the sequential
stressor (restraint). These studies fill an important gap in our knowledge of how stress
challenges experienced in rapid succession, across 5-10 consecutive days, might impact
both the HPA and neuroimmune consequences of stress.

2.0 Materials and Methods

2.1 Subjects

Adult male Sprague-Dawley rats purchased from Harlan Laboratories (Indianapolis, IN)
were pair-housed with access to food and water ad /ibitum and provided wooden chew sticks
for enrichment. For practical purposes, these initial studies were conducted with only male
subjects. Ongoing studies examining sex differences are forthcoming. Colony conditions
were maintained at 22+1°C with 12:12 light—dark cycle (lights on 07:00 h). Rats were given
a minimum of 2 weeks to acclimate prior to experimentation and were handled for 3-5 min
on each of two days before experimentation. All experimental procedures were approved by
the Institutional Animal Care and Use Committee at Binghamton University and animals
were treated in accordance with PHS policy.

2.2 Restraint

Rats were restrained in a Plexiglas tube (length = 21.6 cm, inner diameter (ID) = 6.4 cm)
with ample holes for ventilation for either 60 or 90 minutes. The restraint stressor was
devoid of any active immobilization, limb/tail tethering, or compression, and allowed
sufficient movement so that animals could rotate (barrel roll) within the tube but did not
allow for them to turn around head to tail (31).

2.3 Forced Swim Stressor

Rats were transported to a dedicated procedural room and immediately placed in a cylinder
(45 cm high, 20 cm diameter) filled 30 cm high with water that was carefully maintained at
25°C, as previously described (20). Rats were forced to swim for 30 min, after which they
were towel-dried and either returned to their home cages or tissue was collected.

2.4 Tail Blood Collection and Measurement of Corticosterone

Rats were briefly restrained in Plexiglas tubes (length = 21.6 cm, ID = 6.4 cm) and the tip of
the tail (~1 mm) was transected with a razor blade. Blood (50-100 pl) was collected with
gentle massaging of the tail in EDTA coated Vacutainers (BD Vacutainers, VWR cat.no.
VT6450, Radnor, PA) and samples were immediately placed on ice. All blood samples were
collected within 2 min to ensure serum measures of CORT reflected ambient levels untainted
by the stress of the blood sampling procedure itself. Rats were returned to their home cages
immediately afterwards or remained in restraint as dictated by group assignment. Serum was
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separated for 15 min at 3220 g in a refrigerated centrifuge and frozen at —20°C until time of
assay.

Total serum CORT levels were measured by using commercially available enzyme-linked
immunosorbent assay (ELISA) kits (Enzo Life Sciences; Farmingdale, NY) according to
manufacturer’s instructions, with one exception. Samples were heat-inactivated to denature
endogenous corticosteroid binding globulin (CBG) via immersion in a 75°C water bath for
60 min (32, 33). Prior assays show this procedure produces superior denaturation of CBG
than the enzyme cleavage step provided in the kit (unpublished observations). Assay
sensitivity was 27.0 pg/ml with an inter-assay coefficient of 5.40%.

2.5 Tissue Collection

Tissue was harvested after rapid decapitation and trunk blood was collected in EDTA-coated
vacutainers. Plasma was separated in a refrigerated centrifuge and frozen at —20°C until time
of assay. Brains were removed immediately after decapitation and whole brains were flash
frozen in 2-methylbutane (EMD Millipore, cat. No. MX0760-1, Billerica, MA) and stored at
—80°C. Brains were sectioned coronally (60um) on a cryostat (Leica Model CM1850,
Wetzlar, Germany) and bilateral tissue punches were taken from structures of interest,
according to the atlas of Paxinos and Watson (2005; see figure 1A, B, and C for details). In
the case of the PVN, some additional surrounding tissue was included in the punch to ensure
that the entire PVN was collected, and thus these punches are referred to as “PVN-
enriched”. Though brains were not saline perfused to ensure that cytokine expression in
blood could not contaminate the samples, previous work has shown that perfusion produced
no differences in brain IL-1p protein levels as compared to non-perfused tissue (18), and we
have found the same results when examining mRNA levels with real-time RT-PCR
(unpublished observations). Peripheral organs and glands were quickly harvested and either
weighed or flash frozen and then stored at —80°C.

