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A B S T R A C T

Psychological stress is known to have profound effects on immune function and to promote inflammatory
conditions. Elevated circulating levels of cytokines associated with stress are known to increase the risk to
several diseases, but little is known about this mechanism. This study assessed the role of T cells on cytokine
levels after exposure to stress in the learned helplessness paradigm. Adoptive transfer of CD4+ T cells into
Rag2−/− mice did not change cytokine levels to stress while CD8+ T cells resulted in an increase in TNF-α, IL-6
and IFN-γ in stressed Rag2−/− mice. Moreover, depletion of CD8+ T cells in WT mice abolished these cytokine
responses to stress. Corticosterone and behavioral stress responsiveness was impaired in Rag2−/− mice recon-
stituted with CD8+ T cells. Notably, depletion of these cells in WT mice had no effect on behavior or corti-
costerone levels. Exposure to stress did not change the expression of canonical markers of T cell activation
including CD62L and CD44 or modified intracellular cytokine content, suggesting that they are not the main
producers of circulating cytokines in response to stress. These results show that CD8+ T cells promote TNF-α, IL-
6 and IFN-γ responses to stress, possibly by stimulating non-lymphoid cells.

1. Introduction

Clinical and basic research has shown that psychological stress has
profound effects on immune function, which varies depending on the
type, intensity and duration of the stressor [1]. Stress-induced immune
modulation, mediated primarily by the stress hormones corticosterone
(CORT) and adrenaline, is part of the physiological mechanism of
adaptation to environmental challenges [2]. Of importance for human
health, prolonged and repeated exposure to moderate to high levels of
stress has been shown to be a critical factor leading to pathophysiology
in almost all aspects of human diseases, including susceptibility and
progression to infection [3], cancer [4], autoimmune [5], cardiovas-
cular [6] and metabolic diseases, as well as psychiatric illnesses [7,8]. A
hallmark of the immunological response to acute psychological stress is
a transient increase in circulating levels of cytokines in both humans
and laboratory animals [9,10]. It is believed that maladaptation during
repeated stress exposure results in the consolidation of these increases
creating an inflammatory milieu caused by the negative effects of stress
on immune function. Indeed, elevated basal circulating levels of cyto-
kines and increased cytokine gene expression in the brain have been
extensively documented in people suffering from stress related dis-
orders, such as depression, anxiety and posttraumatic stress disorder
[11,12]. Among the cytokines shown to be responsive to psychological

stress, IL-6, TNF-α and IL-1β are the most consistently reported across
studies, stressors and species [10,13]. Moreover, IL-2, 4 and 10 and IFN-
γ have also been implicated in the stress response, but with varied
consistency depending on the stressor. Nevertheless, the origin, me-
chanisms and resolution of cytokine responses to stress remain largely
to be defined.

Recent research in mice and humans has shown that stress results in
the mobilization and activation of several innate immune cells, in-
cluding monocytes and macrophages [14–17], all of which constitute a
potential source of cytokines in response to stress. These studies con-
firm earlier observations proposing that stress suppresses acquired
immunity while potentiating innate immunity [18,19]. However, a role
for the adaptive immune system on cytokine responses to stress has also
been documented. Depletion of CD4+ Tregs enhances cytokine re-
sponses to immobilization stress [20] while adoptive transfer of lym-
phocytes from stressed mice into Rag2−/− mice reduces cytokine re-
sponses elicited by social defeat stress [21]. These studies indicate that
T cells may provide important modulatory functions on cytokine pro-
duction in response to psychological stress. In support of this possibi-
lity, several studies, including work from our laboratory, have shown a
beneficial role for CD4+ T cells in stress responsiveness [22,23], hip-
pocampal dependent memory [24,25] and emotional behavior [26].
Moreover, studies also document a detrimental role for differentiated
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Th17 CD4+ cells during stress exposure [27], and for CD8+ T cells in
models of stress-induced vascular inflammation in hypertension
[28–30]. Nevertheless, there is a paucity of studies examining the role
of T cells on cytokines in response to stress, thus, the present study
evaluated the role of CD4+ and CD8+ T cells on circulating and brain
cytokine responses to repeated exposure to electric foot shocks in the
learned helplessness (LH) paradigm along with corticosterone and be-
havioral responses. Because basal circulating levels of cytokines are
used as biomarkers in clinical research [6,11,12,31], cytokine mea-
surements were performed under basal conditions, 24 h after stress
sessions.

