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ABSTRACT
Background: Exhaustive exercise induces apoptosis and oxidative stress in systemic
organs and tissues and is associated with increased levels of pro-inflammatory
cytokines. The effects of acute exercise on cytokine expression and apoptosis of
immune cells in the central nervous system (CNS) have not been well characterized.
Purpose: We investigated the effects of a single bout of strenuous exercise on the
expression of TNF-α, IL-6, and IL-β, as well as the apoptotic status of cells in the
hippocampus of healthy mice. To compare central vs. systemic differences, cytokine
expression in the intestinal lymphocytes of a subset of mice were also assessed.
Methods: Female C57BL/6 mice were divided into three groups: sedentary controls (NOTREAD) (n = 22), treadmill exercise with immediate sacrifice (TREADImm) (n = 21), or treadmill exercise with sacrifice after 2 hours (TREAD-2h).
TNF-α, IL-6, and IL-1β expression in the hippocampus and intestinal lymphocytes were measured by Western blot analysis. Percentages of hippocampal cells
undergoing apoptosis (Annexin+) or necrosis (Propidium Iodide+) were determined through flow cytometry. Plasma levels of 8-isoprostane and corticosterone
were measured using commercially available EIA kits.
Results: Acute treadmill exercise led to significant decreases in TNF-α (p<0.05)
and increases in IL-6 (p<0.05) expression in the hippocampus of healthy mice. No
effects of acute exercise on the apoptotic status of hippocampal cells were
observed. In intestinal lymphocytes, the exercise bout led to significant increases
in TNF-α (p<0.05), IL-6 (p<0.05), and IL-1β (p<0.05). Acute exercise was associated with a significant increase in both plasma 8-isoprostane (p<0.05) and corticosterone (p<0.05) levels.
Conclusion: Acute exercise differentially affects the pattern of pro-inflammatory
cytokine expression in the hippocampus compared to intestinal lymphocytes and,
further, does not induce apoptosis in hippocampal cells.
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INTRODUCTION
Exercise can have a positive and a negative impact on the immune system depending on its duration and intensity. Acute exercise is associated with reduced immune
function and increased risk of infection (22; 27; 34). Moreover, exhaustive exercise leads to leukocytosis immediately followed by lymphocytopenia (40), which
may be due in part to exercise-induced DNA fragmentation and apoptosis (26; 29;
31). Many of these effects are thought to be the result of increased oxidative stress
in the affected tissues. Oxidative stress is an imbalance between endogenous
antioxidants, such as superoxide dismutase and glutathione peroxidase, and reactive oxygen species (ROS), such as superoxide, hydrogen peroxide and hydroxyl
radical (48). Acute exercise leads to increases in oxygen consumption, which then
results in the formation of ROS and consumption of intracellular antioxidant levels, alterations in mitochondrial membrane potential, and DNA damage leading to
apoptosis (29; 42). Essential components of apoptotic cell death are caspase-3 and
caspase-7 (2; 15) both of which are significantly elevated after prolonged exhaustive exercise (18; 19; 20). In addition to changes in oxygen metabolism, acute
exercise alters the cytokine balance systemically. For example, physical activity at
intensities greater than 70% VO2max increases the levels of TNF-α (a cytokine that
can activate apoptosis) in plasma (36; 51; 53; 57) and colonic lymphocytes (19;
20). Similar exercise-induced increases were also observed for the cytokines IL-1β
and IL-6 (36; 51; 57) suggesting that strenuous exercise (and especially eccentric
exercise with muscle damage) results in inflammation.