2.6 Tissue Processing

Each tissue sample was placed in a 2.0 ml Eppendorf tube with 500 pL Trizol® RNA
reagent and a 5 mm stainless steel bead. Tissue was then homogenized using a Qiagen
TissueLyser 11™ (Qiagen, Valencia, CA) for 2-4 min at 20 Hz to ensure thorough
homogenization of samples. Total cellular RNA was extracted from tissue using Qiagen
RNeasy Mini kits according to the manufacturer’s instructions. RNA was separated from the
supernatant through chloroform extraction performed at 12,000 g for 15 min at 4°C. Equal
volume of 70% ethanol was added to the collected RNA and purified through RNeasy mini
columns. Columns were washed and eluted with 30 UL of RNase-free water (65°C). RNA
yield and purity was determined using the NanoDrop 2000 spectrophotometer (NanoDrop,
Wilmington, DE). RNA was stored at —80°C prior to cDNA synthesis.

2.7 Real-Time RTPCR

Synthesis of cDNA was performed on 0.3-1.0 pg of normalized total RNA from each
sample using the QuantiTect Reverse Transcription kit (Cat No. 205313, Qiagen, Valencia,
CA) which included a DNase treatment step. All cDNA was stored at —20°C until further
processing. Probed cDNA amplification was performed in a 20 L reaction consisting of 10
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pL 1Q SYBR Green supermix (Bio-Rad Laboratories), 0.1 pL forward and reverse primer, 2
uL cDNA template, and 8.8 pL ribonuclease-free water run in triplicate in a 384-well plate
(BioRad Laboratories) using the BioRad CFX 384 Real Time System C1000 Thermal
Cycler (BioRad Laboratories). Relative gene expression was quantified using the delta- delta
(2-AACT) method relative to the stable housekeeping gene B-actin (34). Housekeeping genes
were analyzed separately to ensure stability across treatment groups prior to use as a
reference. See Table 1 for primer sequences.

2.8 Statistical Analysis

Data were first analyzed with Statistica software using either a between-subjects one-way
ANOVA or factorial ANOVA as appropriate to the experimental design (described below).
Post-hoc testing was done using Tukey’s test for all observed main effects and interactions.
To further control for multiple comparisons within experiments, MANOVAs were conducted
on each structure that included all target genes. Since MANOVA outcomes largely supported
the outcomes and conclusions of the original ANOVAS, elaboration of results focused solely
on ANOVA analyses. In all cases, an a-level of 0.05 was used as the criterion for
determining statistical significance.

2.9 Experimental Design

2.9a Experiment 1: Habituation of the corticosterone response to sequential
stressor exposure—The aim of Experiment 1 was to examine adaptation of the CORT
response in rats when daily restraint was immediately followed by a second stress challenge
(forced swim) for 10 consecutive days. Ten total days was chosen as the CORT response has
been shown to habituate to restraint by five days of repeated exposure, whereas habituation
to a subjectively more intense stressor such as forced swim or restraint followed
immediately by swim may require a greater number of exposures (31, 35). Rats (n=8 per
group, N=24) were divided into 3 experimental groups of either restraint alone (60 min
daily), forced swim alone (30 min daily), or 60 min of restraint followed immediately by 30
min of forced swim (total stress duration = 90 min; see figure 1D). Body weights were taken
the day before experimentation and also on the mornings of the fifth and tenth days of
stressor exposure. Tail blood samples were collected from all groups on days 1, 5, and 10 at
time points corresponding to before restraint (O min), following restraint (60 min) and
immediately after forced swim (90 min; see Figure 1D). On day 10 rats were Killed
immediately following stressor exposure and peripheral organs and glands were weighed.

2.9b Experiment 2: Neuroimmune changes in response to repeated sequential
stressor exposure—The goal of Experiment 2 was to examine cytokine expression and
indices of cellular activation in response to sequential stress exposure in stress-reactive brain
regions (PVN, PFC and HPC) on either the initial or fifth day of stress exposure via real-
time RT-PCR. These time points were chosen based on the finding in Experiment 1 that
CORT habituation to forced swim had not occurred by day 5, so any observed cytokine
changes were not likely to be due to CORT adaptation. Rats (n=8-10 per group, N=42) were
exposed to 1 or 5 days of forced swim, 1 or 5 days of restraint followed immediately by
forced swim, or served as home cage controls. Brains, serum, and peripheral tissue were
collected immediately after stress termination under no-stress conditions on the last day of
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stress exposure. The day of stress initiation was varied so that all groups were represented on
each day of tissue harvest.