2. Material and methods

2.1. Animals and treatments

All mice were obtained from Taconic (Rensselaer, NY, USA) and
allowed to acclimate to our animal facility for at least one week before
starting with any procedure. Age matched mice were randomly as-
signed to either LH or control non-stressed groups. Lymphopenic
Rag2−/− mice were reconstituted by adoptive transfer with 8–10 mil-
lion naïve CD4+ (n=23) or CD8+ (n= 21) T cells in a 1:1 donor to
recipient transfer from age-matched WT mice. Donor cells were pre-
pared as previously described [32] using the EasySep CD4+ or CD8+

purification kits (Stem Cell Technologies, Vancouver, BC, Canada) fol-
lowing manufacturer’s guidelines. Control Rag2−/− mice (n= 18) re-
ceived PBS only. The mice were left undisturbed for three weeks before
starting the LH paradigm. Wild type (WT) C57BL/6 male mice were
administered either anti-CD8 (α-CD8) neutralizing antibodies (n= 11)
or isotype control anti-IgG (n=12) (0.5 mg in 200 µl sterile saline;
BioXCell, Lebanon, NH, USA) via intraperitoneal injection 72 h prior to
beginning the LH paradigm. Mice were euthanized 24 h after com-
pleting behavioral tests via isoflurane overdose; plasma was collected
by cardiac puncture. All procedures were carried out under approved
IACUC protocols and institutional guidelines at the University of
Maryland School of Medicine.

2.2. Learned helplessness paradigm

The protocol employed was based on the model established by
Shanks and Anisman for C57BL/6 mice [33]. Briefly, it consists of an
inescapable stress session in which mice were placed on one side of a
shuttle box with an electrified grid floor (Coulbourn Instruments;
Whitehall, PA, USA) where they received 360 footshocks (2 s duration
at 240 μA) with an 8 s inter-trial interval (ITI). Mice were then tested
24 h (T1) and 7 days later (T2) in an escapable stress session when they
were given the option to avoid the foot-shocks by escaping through the
shuttle door. For these sessions, mice underwent 30 foot-shock trials
(240 μA) for a maximum duration of 24 s with an average ITI of 15 s.
Escape behavior was evaluated by the number of escape failures during
the last 25 trials.

2.3. Plasma corticosterone and cytokine determinations

Plasma CORT levels were determined by radioimmunoassay using
the ImmuChem Corticosterone Double Antibody RIA kit (MP
Biomedicals; Orangeburg, NY, USA) according to manufacturer’s in-
struction. Intra assay variation was less than 5%.

Plasma levels of cytokines for IL-1β, IL-2, IL-4, IL-6, IL-10, INF-γ and
TNF-α were determined at the University of Maryland Cytokine Core
Laboratory using the Luminex Multianalyte System (EMD Millipore;
Billerica, MA, USA). The detectable range for measured cytokines was
0.064–10,000 pg/ml.

2.4. Real-time RT-PCR determination for brain cytokines

Blood was removed from the brain by perfusion with sterile PBS.
Dissected brain tissue from the hypothalamic region (Hyp) and the
hippocampus (Hipp) was processed for mRNA extraction using TRIzol
(Invitrogen, USA), and real-time RT-PCR performed as described pre-
viously [34]. The same cytokines assayed in plasma were assessed in
the Hyp and Hipp using the primer sets listed in Table 1.

