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A pre-conditioning stress accelerates increases in
mouse plasma inflammatory cytokines induced
by stress
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Abstract

Background: Major depressive disorder is a prevalent disease that is inadequately treated with currently available
interventions. Stress increases susceptibility to depression in patients and rodent models. Depression is also associated
with aberrant activation of inflammation, such as increases in circulating levels of interleukin (IL)-14, IL-6, and tumor
necrosis factor-a (TNFa). The two main goals of this study were (i) to identify cytokine changes measuring a
broad panel of 19 cytokines, and (i) to test if a pre-conditioning stress altered the inflammatory response to a
subsequent stress.

Result: Stress-induced changes in mouse plasma cytokines were measured by multiplex following administration
of one or two daily stresses of inescapable foot shocks using the learned helplessness paradigm for modeling
depression-like behavior.

Administration of inescapable foot shocks increased plasma levels of IL-13, IL-6, TNFq, IL-3, IL-10, IL-13, IL-17A,
IL-5, GM-CSF, IL-12(p70), IFN-y, MIP-1a, MIP-18, IL-1q, IL-2, KC, RANTES and G-CSF, with peak levels occurring in
the range of 6 to 12 hr after stress. Pre-conditioning the mice 24 hr before with an equivalent inescapable foot
shock stress resulted in similar magnitudes of increases in most cytokines as occurred after a single stress, but
accelerated the increase, causing the levels of most cytokines to peak 1 hr after stress. These results demonstrate that a
single stress induces the expression of many cytokines, and that sequential, daily stresses accelerates the rate of
cytokine production.

Conclusions: Acute stress broadly activates inflammation in mice, and the inflammatory response is more rapid

stress-linked diseases.

following repeated stress, actions that may contribute to deleterious effects of stress on depression and other
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Background
Major depressive disorder is a prevalent, progressive,
and debilitating disease that afflicts nearly 20% of people
in the United States [1]. Current treatments for major
depression are inadequate because they take weeks to
become effective, and they are often ineffective or not
tolerated [2]. New interventions may best be developed
by identifying factors that contribute to depression.
There is growing evidence that abnormal inflamma-
tory responses increase susceptibility to depression, and
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thus may provide new strategies to treat depression
[3,4]. This evidence includes consistent findings of in-
creased serum levels in patients with depression of cer-
tain pro-inflammatory cytokines, particularly tumor
necrosis factor-a (TNFa) and interleukin-6 (IL-6) [5-8].
Moreover, administration of the inflammation stimulant
lipopolysaccharide (LPS) or the inflammatory cytokine
interferon-a induces depressive symptoms in a signifi-
cant portion of treated people [9-14]. In addition to clin-
ical evidence, studies in animal models provide further
support that inflammation promotes depression-like
behaviors. For example, administration of inflammatory
cytokines or LPS cause depression-like behaviors in ro-
dents, and these are attenuated by treatment with
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antidepressants [3,15]. Oppositely, mice with targeted
deletion of IL-6 or TNFa receptors display resistance
to depression-like behaviors [16-18]. Depression is
often induced by psychological stress, and stress in-
duces an inflammatory response [4]. For example, ad-
ministration of inescapable foot shocks to rodents
increased plasma or serum levels of the inflammatory
cytokines IL-1B, TNFa, and IL-6 [19-21]. In addition to
acute stress, chronic unpredictable mild stress also in-
creased serum levels of TNFa [22]. These studies sug-
gest that the stress-induced inflammatory response may
contribute to the pathogenesis of depression. However,
a more comprehensive study of cytokine responses to
stress would more clearly identify those cytokines that
are induced by stress, which is important for identifying
the cytokines that may be involved in stress-induced
depression.

Substantial evidence has demonstrated that acute or
chronic stress sensitizes the inflammatory response to a
subsequent immune challenge [23-29]. For example, in-
escapable tail shock [23] or chronic social stress [27] po-
tentiated the increase of inflammatory cytokines (e.g.,
IL-1B, TNFa) induced by LPS administration in rodents.
However, it is not known if a prior stress influences the
inflammatory response to a second stress. Therefore, we
examined these topics by comparing the levels of a panel
of cytokines in mouse plasma following administration
of one or two equivalent stresses on two consecutive
days.

Methods

Mice

Adult, male C57B/6 mice that were 8—12 weeks old were
used for these studies. Mice were housed in groups of
3-5 mice in standard cages in light and temperature
controlled rooms and were treated in accordance with
NIH and the University of Miami Institutional Animal
Care and Use Committee regulations.