2.9c Experiment 3: Neuroimmune effects of expectancy violation—Experiment 3
examined cytokine expression and indices of cellular activation after repeated daily exposure
to 60 minutes of restraint with a subsequent unexpected change in stressor (specifically, 30
minutes of forced swim immediately after the restraint, or an additional 30 minutes of
restraint). Expectancy violation has been shown to result in increases in the CORT response
and struggling behavior in restraint (36), but cytokine adaptations have yet to be examined.
Rats (n=8 per group, N=40) were exposed to either 5 days of restraint or remained in home
cage, then were challenged with an extension of the stressor (either 30 minutes of forced
swim or 30 additional minutes of restraint) on day 6. Body weights were taken before
treatment on days 1 and 6, and brains, tissue, and serum were collected on day 6
immediately after stress termination. The five conditions consisted of acute restraint + swim
(exposure to 60 min restraint followed immediately by 30 min swim), restraint history +
swim (5 days of restraint, then 60 min restraint followed immediately by 30 min forced
swim on day 6), restraint length extension (restraint was extended to 90 minutes on day 6),
stress history only (5 days of restraint and remain in homecage on day 6, and homecage
controls (see Figure 3A).

3.0 Results

3.1 Experiment 1

3.1la Body Weights—One-way ANOVA analysis of body weight gain across 10 days
showed rats that experienced restraint gained more weight than those in the forced swim
alone or restraint+swim conditions [F(2,21) = 12.88, p < 0.001]. No differences were found
in organ weights that were adjusted to body weight ([organ weight/body weight]*1000) in
the thymus [F(2, 21) = 2.56, p > 0.05], adrenals [F(2,21) = 0.718, p>0.05], or spleen [F(2,
21)=0.574, p>0.05]. See Table 2.

3.1b Corticosterone—Corticosterone results are illustrated in figure 1E-G. Due to an
error in sample processing, some samples were lost (22 out of 216). Rather than deleting the
entire record for each affected subject, we ensured missing data were randomly distributed
across groups (Little’s MCAR test: Chi-square = 10.432, DF = 7, p=0.165) and utilized an
expectation maximization algorithm (tolerance = 0.001, convergence = 0.0001, iterations =
25) using SPSS to substitute in missing values, then carried forward with ANOVA analysis
(37). A 3x3x3 (stress condition x timepoint x day) mixed-design ANOVA revealed a
significant time by group by day [F(8, 84) = 4.00, p<0.001] interaction. As illustrated in
figure 1E, restraint alone led to habituation after 5 days (p<0.0001) and this effect persisted
on the tenth day of testing (p<0.0001). Habituation to forced swim alone occurred at 10 days
of repeated exposure (p<0.0001) but not at 5 days (p>0.05; see figure 1F). In the Restraint +
Forced Swim group, corticosterone was reduced on days 5 (p<0.0001) and 10 (p<0.0001)
relative to day 1 at the end of restraint (indicating habituation), and a reduction was seen
between day 5 and day 10 after the forced swim (p<0.005; see figure. 2G).
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3.2 Experiment 2 Results
3.2a Gene Expression

Housekeeper: Prior to adjusting target genes of interest relative to p-actin, one-way
ANOVAs were utilized to assess the stability of B-actin and its suitability for use as a stable
reference gene. Analyses revealed no effect of any stress manipulations on p-actin
expression in any brain structure (PVN [F(4,36)=0.21, p>0.05]; HPC [F(4,36)=0.51,
p>0.05]; PFC [F(4,35)=1.99, p>0.05]), so all subsequent target genes were expressed
relative to B-actin.

Cytokines: One-way ANOVAs showed an effect of stress exposure on IL-1f in the PVN
[F(4, 35) = 5.43, p<0.01]. In the forced swim only groups, one day of exposure had no effect
on IL-1p, but it was increased after 5 days compared to both control and 1 day (p’s<0.05).
The restraint+swim groups showed the opposite pattern, with an elevation immediately after
1 day of sequential stressor exposure (p<0.001) and a return to baseline levels after 5 days of
exposure illustrating a tendency for habituation (figure 2A). In the HPC, one-way ANOVA
analysis found an effect on IL-6 [F(4,36) = 4.93, p<0.01], and post-hoc analysis in revealed
that IL-6 was elevated after exposure to one day of restraint+swim (p<0.01) and remained
elevated after 5 days of exposure (p<0.01). Swim alone did not elevate IL-6, though after 5
days a trend towards significance was observed (p=.052, figure 2F). In the PFC TNF-a
expression was suppressed in response to stress [F(4,34) = 5.76, p<0.01], and post-hoc
analysis found that expression was reduced after exposure to one day of forced swim
(p<0.05) but not after 5 days, though there was a trend towards reduced expression (p=.079).
TNF-a expression was also reduced in response to both 1 and 5 days of restraint+swim
(p’s<0.001). Exposure to 5 days of restraint+swim suppressed expression of TNF-a more
than either 1 or 5 days of swim alone (p’s<0.05; figure 2K). No other significant effects of
stress condition were observed on other cytokines.