2.5. Flow cytometry

Single cell suspensions from the lymph nodes (LNs) and Spleen were
processed as described [32]. Antibodies used in this study were: anti-
CD3-eFluor 450 (eBioscience, 48-0032-82), anti-CD8-FITC (BD Bios-
ciences, cat #553030), anti-CD8-PerCP-Cy5.5 (BD Biosciences, cat
#561109), anti-CD4-APC (BD Biosciences, cat #553051), anti-CD4-PE
(BD Biosciences, cat #553730), anti-NK1.1-PerCP-Cy5.5 (BD Bios-
ciences, cat #561111), anti-CD44–APC (BD Biosciences, cat #559250),
anti-CD44-PE (BD Biosciences, cat #553133), PE-rat anti mouse CD62L
(BD Biosciences, cat #553151; eFluor450-rat anti mouse IFNγ
(eBioscience, cat #48-7311-82), PE-rat anti-mouse IL-6 (BD Bios-
ciences, cat #: 562050) and APC-rat anti-mouse TNF-α (BD Biosciences,
cat #: 561062). Single-cell suspensions were analyzed on BDTM LSR II
flow cytometer (BD Biosciences, San Jose, California) and data was
analyzed using FlowJo version 10 software (Tree Star, Ashland,
Oregon).

2.6. Cytokine production in cultured T cells

Splenocytes were isolated from mice in control and LH conditions
and plated at a concentration of 2 million cells per ml in 24 well plates
in complete RPMI with 10% of FBS and penicillin-streptomycin in the
presence of IL-2 and incubated at 37° C in 5% CO2 for 24 h. T cells were
stimulated with anti mouse CD3 (clone 2C11, BD Pharmingen, 1 μg/ml)
and anti mouse CD28 (clone 37.51, BD Pharmingen, 4 μg/ml) anti-
bodies and the supernatants collected 24 h later for cytokine determi-
nations.

2.7. Statistical analysis

Kolmogorov-Smirnov non-parametric analyses were used to

Table 1
Primer set sequences and amplification conditions used in real-time RT-PCR determinations. IL: interleukins; IFN-γ: interferon gamma; TNF-α: tumor necrosis factor
alpha; GAPDH: glyceraldehyde-3-phosphate dehydrogenase transcript variant 1; ACTB: actin beta; 18S: ribosomal 18 s rRNA.

Gene Reference Sequence Forward Reverse Anneal Temp (°C) Extension Temp (°C)

IL1-β NM_008361.3 GCAGGCAGTATCACTCATTG CACCAGCAGGTTATCATCATC 55 72
IL6 NM_031168.1 AGGAGACTTCACAGAGGATAC TTCTGCAAGTGCATCATCG 55 72
TNF-α NM_013693.3 AAGAGGCACTCCCCAAAA G CTG GGCCATAGAACTGATGAG 55 68
IFN-γ NM_008337.3 CTAGCTCTGAGACAATGA ACG GCCAGTTCCTCCAGATATCC 52 65
18S NR_003278.3 CCAGTAAGTGCGGGTCAT AAG C CCATCCAATCGGTAGTAGCGAC 55 72
ACTB NM_007393.3 TGGAGAAGATCTGGCACCAC TGGTACGACCAGAGGCATGC 55 72
GAPDH NM_001289726.1 TCCACTCACGGCAAATTCAAC ATGACCCTTTTGGCTCCACC 55 72
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compare distributions of results for LH. Two-way ANOVA analyses with
Holm-Sidak post hoc test was used to determine effect of stress and CD8
status on CORT and cytokines. A Student’s t test was used to analyze in
vitro cytokine results. Correlations were evaluated by Pearson or
Spearman tests. Statistical analyses were conducted with GraphPad
Prism 6 (GraphPad Software, Inc., La Jolla, CA). All values are reported
as mean ± SEM, with a p value less than 0.05 considered significant.

3. Results

3.1. CD8+ T cells profoundly affect cytokine responses to stress

Cytokine measurements were done at baseline 24 h after stress ex-
posure as most of the studies in humans associate disease risk with
baseline levels of cytokines. It was first determined that baseline cy-
tokine levels in WT mice were not elevated with respect to control non-