Stress paradigm and plasma collection

Mice were stressed by inescapable foot shocks using a
protocol that induces the learned helplessness model of
depression-like behavior [30,31]. Mice were placed in
one side of a Gemini Avoidance system shuttle box with
the gate between the chambers closed. Mice were given
180 foot shocks with an amplitude of 0.3 mA, a 6 sec
shock duration, and a randomized inter-shock interval
of 5-25 sec. Mouse blood was recovered at decapitation
into tubes containing citrate-phosphate-dextrose anti-
coagulant, and centrifuged at 1,000xg for 10 min, and
the plasma was stored in aliquots at —80°C until ana-
lyzed. To compare the effects of a single stress and two
stresses, some mice were subjected to the identical
protocol 24 hr after the first stress.
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Cytokine measurements

A Bio-Plex mouse cytokine multiplex assay was per-
formed according to the manufacturer’s instructions
(Bio-Rad, Hercules, CA, USA). Inflammatory molecules
measured were IL-1q, IL-1f, IL-2, IL-3, IL-5, IL-6, IL-10,
IL-12p40, 1L-12p70, IL-13, IL-17A, granulocyte colony-
stimulating factor (G-CSF), granulocyte macrophage
colony-stimulating factor (GM-CSEF), interferon-y (IFN-y),
keratinocyte chemoattractant (KC), macrophage inflam-
matory protein (MIP)-1a, MIP-1, regulated on activation,
normal T cell expressed and secreted (RANTES), and
TNF-a. Plasma from 3-4 mice was combined, and
50 ul of samples were incubated with antibody-coupled
beads. The complexes were washed and then incubated
with biotinylated antibody, followed by incubation with
streptavidin-PE. Inflammatory molecule levels were de-
termined using a multiplex assay reader (Luminex). The
concentrations were calculated using Bio-Plex manager
software provided by the manufacturer. Enzyme-linked
immunosorbent assays (ELISA) were carried out accord-
ing to the manufacturer’s instructions (eBioscience).

Statistical analysis

Statistical significance was analyzed with one-way
ANOVA with Bonferroni post-test using Prism soft-
ware, and p < 0.05 was considered significant.

Results

Single stress-induced increases of cytokines in the plasma
Cytokines in plasma from 3—4 mice were measured by
multiplex at 1, 6, 12, and 24 hr after a single stress of in-
escapable foot shocks. TNFq, IL-10, IL-13, IL-17A, IFN-
Y, MIP-1p, IL-3, GM-CSE, IL-1p, IL-5, IL-6, IL-12(p70),
and MIP-1a exhibited similar temporal patterns after a
single stress (Figures 1 and 2). Among these cytokines,
TNFq, IL-10, IL-13, IL-17A, IFEN-y, MIP-14, and IL-3 in-
creased to a maximum of 3- to 5-fold 12 hr following a
single stress, except for a larger increase in GM-CSE,
followed by a return to near or below control levels after
24 hr (Figure 1), whereas IL-1B, IL-5, IL-6, IL-12(p70),
and MIP-1a levels increased to a maximum of ~1.5- to
3-fold 12 hr after a single stress (Figure 2). Faster in-
creases were exhibited by KC, RANTES, G-CSF IL-1a,
and IL-2, which increased to a maximum ~1.5- to 3-fold
at 6 hr after a single stress, except for a larger increase
in IL-1a, and returned to near control levels after 24 hr
(Figure 3). IL-12(p40) levels did not increase, but de-
creased, after a single stress (Figure 3). ELISAs were
used to verify the multiplex results of the plasma levels
of TNFa, IL-17A, and IL-10, and both assays showed
similar temporal patterns in the induction of the cyto-
kines (Figure 4).
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Figure 1 Stress increases plasma cytokines. Plasma (A) TNFa, (B) IL-10, (C) IL-13, (D) IL-17A, (E) IFN-y, (F) MIP-18, (G) IL-3, and (H) GM-CSF levels
after inescapable foot shocks. Mice were acutely stressed with inescapable foot shocks once, or two times separated by 24 hr. Plasma was collected 1,

6, 12, and 24 hr after a single session of inescapable foot shocks, and 15 min, 1, 3, and 6 hr after two daily inescapable foot shock sessions. Plasma from
three to four mice was pooled and cytokines were measured by multiplex. Values shown as 0 were below the detection limits.
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Figure 2 Changes in plasma cytokines after stress. Plasma (A) IL-13, (B) IL-5, (C) IL-6, (D) IL-12(p70), and (E) MIP-1a levels after inescapable foot
shocks. Mice were acutely stressed with inescapable foot shocks once, or two times separated by 24 hr. Plasma was collected 1, 6, 12, and 24 hr
after a single session of inescapable foot shocks, and 15 min, 1, 3, and 6 hr after two daily inescapable foot shock sessions. Plasma from three to

four mice was pooled and cytokines were measured by multiplex. Values shown as 0 were below the detection limits.