Cellular Activation: In all three structures, stress manipulations significantly increased c-
Fos expression (PVN [F(4,33)=0.6.08, p<0.001]; HPC [F(4,36) = 27.40, p<0.0001]; PFC
[F(4,33)=43.59, p<0.0001]; figure 2D, 2H, 2L). In the PVN, c-Fos expression was elevated
in all conditions (p’s<0.05), while in the HPC and PFC c-Fos expression was elevated after 1
day of swim (p<0.0001) and 1 day of restraint+swim (p<0.0001), and in both cases the
restraint + swim group’s expression level was higher than that of the swim only group
(p<0.05). After 5 days of repeated exposure habituation was observed in both groups in both
structures (p’s<0.0001), but expression was still elevated relative to home cage controls
(p’s<0.01). An effect of stressor exposure on CD14 was found in the PFC [F(4,34) = 4.81,
p<0.01] (see table 3) with expression being elevated only in the repeated swim group. An
effect was seen on GFAP expression in the HPC [F(4,36) = 2.95, p<0.05] with GFAP being
elevated after one day of restraint+swim and returning to baseline after 5 days of exposure.
CD200 and CD200R were unaffected by stress condition in all 3 structures examined.

3.2b Corticosterone—A one-way ANOVA revealed a significant effect of stress
condition [F(4, 35) = 62.45, p<0.001] with increased CORT levels in all stressed groups
(p’s<0.0001). Results are displayed in table 3.
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3.3 Experiment 3 Results

Body Weights: Body weights were measured prior to stress onset on day 6. Groups that
received the same treatment across the initial 5 days of the experiment were collapsed into
home cage and restraint groups and body weight analysis was conducted using an
independent T-test. As expected, 5 days of restraint led to a reduction in weight gain, with
restrained rats (x = 23.08, SEM = 0.72) having gained less weight than homecage rats (X =
25.88, SEM = 0.75); t(38) = 2.60, p<0.05.

Corticosterone: One-way ANOVA analysis revealed a significant effect of stress condition
[F(4, 35) = 61.87, p<0.001]. Post-hoc testing revealed that both the acute restraint + swim
(p<0.001) and the swim violation (p<0.001) groups were elevated compared to controls, and
a trend for an increased CORT response was seen in the restraint duration violation group
(p=0.065; see figure 3b).

3.3a Gene Expression

Housekeeper: As in Experiment 2, B-actin expression was analyzed and no differences were
found (PVN [F(4,35)=0.14, p>0.05]; HPC [F(4,35)=0.14, p>0.05]; PFC [F(4,35)=0.62,
p>0.05]), thus all subsequent target genes were expressed relative to p-actin.

Cytokines: In the PVVN-enriched punches, an effect of stress on IL-1p was found [F(4, 34) =
5.40, p<0.01], with acute restraint+swim being elevated as compared to all other groups
(p’s<0.05). An effect of IL-1p was also seen in the HPC [F(4, 35) = 2.88, p<0.05]. In the
PFC, IL-1p was found to be elevated [F(4,35) = 6.02, p<0.001], with the restraint history
+swim group showing significant higher expression relative to the homecage (p<0.01),
restraint history only (p<0.01), and restraint length extension groups (p<0.01). PFC IL-1p
was also elevated in the acute restraint+swim group as compared to homecage controls
(p<0.01) and restraint history only (p<0.05). IL-6 in the HPC was also found to be elevated
[F(4, 35) = 4.14, p<0.01], with the acute restraint+swim and restraint history+swim groups
showing greater expression relative to homecage controls (p’s<0.01) and the restraint history
only group (p’s<0.05). Finally, TNF-a expression was lower in the acute restraint+swim
(p<0.01), swim violation (p<0.01), and restraint length extension (p<0.01) groups relative to
homecage controls [F(4,34) = 3.85, p<0.05].

Cellular Activation: When the influence of stress conditions on c-fos expression was
examined, significant effects of stress on c-Fos expression were seen in the PVN [F(4, 35) =
155.01, p<0.001], HPC [F(4, 35) = 26.86, p<0.0001], and PFC [F(4, 35) = 87.49, p<0.0001].
Post-hoc analyses revealed that in all structures, both groups that experienced forced swim
showed elevations relative to homecage controls, the restraint history only group, and the
restraint length extension group (p’s <0.0001). The restraint history+swim group showed a
lesser induction of c-Fos in both the PVN (p<0.0001) and PFC (p<0.001) relative to the
acute restraint+swim group. The restraint length extension group had elevated c-Fos relative
to controls only in the PVN (p<0.001).
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4.0 Discussion