Fig. 1. Representative flow cytometry dot plots (A) of cell harvested from the lymph nodes of Rag2−/− mice 3weeks after reconstitution with 8–10 million naïve CD4
cells. B–E: Plasma cytokine concentrations in Rag2−/− mice and Rag2−/− mice reconstituted with 8–10 million CD4+ cells (ReconCD4) in control and 24 h after T2
in the learned helplessness (LH) paradigm. F: Plasma corticosterone (CORT) concentration in ReconCD4 mice in control and 24 h after T2 in the LH. G: Escape failures
during T2 in the LH in Rag2−/− and ReconCD4 mice.
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Fig. 2. Representative dot plots of cells from the lymph nodes (A) in Rag2−/− mice 3weeks after adoptive transfer of naive CD8+ T cells (ReconCD8) showing the
proportion of CD3+/CD4+ & CD3+/CD8+ T cells. Note a small proportion of CD4+ T cells in ReconCD8. (B) Representative dot plots illustrating successful depletion
on CD8+ T cells in wild type mice. C–F: Plasma cytokine levels in Rag2−/− and ReconCD8 (left side of each graph) and in WT treated with anti-CD8 neutralizing
antibodies (α-CD8) or isotype control (IgG) (right side of each graph) in control handled or 24 h after T2 in the learned helplessness (LH; stressed). (C) Tumor-
necrosis factor-alpha (TNF-α). D) Interleukin-6 (IL-6). (E) Interferon-gamma (IFN-γ). F) Interleukin-1 beta (IL-1β). (G–H) IL-1β mRNA expression in the hypotha-
lamus (G) and hippocampus (H) in the same groups stated above. N= 5–12/group. Mean ± SEM. * p≤ 0.05, ** p≤ 0.01, *** p≤ 0.001.
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stressed mice after one or two sessions of stress. Consequently, basal
circulating and brain cytokine levels were compared among all groups
24 h after the third stress session (T2). Adoptive transfer of naïve CD4+

T cells into Rag2−/− mice did not modify cytokine or corticosterone
response to stress (Fig. 1). In contrast, CD8+ T cells had profound ef-
fects on specific cytokine subsets, including circulating TNF-α, IL-6, and
IFN-γ as well as brain IL-1β (Fig. 2). No effects of stress or CD8 treat-
ment were detected for circulating IL-2, 4 and 10 and for any cytokine
in the brain, except for IL-1β. Analysis of plasma TNF-α in Rag2−/−

mice showed that there were main effects of stress (p=0.045) and
reconstitution (p=0.0005), with stressed ReconCD8 mice exhibiting
the highest levels (Fig. 2C). In WT mice stress resulted in an increase in
IgG treated mice that was abolished by depletion of CD8+ T cells (in-
teraction: p=0.019). Consistent with this, IL-6 was increased in
Rag2−/− mice by both reconstitution (p=0.007) and stress
(p=0.026; Fig. 2D), whereas depletion of CD8+ T cells reduced IL-6
(p=0.0002; stress and interaction: n.s.). Similarly, IFN-γ was increased
in Rag2−/− mice by reconstitution (p=0.0004) and stress (p=0.021,
interaction: p=0.010; Fig. 2E) and reduced by CD8+ T cell depletion
(p=0.006; stress and interaction: n.s.). Notably, plasma levels of IL-1β
were reduced by stress in both Rag2−/− (p=0.025) and WT mice
(p=0.005) regardless of CD8 T cell status, with most cases having non-
detectable levels (Fig. 2F). However, reconstitution of Rag2−/− mice
did increase IL-1β levels in non-stressed conditions (p=0.014; inter-
action: p=0.02). In the brain, expression of IL-1β was measured in the
hypothalamus (Hyp) and hippocampus (Hipp) (Fig. 2G–H), two regions
that play important roles in hormonal and behavioral stress responses
[35]. A main effect of reconstitution in Rag2−/− mice was detected in
the Hyp (p=0.001) and Hipp (p=0.033), which was driven by stress-
induced increases in ReconCD8 mice (Hyp: p=0.011, interaction:
p=0.026; Hipp, interaction: p=0.033). Conversely, in WT mice,
stress induced increases in expression of IL-1β mRNA in both the Hyp
(p < 0.0001) and Hipp (p=0.004) were blocked by CD8+ T cell de-
pletion (Hyp: p=0.014, interaction: p=0.015; Hipp: p=0.002, in-
teraction: p=0.001). The results from the two models show that CD8+

T cells promote circulating TNF-α, IL-6, IFN-γ and brain IL-1β mRNA
increases in response to repeated stress exposure.