Few studies, however, have determined if acute exercise affects pro-inflammatory cytokine status in the central nervous system (CNS) and none have examined its effects on apoptosis of immune cells in the brain. Scopel et al. (47) found
that in rats two weeks of treadmill exercise at 60% VO2max worsens existing damage to hippocampal mitochondria induced by in vitro oxygen and glucose depletion. In contrast, Ackigoz et al. (1) reported that exhaustive treadmill running (25
m/min, 5° slope) in Wistar rats did not change superoxide dismutase (SOD) and
glutathione peroxidase (GPx) enzyme activities or thiobarbituric acid reactive
susbstance (TBARS) levels in the hippocampus, prefrontal cortex, or striatum;
this exercise protocol was therefore not associated with significant lipid peroxidation in these brain compartments. In an older study, Radak et al. (45) reported that
exhaustive treadmill exercise at 24 m/min and 15% incline did not alter levels of
SOD, catalase, GPx or TBARS in the hippocampus and cerebellum of rats.
Somani et al. (49) reported no changes in SOD activity in the cortex, striatum,
cerebellum, medulla, and hypothalamus of rats following treadmill exercise at
100% VO2max for 40 min. Together these results imply that the brain is protected
from the systemic inflammatory damage related to oxidative stress which occurs
with high-intensity aerobic exercise.
However, a recent review by Packer et al. (38) suggests that acute exercise may
still pose an inflammatory “threat” to the CNS. Steensberg et al. (52) found that
cerebrospinal fluid (CSF) levels of HSP72 (an indicator of oxidative stress) were
increased 5-fold in healthy men who underwent 2 hours of cycle ergometry; no
changes in CSF IL-6 concentrations were noted and TNF-α levels remained undetectable before and after the exercise bout. In contrast, cerebral IL-6 levels (as
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measured by internal jugular venous to arterial differences) were significantly elevated in men who participated in two successive 60 min bouts of cycle ergometry
(35). Animal studies (8; 9; 10) also indicate that muscle-damaging downhill treadmill exercise in mice leads to elevations in IL-1β in the cortex and cerebellum
through activation of perivascular and meningeal macrophages. Thus, the direction
of effects of exhaustive exercise on CNS brain inflammatory cytokine responses is
unclear and some of this variation may be due to inter-species differences. This is
in contrast to the generally pro-inflammatory and apoptotic responses observed in
the peripheral compartments after acute exercise. Moreover, the issue of exerciseinduced apoptosis in brain immune cells has gone unexplored.
The purpose of this study was to examine the effects of a single bout of acute,
strenuous exercise on the expression of classical pro-inflammatory cytokines
(TNF-α, IL-1β, IL-6) and apoptotic status in the hippocampus of healthy mice.
This brain region was chosen because it is involved in cognition, memory, and the
stress response (12; 33). In addition, plasma levels of 8-isoprostaglandin F2α and
corticosterone were measured to determine whether the exercise protocol was sufficient to elicit a stress response. A second purpose was to compare these proinflammatory cytokine responses centrally vs. peripherally following the acute
exercise challenge. We hypothesized that exposure to a strenuous bout of aerobic
exercise would lead to increases in the expression of hippocampal TNF-α, IL-1β,
and IL-6, coupled with increases in the apoptotic status of hippocampus cells, in a
manner similar to intestinal lymphocytes (i.e., a peripheral lymphoid compartment). Through this investigation, the relationship between indicators of exerciseinduced oxidative stress in the plasma and apoptosis and central inflammatory
processes in hippocampal immune cells was explored.

MATERIALS & METHODS
Animals
Female C57BL/6 mice (n = 63) (Harlan Indianapolis, IN, USA), 4-5 months of
age, were housed in individual cages at 21 ± 1 °C, on a 12/12 h reversed light/dark
cycle. Ad libitum access to a standard rodent diet (Lab Rodent Chow, PMI Feeds,
Richmond, IN, USA) and tap water were provided. The experimental procedures
adhered to the guidelines established by the Canadian Council on Animal Care and
were approved by the University Animal Research Ethics Committee.