These experiments utilizing repeated sequential exposure to restraint and forced swim were
performed in order to (a) characterize how the CORT response adapted over the course of
repeated exposures, (b) to determine how rapid sequential exposure to restraint followed by
swim modifies the course of habituation, and (c) to characterize neuroimmune and cellular
activation marker responses to repeated sequential stressor exposure. Understanding how
stressors interact to modify the impact of the stress response is a critical step in
understanding the interplay of multiple stressors as experienced in daily life, and these
studies are among the first towards determining how neuroimmune responses adapt across
the experience of chronic stress. Importantly, there is growing interest in the impact of
sequential exposure to stress challenges, such as in the single prolonged stress (SPS) model
of post-traumatic stress disorder, in which rats are exposed to a restraint, forced swim and
ether exposure (26-28).

Consistent with previous studies, daily exposure to restraint (60 min each day) led to
significant habituation of the CORT response after 5 days and persisted through day 10
(Figure 1E). In contrast, no evidence of CORT habituation to forced swim (30 min daily)
was observed after 5 days of in either experiment 1 or 2, and in experiment 1 it took 10 days
of repeated swim exposure for evidence of habituation to emerge. Although some prior
studies have concluded that repeated daily exposure to forced swim did not produce signs of
CORT habituation, those studies did not include 10 consecutive days of swim exposure (20,
38). In a similar vein, Dal-Zotto et al. (39) demonstrated that 14 days of forced swim led to a
more rapid recovery of CORT during the post-stress recovery period, though peak levels did
not differ. One tentative conclusion that can be drawn here is that a greater number of daily
stress sessions may be necessary for habituation to develop for stress challenges that elicit a
stronger initial response as compared to more mild stressors. Indeed, in experiment 1 the
peak CORT response to the initial forced swim exposure (Figure 1F) was nearly double the
peak response evoked by the initial restraint challenge (Figure 1E), and the outcome was that
it took twice as long (10 days instead of 5) to achieve significant habituation of the CORT
response.

The primary goal of Experiment 1 was to test two complementary hypotheses regarding
adaptation to repeated daily exposure to 2 stress challenges imposed in sequence. First, we
predicted that daily restraint would serve as a cue that ultimately predicted the onset of
forced swim, a more intense and challenging threat than passive restraint. If this were the
case, the restraint+swim group’s plasma CORT concentrations should have exceeded those
observed on Day 1 at the 60 min time point. In contrast, we observed that repeated exposure
to restraint+swim induced habituation of the CORT response at the intermediate post-
restraint time point (60 min; see Figure 1H) comparable to that which is typically observed
in response to restraint alone (31, 35). Thus, we must conclude that preceding forced swim
with restraint for as much as 10 consecutive days (trials) does not elicit an anticipatory
CORT response. Secondly, we predicted that restraint preceding swim (Figure 1H) would
disrupt habituation relative to rats that experienced swim alone (Figure 1F), which was
supported as the magnitude of CORT habituation on day 10 was reduced. Overall, while
certain aspects of habituation (to restraint) remained intact in this sequential stress
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procedure, other aspects of habituation (to the forced swim component) appeared to be
diminished. A better understanding of intra- and inter-stressor variations in stress habituation
processes could ultimately reveal a better understanding of the intersection between
psychological aspects of stressful experiences and the development of stress
pathophysiology.

Given that CORT habituation after restraint was not disrupted by the subsequent swim
stressor in either Experiment 1 or Experiment 2, observed changes in other targets of interest
were likely to be independent of CORT adaptation. In both the HPC and PFC, sequential
stressor exposure resulted in elevated c-Fos expression levels after 1 day of exposure as
compared to swim alone, but that effect was no longer present at 5 days (Figure 2). A similar
but non-significant trend was observed in the PVN. It makes sense that the higher-order
structures showed greater attenuation of activity after repeated exposure as they are involved
in the more psychological aspects of stress (including novelty), whereas the PVN
consolidates inputs from these structures and those that regulate the more physiological
aspects of stress such as brainstem sympathetic nuclei, whose inputs are less likely to
habituate (4). Few changes were observed in other cellular activation markers, such as GFAP
and CD200, signifying that acute and repeated exposures to these stressors probably exert
minimal influences on microglial and astrocytic activation markers.