Finally, as differences in cytokine responses between stressed
Rag2−/− and WT mice were noted, a posteriori comparisons between
groups were performed to analyze how a full CD4+ and CD8+ re-
pertoire in WT mice may influence cytokine response to stress. Analyses
using one-tailed Student’s t test showed that WT mice mounted a
greater cytokine response to stress compared to Rag2−/− mice, with
higher levels of peripheral IFN-γ [t (17)= 4.3, p=0.0002] and central
IL-1β expression in the hypothalamus [t (11)= 4.1, p=0.0009] and
hippocampus [t (9)= 4.5, p=0.0007]. Notably, ReconCD8 mice dis-
played an exacerbated peripheral cytokine response to stress when
compared to WT mice, with both IL-6 and IL-1β levels higher in
ReconCD8 mice [t (12)= 1.8, p=0.04 and t (12)= 2, p=0.03, re-
spectively]. Taken together these findings further support a role for T
cells in cytokine responses to stress and suggest that CD4+ T cells
present in WT mice may provide a moderating effect by attenuating the
magnitude of the CD8+ influences on cytokine production.

3.2. CORT levels and behavioral performance in stressed mice are
minimally affected by CD8+ T cells

Stress resulted in a significant difference in CORT levels between
Rag2−/− and ReconCD8 mice (interaction: p=0.015; Fig. 3), however
this difference was due to a decrease in stressed Rag2−/− mice with
respect to control rather than an increase in ReconCD8, which showed
no effect of stress. In contrast, stress exposure in WT mice resulted in
the expected increases in basal CORT levels in stressed animals;
nevertheless, depletion of CD8+ T cells in WT mice did not prevent
stress-induced increases in CORT (stress: p < 0.0001; interaction:
p=0.032, 2-way ANOVA) (Fig. 3A). These results show that CORT

levels are modulated by CD8+ T cells in lymphopenic mice, but are not
affected by their absence in WT. Likewise, behavioral responses in the
LH indicate limited effects of CD8+ T cells. In this paradigm, mice
display either active coping (i.e. escaping) or passive coping (i.e. failure
to escape, or helplessness) responses during escapable stress resulting in
a bimodal distribution of escapers and non-escapers [36]. Reconstitu-
tion with CD8+ T cells in Rag2−/− mice resulted in a significant shift in
response distribution during T2, with a greater proportion of non-es-
caper ReconCD8 mice with respect to Rag2−/− (p=0.038, Kolmo-
gorov-Smirnov test) suggesting that a CD8+ biased environment im-
pairs coping responses to stress after repeated exposure. Nevertheless,
depletion of CD8+ T cells resulted in no difference in this distribution
between IgG and α-CD8 treated mice (Fig. 3B). As in the case of CORT
responses, these results show that a dominant CD8+ environment im-
pairs stress coping behavior in lymphopenic mice, while removing
CD8+ T cells does not necessarily improve behavioral stress respon-
siveness in WT.

3.3. Correlation analyses

Correlation analyses were conducted to further examine the re-
lationship of cytokine levels with CORT and coping responses to stress.
In Rag2−/− and ReconCD8 mice there was a positive correlation be-
tween TNF-α and escape failures (p=0.025) and CORT (p=0.046).
IFN-γ also showed a positive correlation with escape failures
(p=0.013) and CORT (p=0.003). In contrast, there were no corre-
lations between cytokine levels and behavior or CORT in IgG and CD8
depleted mice. Analysis between cytokines in individual animals
showed correlations for all groups between TNF-α and IL-6 (Rag2−/−:
p=0.039; WT: p=0.017) and TNF-α and IFN-γ (Rag2−/−: p=0.048;
WT: p=0.009). Results for individual stressed animals for which all
measures were available are illustrated as heat maps for the recon-
stitution and depletion experiments (Fig. 3C and D). These correlation
analyses further indicate that increases in cytokines are associated with
impaired stress responsiveness, but do not directly modulate behavioral
and hormonal responses to stress.