Stress pretreatment increases the rate of induction of
several cytokines induced by a second stress

To test if a prior stress affects stress-induced cytokine
production, mice were subjected to identical inescapable
foot shocks at a 24 hr interval, a time at which the
plasma levels of nearly all cytokines had returned to near
basal levels after a single stress. Plasma cytokines were
measured at 15 min, 1, 3, and 6 hr after the second
stress in 3—4 mice. For most cytokines, a prior stress in-
creased the rate, but not the magnitude, of stress-
induced increases in the cytokines (Figures 1, 2 and 3).
Most cytokines increased to a maximum of 2- to 6-fold
1 hr after the second stress, demonstrating a more rapid
induction than that caused by a single stress, but reaching

a similar maximum increase. The rate of return of plasma
cytokines to basal levels also was increased, as they
reached near control levels 6 hr after the second stress,
whereas the return to basal levels was generally slower fol-
lowing a single stress. However, two stresses caused mod-
estly larger increases in the plasma levels of several
cytokines, including TNFa (Figure 1a), IFNy (Figure le),
MIP-1p (Figure 1f), GM-CSF (Figure 1h), IL-12(p70)
(Figure 2d), and KC (Figure 3a), than did a single stress.
G-CSF levels increased much less after two stresses than
after a single stress (Figure 3c). ELISA measurements of
TNFa, IL-17A, and IL-10 confirmed the significant in-
creases 1 hr after two stresses, and the return to basal
levels after 6 hr (Figure 4).



Cheng et al. BMIC Neuroscience (2015) 16:31

Page 5 of 8

KC

=&=double stress =@=single stress

=¢=double stress =@=single stress

Time(h)Ctl 2 4 6 8 10 12 24

5
0 0
Time(h)Ctl 2 4 6 8 10 12 24 Time(h) Ctl 2 4 6 8 10 12 24
C G-CSF D IL-1a
—o—double stress -@=single stress 25 —o—double stress —@=single stress
120 :
20
90
E 0 E 15
2 2 10 /~.
30 5
/ ~o
0 /| 0 !/
Time(h)Ctl 2 4 6 8 10 12 24 Time(h) Ctl 2 4 6 8 10 12 24
E IL-2 F IL-12(p40)

Figure 3 Plasma cytokine levels after stress. Plasma (A) KC, (B) RANTES, (C) G-CSF, (D) IL-1q, (E) IL-2, and (F) IL-12(p40) levels after inescapable
foot shocks. Mice were acutely stressed with inescapable foot shocks once, or two times separated by 24 hr. Plasma was collected 1, 6, 12, and 24
hr after a single session of inescapable foot shocks, and 15 min, 1, 3, and 6 hr after two daily inescapable foot shock sessions. Plasma from three
to four mice was pooled and cytokines were measured by multiplex. Values shown as 0 were below the detection limits.
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Discussion

This comprehensive evaluation of mouse plasma cyto-
kines revealed substantial increases in the plasma levels
of a broad range of cytokines in response to acute stress
induced by inescapable foot shocks. The stress-induced
increases in plasma cytokines increased rather slowly to
reach peak levels after 6 to 12 hr in most cases. How-
ever, preconditioning 24 hr previously with acute stress
accelerated the stress-induced production of cytokines,
whereas preconditioning generally did not alter the amp-
litude of the increases in cytokine levels. Thus, stress in-
creases the plasma levels of many cytokines and a prior
stress increases the rate of the inflammatory response

induced by stress but does not change the magnitude of
the inflammatory response for most cytokines.