A major goal of experiment 2 was to determine whether neuroimmune adaptations in
response to both forced swim and sequential restraint+swim were occurring by day 5.
Forced swim has been fairly well-characterized as a stressor, with studies having examined
HPA reactivity, behavior (40), and physiological responses (39), but the IL-1p response to
forced swim is not as well-understood. Our lab previously examined whether 1 or 2 days of
forced swim can induce central IL-1p expression, and no differences in protein content were
observed in whole hypothalamus, hippocampus, or posterior cortex (20). However,
subsequent assessments demonstrated modest increases in IL-1p gene expression in the
PVN after acute swim challenge (22) which was not replicated in the present studies.
Though the reasons for these outcomes remain unclear, it seems that acute forced swim
exposure exerts only modest effects on IL-1f expression in Sprague Dawley rats. This is
consistent with the current study in which we observed no change in prefrontal or
hippocampal IL-18 mRNA expression after acute or repeated forced swim exposure.
However, five days of forced swim led to a two-fold increase in IL-1f mRNA expression in
the PVN. It is not presently clear why acute forced swim has not consistently induced IL-1
mRNA expression; it may be that repeated exposure is required to induce a reliable IL-1p
response. In contrast to the swim only groups, the sequential restraint+swim groups showed
the opposite pattern, with acute exposure resulting in a significant increase in PVN IL-1p
expression and habituation after 5 days of repeated exposure. Perhaps unsurprisingly,
exposure to restraint+swim for 1 day elicited a larger increase in IL-1p expression in the
PVN compared to 1 day of forced swim only. As restraint on its own is known to reliably
induce a modest increase in IL-1p expression in the PVN (22, 41), it was expected that
adding the swim stressor after restraint would induce greater response. Regarding the
reduced IL-1p response after 5 days of restraint+swim exposure, we saw in Experiment 1
that the IL-1p response to restraint was habituated in the restraint+swim with repeated
exposure. If that is the case, it could partially explain the observed habituation with the
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sequential stressor. Alternatively, sequential exposure may be more than the sum of its parts
and result in a response and course of habituation unique to that of either component in
isolation. There is also the question of how lingering effects of restraint could impact
subsequent cytokine changes after exposure to the sequential stressors, as there was no
group that experienced restraint followed by 30 minutes in the homecage. Previous studies
using detailed footshock timecourses have shown that the pro-inflammatory cytokine
responses typically return to baseline after 60 minutes (42, 43), and with restraint the CORT
response peaks at 30 minutes and then begins to return to baseline (44). Thus, we would
expect that the observed effects upon exposure to the sequential stressor are due to a
culmination of the restraint and swim challenges, and not sustained cytokine changes or
effects of CORT following restraint. However, the present data should be evaluated with this
minor limitation in mind.

Although the present studies did not address the mechanism by which CORT and
neuroimmune gene expression changes might display differential expression of habituation,
one intriguing possibility might be differential adaptations in adrenergic receptor expression.
For instance, NE-dependent activation of CRH-expressing neurons within the PVN is known
to occur through a1-adrenergic receptors (45), whereas central IL-1f expression has been
shown to occur via beta-adrenergic receptor activation (12, 16, 46). In this way, changes in
adrenergic receptor isotypes throughout the course of stress challenges could account for the
differences in habituation observed in the CORT response and in pro-inflammatory
cytokines. Further studies will be necessary to elaborate the mechanisms underlying these
changes.

Experiment 3 examined how a history of restraint would modify the responses to the
combined restraint+swim stressor. As expected, CORT was increased in rats that
experienced swim, and 5 days of restraint history did not affect the CORT response post-
swim. This may be in contrast to previous findings where experience of a stressor on day 1
(immaobilization) followed by a different stressor on day 2 (tailshock) led to a hyper-
responsive CORT response(47). However, in the present study multiple stressors occurred on
the same day, and multiple days of testing allowed for the possibility of habituation. The
CORT response in the restraint extension was not statistically different from controls despite
the extra 30 minutes of restraint, likely indicating that habituation to the stressor remained
intact. It is also possible that the CORT response was already resolved at this time, as a
previous study found that the CORT response was resolving between one and two hours of
restraint (19). Thus a more thorough timecourse would be necessary to definitely address
this question.

Across brain structures, c-Fos expression was higher in the acute restraint+swim group
versus the restraint history+swim group, indicating that the previous experience of repeated
restraint had an attenuating effect on the general response to the sequential stressor on day 6.
This may in part be due to the restraint portion of the experience on test day no longer being
novel which could result in a habituated c-Fos response (48). Interestingly, the restraint
length extension group displayed an increase in c-Fos only in the PVN, which may be
reflective of habituated inhibitory inputs from the PFC and HPC as the overall experience
was not novel, while inputs from brainstem nuclei remained activated due to the restraint
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stressor. Regardless, the changes in response to restraint length extension on all other
measures were either non-existent or very small in comparison to the restraint history+swim
group. Similarly to experiment 2, few changes in activation markers other than c-Fos were
observed, suggesting that glial contributions to the observed adaptations are minor.