Exercise protocol
Mice were matched on weight and randomly assigned to one of three treadmill
exercise conditions: (1) treadmill running (90 min, 2° slope) with sacrifice immediately after exercise (TREAD-Imm; n = 21), treadmill running (same duration,
speed and grade) with sacrifice 2 h after exercise (TREAD-2h; n = 20), and control
animals that were exposed to treadmill noise and vibrations for 90 min, without
running, before sacrifice (NOTREAD; n = 22). The running protocol consisted of a
10 min warm-up, 30 min at 22m/min, 30 min at 25 m/min, 30 min at 28 m/min, and
a 5 min deceleration to 0 m/min on an Omni-Max metabolic treadmill (Omni Tech
Electronics, Columbus, OH, USA). All running took place at the beginning of the
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dark cycle (between 7 and 9 am). Mice were motivated to run by gentle prodding
using a nylon brush and were fasted overnight prior to the start of exercise.
Plasma collection
Mice were sacrificed by sodium pentobarbital overdose (0.6-0.8 cc per mouse,
i.p.). After confirmation of a negative toe pinch response, skin was grasped at the
mid-ventral position of the body and an incision was made across the chest to
expose the rib cage. This was cut to expose the heart, and blood was collected
immediately using a heparinized syringe. Blood was centrifuged at 1500 g for 6
min and plasma was collected and stored at -80 °C until analysis of corticosterone
and 8-isoprostaglandin F2α.
Hippocampus removal and single cell suspensions
Excision of mouse hippocampi was performed according to Hassan et al. (16). All
brain dissections took place on an ice-mounted stage. Decapitation was completed immediately following sacrifice. A midline incision was made along the skull,
granting access to underlying structures, and the brain was excised and washed in
cold PBS (0.5% BSA/PBS), transferred to the dissection stage and bisected at the
midline. A clean number-1 paintbrush was inserted into the fissure beneath the
dorsal cerebral cortex, and the hippocampi from both hemispheres were visualized, isolated, and placed in 1.5 mL RPMI (1640, 2.5% FCS), pressed through a
70 µm cell strainer, and centrifuged at 1500 RPM for 5 min. Cells were resuspended in 5 mL RPMI at room temperature, layered over 5 mL of Lympholyte M
(Cedarlane Laboratories, Hornby, ON, Canada), and centrifuged at 1250 g for 20
min. Cells at the interface were recovered, washed, suspended in 300 µL PBS and
counted by microscopy. Cell samples were stored at -80 °C until analysis.
Assessments of apoptosis of hippocampal cells
Immediately following the preparation of hippocampal single cell suspensions,
1 x 105 hippocampal cells were incubated for 15 min in the dark with 2.5 µl of
Annexin V-FITC (Pharmingen, San Diego, CA, USA), 2.5 µl of Propidium Iodide
(PI) (Sigma Chemical, St. Louis, MO, USA), and 100 µl of Annexin binding
buffer, in order to obtain percentages of apoptotic and necrotic cells as has been
previously described (18).
Protein determination and Western blot analysis of hippocampal cell and
α, IL-1β
β, and IL-6
intestinal lymphocyte TNF-α
Hippocampal cells were lysed, placed on ice for 45 min, and the lysates centrifuged (10,000 g, 15 min) for protein determination by bicinchoninic acid
(BCA) assay. Protein supernatant (40 µg) and molecular weight markers (Full
Range Rainbow, Amersham Biosciences, Buckinghamshire, UK) were separated
by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE, 1215%), transferred to a polyvinyldiene fluoride (PVDF) membrane, and stained
with Ponceau S to confirm quality of transfer and equal loading. Membranes were
then incubated with primary antibody for 1 h (1:200 in 10% FBS-TBST): TNF-α
(sc-1350), IL-1β (sc-71435), or IL-6 (sc-1265) (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), and subsequent incubation with secondary antibody for 1 h:
horseradish peroxidase-conjugated anti-goat (TNF-α) or anti-mouse (IL-1β, IL-6)
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at 1:2000 in FBS-TBST. Protein quantity was determined using ECL Plus Western blotting detection reagent (Amersham Biosciences, Buckinghamshire, UK)
and the ChemiGenius 2 Bio-imaging system (Cambridge, UK). Intestinal lymphocytes were collected as described (20) from a subset of mice (n = 30) for comparison with hippocampal cells and to be used as internal controls to document
whether the acute exercise protocol led to previously observed systemic cytokine
changes in TNF-α, IL-1β, and IL-6. Western blot analysis of intestinal lymphocytes was performed as described above for hippocampus.
