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Abstract

Normal aging is associated with low-grade neuroinflammation that results from age-related
priming of microglial cells. Further, aging alters the response to several anti-inflammatory factors,
including interleukin (IL)-4 and IL-13. One intervention that has been shown to modulate
microglia activation in the aged brain, both basally and following an immune challenge, is
exercise. However, whether engaging in exercise can improve responsiveness to anti-inflammatory
cytokines is presently unknown. The current study evaluated whether prior exercise training
increases sensitivity to anti-inflammatory cytokines that promote the M2 (alternative) microglia
phenotype in adult (5-month-old) and aged (23-month-old) C57BL/6J mice. After 8 weeks of
exercise or control housing, mice received bilateral hippocampal injections of an 1L-4/IL-13
cocktail or vehicle. Twenty-four hours later hippocampal samples were collected and analyzed for
expression of genes associated with the M1 (inflammatory) and M2 microglia phenotypes. Results
show that IL-4/IL-13 administration increased expression of the M2-associated genes Fizz1, Ym1,
Arginase-1 (Argl), SOCSL1, IL-1ra, and CD206. In response to IL-4/IL-13 administration, aged
mice showed increased hippocampal expression of the M2-related genes Argl, SOCS1, Ym1, and
CD206 relative to adult mice. Aged mice also showed increased expression of IL-1f relative to
adults, which was unaffected by wheel running or IL-4/1L-13. Wheel running was found to have
modest effects on expression of Ym1 and Fizz1 in aged and adult mice. Collectively, our findings
indicate that aged mice show a differential response to anti-inflammatory cytokines relative to
adult mice and that exercise has limited effects on modulating this response.
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INTRODUCTION

Microglia are the resident immune cells of the central nervous system. In their ramified
resting state these cells constantly scan the microenvironment and upon detecting a change,
they rapidly activate (Kettenmann et al., 2011). The form of this activation is dependent on
the stimulus encountered. Detection of any pathological changes or inflammatory molecules
induces microglia to express the classic inflammatory form of activation, referred to as the
M1 phenotype (Kreutzberg, 1996). M1 microglia increase levels of the activation markers
CD86, major histocompatibility complex 1l and CD11b, proliferate, and release a host of
proinflammatory cytokines such as interleukin (IL)-1p, IL-6, and tumor necrosis factor
(TNF)-a (Kettenmann et al., 2011). Induction of the M1 phenotype provides a rapid and
non-specific immune response in order to clear an invading pathogen by triggering
inflammation. In contrast, microglia are also capable of expressing an alternative or M2
phenotype. This activation state is neuroprotective, characterized by the release of anti-
inflammatory molecules including IL-4, 1L-13, and IL-10 as well as neurotrophic factors
and is thought to promote healing through the resolution of inflammation (Mosser, 2003,
Ponomarev et al., 2007, Pepe et al., 2014). Additionally, the M2 phenotype increases levels
of arginase-1 (Argl) which contributes to wound healing and matrix deposition, chitinase-
like 3 (Ym1), found in inflammatory zone 1 (Fizz1) which promotes deposition of the
extracellular matrix, and CD206 a mannose receptor (Cherry et al., 2014). Prior work has
shown that microglia can be shifted to this neuroprotective phenotype through exposure to
IL-4 and/or 1L-13 (Butovsky et al., 2005, Lee et al., 2013). M2 microglia have been further
broken down into the functional sub-phenotypes M2a, which deals with repair/regeneration,
M2b, which is immunoregulatory, and M2c, which is associated with acquired-deactivation
(Chhor et al., 2013). These M2 categories were originally described in peripheral
macrophages, but microglia show similar forms of activation (Mosser, 2003, Mosser and
Edwards, 2008). M2a and M2c phenotypes are known to reduce M1 inflammatory cytokines
while increasing the anti-inflammatory cytokines IL-10 and IL-4 (Roszer, 2015). Clearly,
cells expressing the M2 phenotype mediate the resolution of inflammation and allow an
organism to recover from an insult.