Acute stress induced by a single session of inescapable
foot shocks increased the plasma levels of 18 cytokines
in mice. Previously, several types of psychological stress
have been reported to increase serum levels of IL-1f, IL-
6, or TNFa in rodents. Inescapable tail shocks induced
an increase of serum IL-1f rapidly after stress, followed
by a decrease after 24 hr, but intermediate times be-
tween 2 and 24 hr were not evaluated [20,21]. Several
studies reported that plasma or serum IL-6 levels in-
creased rapidly after inescapable foot or tail shocks,
immobilization, restraint, and exposure to a novel open-
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Figure 4 Stress-induced increases in TNFa, IL-17A, and IL-10. Verification of multiplex measurements of (A) TNFa, (B) IL-17A, and (C) IL-10 by
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field [19,21,32-34]. Serum TNFa levels, but not IL-6 or
IL-10, were reported to increase after chronic mild stress
[22]. In a more comprehensive evaluation of plasma
cytokines following stress, we found that in addition to
IL-1B, IL-6 and TNFa, inescapable foot shocks also in-
creased plasma levels of IL-3, IL-10, IL-13, [L-17A, IL-5,
GM-CSE, IL-12(p70), IFN-y, MIP-1a, MIP-1p, IL-1a, IL-
2, KC, RANTES and G-CSF. Peak plasma cytokine levels
were found to be later than times examined in the previ-
ous studies noted above, with maximum levels occurring
in the range of 6 to 12 hr. This temporal difference may
be due to different stresses that were studied, or to a
focus on early times after stress in previous reports. The
signaling mechanisms causing increased plasma cyto-
kines following stress have not been clearly established.
Stress-induced plasma cytokines have been suggested to
originate from the spleen, pituitary gland, and circulating
immune cells, such as macrophages [35-40]. Adrenalec-
tomy and adrenergic receptor antagonists attenuated
stress-induced IL-1f and IL-6 increases [19,21,35,39], in-
dicating that stress-hormones mediate stress-induced
cytokine increases. Regardless of the mechanism, it is evi-
dent that acute stress substantially elevates inflammation,

which may contribute to reports that stress exacerbates
numerous diseases, such as depression, cardiovascular dis-
ease, cancer, and aging [4,41-44].

We also tested if a prior stress influences the inflam-
matory response to stress because previous studies re-
ported that a previous stress increased the inflammatory
response to LPS. For example, prior inescapable tail
shocks increased LPS-induced plasma levels of TNFa,
IL-6, and IL-1p at 1 to 3 hr after LPS treatment
[23,24,36]. Also, prior chronic mild stress increased
serum TNFa and IL-10 levels 2 hr after LPS treatment
[22]. In vitro studies reported that social disruption
stress resulted in higher levels of IL-6 and TNFa pro-
duced by LPS-stimulated splenocytes [45,46], or splenic
CD11b + monocytes [47,48]. We found that exposure to
a prior stress of inescapable foot shocks caused a more
rapid inflammatory stress-response for most plasma cy-
tokines compared with a single stress. Moreover, we
found that a prior stress did not alter the magnitude of
stress-induced cytokine levels, except for modestly larger
increases of several cytokines. Thus, the major effect of
a preconditioning stress was an acceleration of the sub-
sequent stress-induced increase in plasma cytokines.
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Thus, our data indicates that examination of only one or
two times after treatment may not be sufficient to distin-
guish between stress-potentiated increases in amplitude
or changes in the peak times of cytokines that are in-
duced by stress or LPS. The mechanisms by which two
stresses induces more rapid cytokine production than a
single stress are not known. However, glucocorticoids
that are induced by stress have been suggested to play a
role in the interactions of stress with LPS-induced cyto-
kines, which may also be relevant to responses to two
stressful events. For example, corticosterone pretreat-
ment potentiated LPS-induced levels of TNFq, IL-6, and
IL-1B in the liver [49]. Additionally, both pharmaco-
logical and surgical suppression of stress-induced gluco-
corticoids blocked the stress-induced increases of cytokine
production after LPS treatment [50]. Therefore it is pos-
sible that changes in glucocorticoids contribute to the
more rapid release of cytokines after a second stress,
which remains to be investigated.

Conclusion

This study found that in addition to the commonly mea-
sured cytokines, IL-1pB, IL-6, and TNF«, most cytokines
increase in mouse plasma in response to stress. Further-
more, the cytokine inflammatory response to stress is
significantly accelerated by prior exposure to stress. This
may contribute to the deleterious health effects of re-
peated stress, and indicate that rapid application of anti-
inflammatory interventions may be most appropriate in
conditions involving repeated stress.
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