Corticosterone assessment
Plasma samples were assessed for corticosterone levels using a commercially
available enzyme immunoassay (EIA) kit (Cayman Chemical, Ann Arbor, MI,
USA). Purification requirements of the samples were determined using the cold
spike protocol, and concentration of corticosterone was measured at 412 nm using
a PowerWave 340 microplate spectrophotometer (Biotek Instruments, Vermont,
USA), according to the manufacturer’s protocol. All samples were run in duplicate. The intra-assay % CV was 6.3% and the lower detection limit was 30 pg/ml.
8-isoprostaglandin F2α assessment
Plasma 8-isoprostaglandin F2α (8-isoprostane) levels were quantified using a
direct EIA kit (Cayman Chemical, Ann Arbor, MI, USA). Samples were
hydrolyzed (25 µl 10 N NaOH: 100 µl sample) at 45 °C for 2 h, neutralized with
12 N HCl, centrifuged (5 min, 14,000 g), and supernatant incubated with 8-isoprostane antibody for 24 h at 4 °C. Absorbance was measured at 405 nm at room
temperature (PowerWave 340 microplate spectrophotometer, Biotek Instruments,
Vermont, USA). All samples were run in duplicate. The intra-assay % CV was
8.6% and the lower limit of detection was 2.7 pg/ml.
Statistical analysis
Cytokine concentrations and measures of apoptosis and necrosis were analyzed
using one-way ANOVA with acute treadmill exercise challenge (3 levels:
NOTREAD, TREAD-Imm, TREAD-2h) as the independent factor and cytokine
protein expression, % Annexin+, and % PI+ as the dependent factors (SPSS Version 18; Chicago, IL, USA). Corticosterone and 8-isoprostane levels were analyzed using one-way ANOVA with acute treadmill exercise challenge (2 levels:
NOTREAD, TREAD-Imm) as the independent factor and corticosterone and 8isoprostane concentrations as the dependent factor (SPSS Version 18; Chicago,
IL, USA). Post hoc analysis was determined with Tukey’s HSD test and all
ANOVAs results were checked for homogeneity of variance with Levene’s test).
Significant difference from chance alone was accepted if p < 0.05; all values are
expressed as group means ± 1 SEM for respective units.

RESULTS
Body Mass
At sacrifice, the mean body mass of mice was 26.7 ± 0.8 g (NOTREAD: 27.7 ±
0.7 g; TREAD-Imm: 26.1 ± 0.8 g; TREAD-2h: 26.2 ± 0.8 g) and these groups did
not differ (F (2, 62) = 1.309, n.s.).
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Apoptosis
No differences were observed with respect to the percentage of Annexin+ (F (2,
62) = 0.231, n.s.) or PI+ (F (2, 62) = 0.696, n.s.) hippocampal cells between the
NOTREAD (Annexin+: 4.0 ± 0.3 %; PI+: 3.6 ± 0.3 %), TREAD-Imm (Annexin+:
4.2 ± 0.3 %; PI+: 4.0 ± 0.3 %), and TREAD-2h (Annexin+: 3.9 ± 0.3 %; PI+: 3.8 ±
0.3 %) mice.