Once again, the most interesting findings were seen in IL-1p expression, with a replication
of the robust increase in the PVN in response to acute restraint + swim that was observed in
Experiment 2. In addition, prior experience with 5 days of repeated restraint attenuated that
response despite no reduction of the CORT response. This attenuation looks similar to that
seen in Experiment 2 when restraint + swim was repeated for 5 days even though in this case
the rats experienced swim for the first time. It may be that in the restraint history+swim
group, the prior restraint experience resulted in the activation of compensatory mechanisms
that dampened the IL-1B response to swim, or it may be that a habituation of the IL-1p
response can generalize across stressors whereas the CORT response cannot. Although
significant differences in IL-1p expression were observed in the HPC, these effects were of
such small magnitude that any physiological consequence is unlikely. In the PFC, two-fold
increases were observed in both groups that experienced forced swim with no attenuation
due to prior restraint exposure, in contrast to the effect seen in the PVN. These findings
imply that the IL-1p habituation seen in the PVN is not driven by parallel IL-1p adaptations
in the HPC or PFC.

The studies presented here utilized gene expression as an index of neuroimmune responses
to stress, which raises certain issues that require discussion. First, real time RT-PCR offers
the advantages of being a cost-effective, rapid approach toward understanding changes in
numerous genes utilizing minute quantities of tissue. However, the significant outcomes here
should also be examined at the protein level, though it should be noted that tissue content of
cytokines in the CNS is generally at or near the floor of sensitivity for most biochemical
assays. Another question is the cellular origin of the cytokine mRNA, particularly since few
changes in glial activation markers were observed. Though we would predict that the effects
would be observed specifically in microglia based on the preponderance of evidence with
other stress challenges (16), we cannot rule out the possibility that other cell types may be
contributing to the changes observed here. Finally, our experiments were run only in males,
and future studies should extend these results to females as well. It can be noted, however,
that females display a robust increase in IL-1p expression after footshock, an effect that
varies significantly in response to ovarian hormones (49). Though CORT habituation to
restraint has been shown to occur similarly in males and females (50), habituation to other
stressors, such as the presently-used forced swim, has yet to be examined and may proceed
differently between the sexes.

Overall, these experiments fill a gap in our knowledge of how the stress response adapts
with repeated exposure to stressors experienced in sequential rapid succession and violations
of expectancy. We found that CORT habituation occurs similarly whether or not stressors are
sequential, though the magnitude or length of onset of habituation to the last-experienced
stressor may be impacted. Stressor expectancy violation does not appear to sensitize the
CORT response, and to our surprise even resulted in an attenuation of the IL-1p response in
the PVN. The other cytokines examined, IL-6 and TNF-a,, did not display habituation over
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the course of multiple days of exposure in any of our paradigms. It remains to be seen how
cytokine expression may change over even longer periods of stressor exposure and how the
response to a future intense stress challenge may be modified by compensatory mechanisms
already in progress. It is clear that different aspects of the stress response are differentially
impacted by repeated stressor exposure, and this preliminary look into major cytokine and
cellular activity marker expression opens the door for further exploration of the complex
interplay of real-world stressors and the stress response.
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Figure 1.

Locations of brain punches for target structures, Experiment 1 design, and CORT adaptation
results. A. Cingulate portion of the prefrontal cortex (Cing/PFC) - four punches, each 1.2
mm punch diameter, 1. mm punch deep. B. Paraventricular nucleus of the hypothalamus
(PVN)-enriched punches — four punches, each 1.2 mm punch diameter, 1 mm punch depth.
C. Hippocampus (HPC) — dorsal and ventral portions were combined and processed
together. Dorsal — four punches, each 2 mm diameter, 1.5 mm depth. Ventral - four punches,
each 1.2 mm diameter, 1 mm deep. D. In experiment 1, Rats were exposed to restraint alone,
forced swim alone, or restraint immediately followed by forced swim for 10 days. Blood
collection timepoints on days 1, 5, and 10 are indicated with red dots, body weight
measurements are indicated with blue triangles, and organs were weighed at the point
signified by the green square. Results from the corticosterone ELISA (n=8/group) are
depicted for (E) the restraint alone group, (F) the forced swim alone group, and (G) the
restraint + forced swim group. The * denotes where D1 differs from D10, # where D5 differs
from D10, $ where D1 differs from D5, and » where D5 differs from D10.
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c-Fos and Inflammatory Cytokine Gene Expression
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Figure 2.
Inflammatory cytokine and c-Fos real-time RTPCR results from Experiment 2. Rats were