3.4. Additional markers of T cell function

CD8+ T cells were analyzed after the LH in cells harvested from the
LNs and spleen in ReconCD8 and WT mice and compared with control
non-stressed mice. Intracellular IFN-γ content was not different be-
tween control and stress conditions in CD8+ T cells from ReconCD8 or
WT mice (Fig. 4A and B). Likewise, IL-6 and TNF-α content did not
differ between conditions (data not shown). No differences were ob-
served between control and stress conditions in the proportion of naïve
CD62Lhigh/CD44low or effector memory CD62Llow/CD44high CD8 T cells
in Recon CD8 and WT and no differences were observed in the pro-
portion of CD4/CD8 cells in WT mice between control and stress con-
ditions (data not shown). Finally, in an independent study, T cell re-
ceptor stimulation in cultured splenocytes from WT mice resulted in
lower cytokines release compared with non-stressed control (Fig. 4C)
indicating that T cells are unlikely to be the source of increased circu-
lating levels of cytokines. These results show that CD8+ T cells are key
cellular players promoting inflammatory cytokine responses to repeated
acute stress exposure without being the primary producers of cytokines
and without changes in canonical markers of activation or differentia-
tion.

4. Discussion

The present study using two different mouse models indicate that
CD8+ T cells regulate circulating plasma levels of the cytokines TNF-α,
IL-6 and IFN-γ and gene expression of IL-1β in the brain in response to
stress. Depletion of CD8+ T cells in WT mice 72 h prior to LH com-
pletely abolished stress-induced circulating TNF-α, IL-6 and IFN-γ and
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brain IL-1β increases, while adoptive transfer of naive cells into lym-
phocyte deficient Rag2−/− mice resulted in enhanced expression of
these cytokines 24 h after the last stress session. These effects were
observed in the two models independent of changes in classical markers
of activation or in the proportions of cells suggesting that the me-
chanism by which stress stimulates CD8+ T cells may involve non-
classical pathways of T cell activation and/or programming. These re-
sults provide supportive evidence indicating that CD8+ T cells, in the
absence of foreign antigenic stimulation, respond to repeated psycho-
logical trauma by inducing the production of cytokines, revealing a pro-
inflammatory role for CD8+ T cells in stress responsiveness.

Using the LH paradigm as a stressor, the overall effects of CD8+ T
cells on stress responsiveness were consistent towards a pro-in-
flammatory mechanism. However, adoptive transfer of CD4+ cells had
no effects on any parameter studied including cytokines, CORT and
behavior. These results are not in line with their reported protective
role revealed by other tests of stress responsiveness [26], including
work from our group [22,37]. Nevertheless, as we have previously
discussed [22], while the evidence supports a beneficial role of CD4+

cells on stress responsiveness, their effects appear to largely depend on
the intensity and type of the stressor, as well as specific aspects of be-
havior in which these cells may be protective.

In the present study, no evidence for an effect of stress on CD8+ T
cell activation or intrinsic changes in cytokine content was observed,
and T cells from stressed mice did not produce more cytokines when
stimulated compared with non-stressed controls (Fig. 4C). Thus, it is
unlikely that they are the major producers in response to stress, but
rather it appears that they may influence non-lymphocyte cells to

produce these cytokines. Indeed, monocytes and macrophages are
known to produce cytokines under stress conditions [14–17], therefore
a plausible mechanism is that CD8+ T cells stimulate these cells via
specific MHC Class I interactions. This model assumes that Rag2−/−

mice may be hyporesponsive to stress-induced cytokine production, not
because they don’t have functional lymphocytes that produce these
cytokines, but because their innate immune cells are resistant to acti-
vation in the absence of MHC Class I interactions with CD8+ T cells.
This model would also predict that MHC Class I is necessary for the
effects of CD8+ T cells on innate immune cells during stress exposure,
which can be tested in future studies in Beta2 microglobulin (B2micro)
deficient mice or Rag2−/− x B2micro−/− mice reconstituted with WT
CD8+ T cells.