Hippocampal Cytokines
Figure 1 shows the effects of acute treadmill exercise on the expression of proinflammatory cytokines (in Arbitrary Units [AU]) in the hippocampus. There was
a significant effect of acute treadmill exercise on TNF-α expression (F (2, 58) =
3.31, p < 0.05) and expression of this cytokine was lower in TREAD-Imm (1.1 ±
0.1 AU) and TREAD-2h (1.1 ± 0.1 AU) compared to NOTREAD (1.4 ± 0.1 AU)
mice. Acute exercise significantly affected IL-6 expression in mouse hippocampus (F (2, 58) = 6.23, p < 0.05) with this cytokine being higher in TREAD-2h (1.2
± 0.06 AU) compared to NOTREAD (0.9 ± 0.06 AU) and TREAD-Imm (1.0 ±
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Figure 1
Cytokine (TNF-α, IL-6, IL-1β) expression [AU] in hippocampal cells of mice given a single
acute exercise bout and sacrificed immediately (TREAD-Imm) or after 2 hours (TREAD-2h)
versus sedentary controls (NOTREAD). Panel A: TNF-α expression. Panel B: IL-6 expression. Panel C: IL-1β expression. Values are means ± one standard error. Significance compared to NOTREAD control indicated by an asterisk (*). See text for details of analysis.
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Figure 2
Cytokine (TNF-α, IL-6, IL-1β) expression [AU] in intestinal lymphocytes of mice given a single acute exercise bout and sacrificed immediately (TREAD-Imm) or after 2 hours (TREAD2h) versus sedentary controls (NOTREAD). Panel A: TNF-α expression. Panel B: IL-6
expression. Panel C: IL-1β expression. Values are means ± one standard error. Significance
compared to NOTREAD control indicated by an asterisk (*). See text for details of analysis.

0.06 AU) animals. Expression of IL-1β in mouse hippocampus did not differ as a
function of acute treadmill exercise (F (2, 58) = 0.23, n.s.).
Intestinal Lymphocyte Cytokines
Figure 2 shows the effects of acute treadmill exercise on the expression of proinflammatory cytokines in intestinal lymphocytes. There was a significant effect
of acute treadmill exercise on TNF-α expression (F (2, 28) = 5.21, p < 0.05) due
to higher expression in TREAD-Imm (1.4 ± 0.1 AU) compared to the NOTREAD
(1.0 ± 0.1 AU) mice. TNF-α expression in intestinal lymphocytes was also elevated in TREAD-2h (1.3 ± 0.1 AU) compared to NOTREAD animals, but this difference only approached significance (p = 0.06). A significant effect of acute exercise on intestinal IL-6 was found (F (2, 28) = 6.60, p < 0.05). A small and nonsignificant decrease in IL-6 expression occurred in the intestinal lymphocytes
from TREAD-Imm (0.9 ± 0.1 AU) mice compared to NOTREAD (1.1 ± 0.1 AU)
mice. The TREAD-2h (1.3 ± 0.1 AU) mice, however, had significantly higher
expression of IL-6 in intestinal lymphocytes to the NOTREAD animals. Intestinal
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lymphocyte IL-1β expression was affected by acute exercise (F (2, 29) = 5.13, p <
0.05) with this cytokine elevated in the TREAD-IMM (1.2 ± 0.1 AU) and
TREAD-2h (1.3 ± 0.1 AU) compared to the NOTREAD (0.9 ± 0.1) mice.
Representative immunoblots for TNF-α expression in hippocampal cells and
intestinal lymphocytes for NOTREAD, TREAD-Imm, and TREAD-2h mice are
shown in Figure 3. Note that only the smaller (17 kDa) cleaved form of the
cytokine was analyzed and presented in Figure 1 Panel A and Figure 2 Panel A.
The larger pro-form (28 kDa) was not analyzed.
Figure 3

Figure 3
Representative immunoblots for TNF-α in hippocampal cells and intestinal lymphocytes of
mice given a single acute exercise bout and sacrificed immediately (TREAD-Imm) or after 2
hours (TREAD-2h) vs. sedentary controls (NOTREAD). Arrows indicate molecular weight
(kDa) for the two forms of TNF-α: a larger pro-form at 28 kDa and a smaller cleaved form at
~17 kDa. Only the smaller molecular weight cytokine was analyzed in the experiments.