exposed to 1 or 5 days of forced swim or restraint immediately followed by forced swim.
Immediately after stress on the last day of exposure, rats were rapidly decapitated and brains
were collected. All data is expressed relative to the control group (homecage) and
normalized to B-actin. Each group consisted of 6-8 subjects. Different letters across groups
denote significant differences.
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Design and results from Experiment 3. A. Rats were exposed to 5 days of repeated daily
exposure to 60 minutes of restraint with a subsequent change in stressor (30 minutes of
forced swim or an additional 30 minutes of restraint) on day 6, acutely exposed to 60
minutes of restraint followed immediately by 30 minutes of forced swim, received 5 days of
restraint with no stress on day 6, or were non-stressed controls. B. Plasma corticosterone
levels were assessed in each of the above groups (n=8). Different letters across groups
denote significant differences. Real-time RTPCR data from the PVN (C), HPC (D), and PFC
(E) expressed relative to the control group (homecage) and normalized to B-actin. Different
letters across groups denote significant differences.
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Table 1

Primers, accession numbers, sequences, and functional roles of targets in real-time RT-PCR for all gene
expression studies.

Page 21

Primer Accession#  Sequences (forward, reverse) Functional Role Ref.
ot 5-GTC GTA CCA CTG GCA TTG TG-3’ Stably expressed cytoskeletal actin; used as a
B-actin V01217 5/.GCC ATC TCT TGC TCG AAG TC-3/ housekeeping gene (51)
g 5'-CCA AGC GGA GAC AGA TCA AC-3’ Immediate early gene, expression signifies cellular
¢-Fos NM_016992.1 5-AAG TCC AGG GAG GT CACA GA-3’ activity; used as a general index of cellular activation (52)
5-AGG ACC CAA GC ACCT TCT TT-3' Inflammatory cytokine, rapidly expressed in response
IL-1p NM_031512 5/ AGA CAG CAC GAG GCA TTT TT-3' {0 stressors (18)
IL-6 NM 012589 5-TAG TCC TTC CTA CCC CAACTT CC-3"  Has both pro- and anti-inflammatory roles, expressed 3)
- 5-TTG GTC CTT AGC CAC TCC TTC-3’ in response to infection and stressors
. 5-GGG GCC ACC ACG CTC TTC TG-3’ Endogenous pyrogen primarily expressed by
TNF-a NM_012675 5-CGA CGT GGG CTA CGG GCT TG-3’ macrophages in response to infection and stressors (54)
, , Cell surface molecule, co-receptor for detection of
5’-TCC ATC GGT GCT CAC AAA TA-3 : . . ; ;
CD14 NM_021744.1 5 TTG GGG ATT TAG CTC AGT GG-37 ggfit/eig/al LPS; often used as a marker of microglial (55)
Signaling molecule released by neurons important in
5-CTG CCA TCT GTC CAC CTA CA-3’ regulating the inflammatory response; expression
CD200  NM_031518.2 5-AAG GGT TCC TGG GTT GTT TT-3’ levels reflect neuronal-sourced dampening of (56)
inflammatory microglial activity
. Y Cell-surface molecule on microglia important in
CD200R NM_023953.1 2'211:((33 g(gﬁ:_ IZ?’S Zg? (T:(CB:‘IT g?g $£33 regulating the inflammatory response; serves as a (56)
marker of microglial activity
GFAP NM_018009.2 5-GAG CCC CTA ACT CTG TGC TG-3 Expressed by active astrocytes, involved in cell (48)

5’-GCA CAC CTC ACA TCA CAT CC-3’

communication and the response to insult

J Neuroendocrinol. Author manuscript; available in PMC 2018 September 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Lovelock and Deak

Table 2

Body and organ weights from Experiment 1

Restraint Alone

Forced Swim Alone

Page 22

Restraint + Forced

Swim
Baseline 2789+25 2743+25 2756 +3.1
Day 5 3015+34% 2836417 285.9+3.9
Body weights (g) Day 10 3225+46 296.5+5.1 297.88 +3.8
4 weight (le)‘y 10 - Day 4360+3.7 22.25 + 3,53 22.25 + 3.00
Spleen 2.25+0.06 2,137 +0.09 2.20+0.07
Tissue Weights(zdiufégg)to body weight Adrenal glands 0.127 + 0.009 0.137 + 0.004 0.129 + 0.004
Thymus 1.26 +0.05 1.08 £0.07 1.1240.05

Note. Mean + SEM of body weights by day, change in weight across the experiment, peripheral organ/gland weights, and peripheral tissue weights
adjusted to body weight at time of collection (organ weight/body weight at time of tissue collection x 1000). Bold text denotes a significant

difference from all other groups. On day 5,

*
indicates groups that were different from each other.
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