Unexpectedly, circulating levels of IL-1β were reduced by stress and
not affected by CD8+ reconstitution or depletion. In contrast, the only
cytokine that showed consistent changes in expression in the brain in
response to stress was IL-1β, with an effect after both CD8+ recon-
stitution and depletion methodologies. While the effects of the LH on
circulating IL-1β are paradoxical with respect to those reported in hu-
mans, they may reflect a particular regulatory point of this cytokine
during the progression of stress exposure. The effects of stress on cir-
culating IL-1β reported here require further investigation and are be-
yond the scope of the present studies. In contrast, the effects in the
brain are in line with those reported in the literature and possibly re-
lated to cellular processes at the neurovascular interface. Expression of
this cytokine in the brain has been shown in varied cell types, but more
prominently in microglial and perivascular cells [38]. Recently, lym-
phocytes and T cells have been shown to circulate in a brain lymphatic

Fig. 3. Effect of reconstitution with CD8+ T cells (ReconCD8) in Rag2−/− mice is shown on the left side of each graph; effect of CD8+ T cell depletion (α-CD8) in
wild type mice is shown on the right. (A) Basal circulating corticosterone (CORT) levels in control and stressed mice 24 h after Test 2 in the learned helplessness (LH)
paradigm. (B) Effect of CD8+ T cells on escape failures during LH Test 2. (C and D) Heat maps generated to illustrate individual responses (rows) to repeated stress
exposure in all measures (columns): behavior, CORT, and cytokines (Tableau; Seattle, WA, USA). The percent max represents an individual animal’s response relative
to the highest response within each measure for all animals. Greens represent a lower response, reds represent a high response and pales an average response.
Mean ± SEM. * p≤ 0.05, ** p≤ 0.01, *** p≤ 0.001, **** p≤ 0.0001.
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system [39], and work from our group has shown that they proliferate
in the brain of reconstituted Rag2−/− mice with a significant degree of
interaction with the microvasculature during this process [32]. Thus, it
is possible that CD8+ T cells increase their interaction with the brain

microvasculature in response to stress, stimulating the production of IL-
1β by perivascular cells, similar to the model of stress-induced vascular
inflammation in hypertension [28].

Of relevance for the present results, expression of IL-1β in the Hyp

Fig. 4. Representative flow cytometry dot plots (A) of CD8+ T cells harvested from the lymph nodes (LNs) and spleen of ReconCD8 (A) and wild type (B) mice
showing IFN-γ content in control conditions and 24 h after T2 in the LH. (C) Splenocytes were isolated from control and stressed wild type mice and cultured for 24 h
and stimulated with anti mouse CD3 (clone 2C11, BD Pharmingen, 1 μg/ml) and anti-mouse CD28 (clone 37.51, BD Pharmingen, 4 μg/ml) antibodies and the
supernatants collected 24 h later for cytokine determinations. ** p < 0.01.
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and Hipp is believed to modulate different aspects of the stress re-
sponse, including CORT and emotional processing [40]. Increases in
CORT and impaired behavioral coping responses in ReconCD8 mice are
consistent with increased IL-1β in these regions [40]. Nevertheless,
depletion of CD8+ T cells prior to stress, which precluded IL-1β in-
creases in the Hyp and Hipp, did not prevent stress-induced CORT in-
creases or modify behavioral coping responses. This indicates that the
effects of CD8+ T cells on CORT and behavior likely involves additional
regulatory pathways between the peripheral immune system and the
brain or downstream mechanisms such as different adrenal capacity in
Rag2−/− due to the constitutive absence of lymphocytes. Thus, it is
possible that the effects of CD8+ T cells on CORT and behavior were
evidenced in a lymphopenic environment that has not experienced the
presence of lymphocytes, but not in a natural setting in which devel-
opmental processes result in a different set point between these sys-
tems. In this regard, the presence of a small CD4+ population in Re-
conCD8 mice should be noted (Fig. 2A). The proliferative capacity of
CD4+ cells in Rag2−/− mice has been reported by several studies
[37,41,42], and it is possible that they influenced these results. How-
ever, a dominant CD8 environment likely accounted for the effects on
ReconCD8 mice.

Finally, special focus was devoted to ensuring the general health of
these animals during the course of our experiments, and no overt signs
of sickness or distress were observed in any group excepting mild pi-
loerection following the inescapable stress session for both WT and
Rag2−/− mice, which resolved by T1.

5. Conclusion

The present studies provide consistent evidence indicating that
CD8+ T cells are key cellular elements promoting circulating TNF-α, IL-
6 and IFN-γ cytokine responses to stress and brain IL-1β expression and
suggest that they may influence hormonal and behavioral stress re-
sponsiveness through this mechanism.
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