Cortisterone and 8-isoprostaglandin F2α (8-isoprostane)
Figure 4 shows the plasma corticosterone (Panel A) and 8-isoprostane (Panel B)
responses to acute treadmill exercise. The treadmill running led to a significant
increase in plasma corticosterone concentration (F (1, 39) = 60.25, p < 0.05) in
TREAD-Imm (99.8 ± 5.7 ng/ml) compared to NOTREAD (37.5 ± 5.7 ng/ml)
mice. Acute treadmill exercise also was associated with a significant increase in
plasma 8-isoprostane levels (F (1, 32) = 7.53, p < 0.05) in TREAD-Imm (97.3 ±
6.2 pg/ml) compared to NOTREAD (73.5 ± 6.0 pg/ml) mice. Plasma corticosterone and 8-isoprostane levels were not assessed in the TREAD-2h group as previous studies (17; 20) have shown that differences in these measures are no longer
significant after a 2 hour rest period.
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Figure 4
Plasma corticosterone and 8-isoprostane concentrations in mice given a single acute exercise bout and sacrificed immediately (TREAD-Imm) or after 2 hours (TREAD-2h) versus
sedentary controls (NOTREAD). Panel A: Plasma corticosterone concentrations [ng/ml].
Panel B: Plasma 8-isoprostane concentrations [pg/ml]. Values are means ± one standard
error. Significance compared to NOTREAD control indicated by an asterisk (*). See text for
details of analysis.

DISCUSSION
We determined the effects of a single bout of strenuous aerobic exercise on cellular apoptosis and necrosis, and on the expression of pro-inflammatory cytokines
in the hippocampi of healthy mice. A secondary objective was to evaluate intestinal lymphocyte pro-inflammatory cytokine expression in a subset of the experimental groups, along with physiological markers of stress, to determine that the
exercise protocol was sufficient to elicit inflammatory cytokine changes as we
previously reported (19; 20).
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Although several studies have investigated the phenomenon of acute exerciseinduced apoptosis in systemic lymphoid compartments, no previous studies, to
our knowledge, have explored such effects in the healthy brain. Our novel results
suggest that the hippocampus may be protected against the loss of cells incurred
as a result of intense physical activity. This perspective is suggested by related
findings in the literature. For example, Kim et al. (23) investigated the hippocampi obtained from rats undergoing 10 days of treadmill exercise following
induced traumatic brain injury (TBI). TBI was found to impair short-term memory, increase DNA fragmentation, elevate caspase-3 and Bax expression, and
decrease Bcl-2 protein expression in the hippocampus. However, in the exercised
animals, there was less memory impairment, DNA fragmentation, and caspase-3
and Bax expression, indicating that physical activity reduces the apoptosis associated with central trauma. Although this study examined repeated bouts of treadmill running over a 10 day period, each “session” of forced exercise did not exacerbate traumatic damage. Um et al. (54) found that long-term treadmill running
inhibits the apoptotic cascade in the brain by reducing cytochrome c, caspase-9,
and caspase-3 protein levels, while inducing the expression of superoxide dismutase-1, catalase, and Bcl-2 to combat the effects of oxidative stress. Radak et al.
(46) examined the effects of a prolonged acute exercise bout on markers of oxidative damage in the hippocampus of rats following a period of stress; immobilization increased lipid peroxidation, carbonylated protein concentration, DNA damage, and reduced glutamine synthetase activity. A single bout of acute exercise
was able to restore levels to those observed in control animals. We suggest that
intense aerobic exercise (at least at the intensity and duration used in this study)
may not be sufficient to generate apoptotic conditions in the brain, and instead
initiates the generation of conditions that may even be anti-apoptotic. Nevertheless, the literature in this area is limited (38), and caution must be used when comparing these studies: some utilized training (54), others repeated acute exercise
(23), and still others a single-bout of acute exercise (46).
In contrast to our initial hypothesis, high-intensity exercise decreases the
expression of TNF-α and increases the expression of IL-6 in the hippocampus.
IL-6 has both pro- and anti- inflammatory functions, depending on the surrounding cytokine milieu, and elevated plasma IL-6 inhibits circulating levels
of TNF-α both directly and through up-regulation of the soluble TNF receptor
and IL-1ra (39; 41; 50). Thus, the higher IL-6 and lower TNF-α expression
observed in our study may be a “mechanism” not only where acute exercise
leads to decreased immunity to infection, but also preserves cognitive capacity,
immediately after the physical stressor. TNF-α has a largely anti-pathogenic
activity and is found throughout many areas of the central nervous system. It is
responsible for MHC I and II expression in the glia and is highly involved in
nitric oxide production in the CNS as a means of eliminating infectious agents.
In contrast, IL-6 is primarily localized within the hippocampus and prefrontal
cortex, promotes neuron survival factor, protects against excitotoxic brain damage, and has stress modulating effects on cognition (56). Acute exerciseinduced increases in central IL-6 expression may also be responsible for greater
cognitive task performance during, and immediately after, exercise bouts of
varying intensity (5; 24).
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We also found that the pattern of cytokine expression in the CNS differs from that
of intestinal (systemic) tissues after an acute exercise challenge. In the hippocampus there were decreases in TNF-α, increases in IL-6, and no change in IL-1β
expression after an acute exercise challenge in mice. In the intestine, however, all
of the pro-inflammatory cytokines (TNF-α, IL-6, IL-1β) showed increased
expression. The intestinal lymphocyte cytokine pattern confirms earlier research
that acute exercise leads to increases in TNF-α, IL-6, and IL-1β expression in
intestinal lymphocytes, blood, and muscle (20; 25; 32). The acute exerciseinduced increase in intestinal TNF-α expression is accompanied by elevations in
pro-apoptotic proteins and lymphocytosis, which are thought to be a result of the
oxidant stress generated by the stressor (20). Administration of an anti-oxidant
prevented exercise-induced lymphocyte apoptosis (44), establishing the fact that
acute exercise can have damaging effects in the intestine (and likely other systemic immune compartments) as a result of oxidative stress. The mechanism of
oxidative stress in the periphery is also indicated by the lack of apoptotic responses in intestinal lymphocytes following injection of corticosterone at concentrations observed with intense treadmill exercise (43).
Acute high-intensity treadmill exercise leads to systemic elevations in markers of
oxidative stress, including plasma 8-isoprostanes and corticosterone concentrations (20; 21; 52). Glucocorticoids, in particular, are modulators of cytokine activity (37) and cortisol secretion is correlated with IL-6 release and TNF-α suppression in blood obtained from major depression patients after an endotoxin challenge
(55). Audet et al. (3) examined these phenomena in male mice, utilizing an acute
psychosocial stressor (pairing of submissive and dominant mice) to evaluate corticosterone and cytokine responses. Mice with high plasma corticosterone responses
to stress also had elevated expression of IL-6 (but not IL-1β) and of mRNA for IL6 and IL-1β in the hippocampus. The authors suggested that IL-1β protein expression increases at a later time-point not considered in their study. In addition, hippocampal TNF-α mRNA in response to stress was unchanged, but pre-frontal cortex TNF-α mRNA production was lower in corticosterone high responders. Circulating levels of corticosterone are thus increased under immunological or psychological stress (14) and in response to intense exercise (7); this is coupled with
increases in brain IL-6 in rats in response to chronic mild stress (30).
In addition, glucocorticoid administration inhibits plasma TNF-α increases that
occur following an endotoxin challenge in healthy humans (4; 6). LPS-induced
serum corticosterone levels are positively correlated with brain IL-6 and IL-1β
concentrations 2 hours after endotoxin challenge (11). Central TNF-α levels were
found to be elevated 16 hours after LPS stimulation whereas plasma (peripheral)
corticosterone, IL-6, and IL-1β levels had already returned to baseline concentrations. Moreover, corticosterone administered intraperitoneally to adrenalectomized rats crosses the blood-brain-barrier with uptake and retention of the hormone in the hippocampus (28). These studies suggest that systemic glucocorticoids (whether from endogenous or exogenous sources), affect central and
peripheral cytokine expression. Thus, it may be the case that exercise-induced
changes in central pro-inflammatory cytokine synthesis or balance are influenced
by corticosterone rather than oxidative responses to the exercise.
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This study is not without limitations. Firstly, we did not separate cell subsets in
the hippocampus in order to determine whether or not there were differential
effects of acute exercise depending on cell type. Instead, our hippocampal single
cell suspensions consisted of a mixture of microglia and other non-immune cells,
making it difficult to interpret the source of cytokines observed, as well as impact
of apoptotic changes in specific cell populations. Another limitation is that only a
single bout of exercise was given prior to sacrifice. Human studies have shown
that successive exercise bouts can lead to major increases in central IL-6 levels
(35) and this must also be addressed in future animal investigations. It is unclear
whether repeated exercise will lead to similar cytokine changes in the mouse hippocampus. Furthermore, this study was cross sectional, as we only measured
changes immediately and two hours after the exercise bout. It cannot be determined from our results whether the differences in cytokine concentrations
observed in the hippocampus and intestine were transient or more long-lasting.
Studies will be needed with additional post-exercise time points to provide this
clarification and to assess the kinetics of central vs. systemic cytokine expression
in immune cells. As such, future experiments should include timed resting controls to address potential temporal effects. In addition, we report on levels of corticosterone in the plasma, but did not measure brain glucocorticoid expression. If
corticosterone is affecting the concentration of central pro-inflammatory
cytokines, it is essential to determine if this is a result of systemic or central
sources of this stress hormone. Furthermore, it needs to be clarified whether corticosterone is actually responsible for the observed cytokine changes. Future investigations may involve repeating the exercise protocol with adrenalectomized
mice, or with administration of cortisol receptor antagonists, to test this hypothesis. Studies must also include testing of other stress hormones, such as catecholamines, and additional markers of oxidative stress, including dichlorofluorescein diacetate. We did not measure apoptotic status (i.e., Annexin V positive) in
intestinal lymphocytes because of limited tissue availability. However, we have
shown elsewhere that aerobic exercise leads to a loss of intestinal lymphocytes
and accompanying increases in apoptotic cells (17). Our experiments were conducted only with female C57BL/6 mice, which did not allow for the determination of any gender-specific effects in the hippocampus or intestine due to acute
exercise. Females were chosen in order to 1) allow comparison with earlier studies from our lab (17; 19; 20), and 2) because they are better runners and show less
bout-length attrition than males of this strain (13).
In conclusion, a single bout of intense aerobic treadmill running in healthy female
C57BL/6 mice does not affect the percentage of apoptotic hippocampal cells, but
alters the expression of pro-inflammatory cytokines by decreasing TNF-α and
increasing IL-6 in the hippocampus immediately and 2 hours after cessation of
exercise. These changes in the brain do not mirror the cytokine changes observed
in intestinal lymphocytes. In the intestine, the expression of pro-inflammatory
cytokines (TNF-α, IL-1β, IL-6) is increased after intense exercise. We suggest
that the oxidative stress that accompanies acute exercise is not sufficient to generate damaging (apoptotic) effects in the central nervous system, as this compartment may be protected to preserve cognitive function during physical activity.
We also tentatively propose that exercise-induced elevations in circulating cortiEIR 18 2012
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costerone levels may be one mechanism to explain the pattern of hippocampal
cytokine expression. Glucocorticoids are known to increase and reduce central
levels of IL-6 and TNF-α, respectively. Future studies on physical activity and the
central expression of specific pro- (e.g., caspases, Bax) and anti- (e.g., Bcl-2)
apoptotic proteins and other pro-inflammatory cytokines will be necessary.
Whether reducing or blocking glucocorticoid release (e.g., adrenalectomy) affects
brain pro-inflammatory cytokine response to acute exercise stress remains to be
determined.
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