As the brain ages, microglia become primed towards the inflammatory M1 state (Sierra et
al., 2007). These age-related changes translate to an increase in basal levels of inflammatory
cytokines as well as a prolonged neuroinflammatory and behavioral response following an
immune challenge (Godbout et al., 2005, Sierra et al., 2007, Dilger and Johnson, 2008). An
attenuated response to regulatory factors that limit microglial cell activation likely
contributes to the development of low-grade chronic inflammation within the aged brain.
(Fenn et al., 2012, Lee et al., 2013, Norden and Godbout, 2013). For instance, aged animals
show reduced expression of CD200, which is released by neurons and reduces microglial
cell activation (Frank et al., 2006). Additionally, following exposure to the bacterial
endotoxin lipopolysaccharide (LPS), microglia from aged mice exhibit prolonged down-
regulation of the fractalakine receptor. Activation of the fractalakine receptor helps maintain
microglia in a resting state as well as attenuate inflammation during recovery from an
immune challenge (Wynne et al., 2010, Norden and Godbout, 2013). Further, Fenn et al.
(2012) report that exposing M1 activated microglia from adult mice to IL-4 induced the M2

Neuroscience. Author manuscript; available in PMC 2018 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Littlefield and Kohman Page 3

anti-inflammatory phenotype as evidenced by increased levels of Argl, IL-10, suppressor of
cytokine signaling (SOCS)-1, and SOCS3. However, M1 microglia from aged mice were
unresponsive to IL-4 exposure and maintained a classically activated phenotype. In addition,
aged mice failed to show an increase in the surface expression of IL-4 receptor-alpha
following an immune challenge (Fenn et al., 2012), indicating that age-related deficits in the
IL-4 and IL-13 signaling pathways likely contribute to aberrant microglia activation. Lee et
al. (2013) administered an IL-4/1L-13 cocktail without prior cell activation and found that
three days post treatment aged mice had lower expression of Fizz1 and failed to induce
Argl, Ym1, and insulin-like growth factor (IGF)-1 compared to adult and middle-aged mice,
providing further evidence that induction of the M2 response following stimulation with
IL-4/IL-13 is diminished in the aged.

One possible intervention for attenuating the age-related dysfunction of microglia is
exercise. In aged animals exercise has been shown to down-regulate microglia activation,
attenuate LPS-induced IL-1f production, decrease microglia proliferation, and increase the
proportion of microglia that co-label with IGF-1 and brain derived neurotrophic factor
(BDNF) (Nichol et al., 2008, Barrientos et al., 2011, Kohman et al., 2012, Littlefield et al.,
2015). However, reductions in LPS-induced cytokine expression are not consistently seen.
For example, prior work found that voluntary wheel running did not attenuate LPS-induced
reduction in BDNF or increases in TNF-a, IL-1p, IL-6, and IL-10 in aged mice (Martin et
al., 2013, Martin et al., 2014). In the absence of an immune challenge, exercise has been
shown to increase levels of anti-inflammatory cytokines such as I1L-10 as well as
neurotrophic factors such as BDNF in the brain of young mice (de Almeida et al., 2013).
Collectively, the evidence indicates that exercise may modify microglia activation in the
aged brain, potentially attenuating the age-related priming toward the classic inflammatory
phenotype. Whether exercise is capable of modulating how microglia in the aged brain
respond to M2-inducing signals is currently unknown.

Age-related changes in immune function appear to alter the response to M2-inducing
stimuli. Exercise has been shown to attenuate certain aspects of the age-related priming of
microglia towards the M1 phenotype. Whether exercise alters the ability of aged subjects to
express the M2 phenotype is presently unknown. The objective of the current study was to
determine whether prior exercise increases microglia responsiveness to anti-inflammatory
cytokines in aged animals. Specifically, we determined whether exercise in the form of
voluntary wheel running alters hippocampal expression of M2 (i.e., Argl, Ym1, Fizz1, IL-1
receptor antagonist [1L-1ra], transforming growth factor-p [TGF-g], CD206, and SOCS1)
and M1 (i.e., IL-1pB) associated genes in adult and aged mice following infusion of the anti-
inflammatory cytokines IL-4 and IL-13.

EXPERIMENTAL PROCEDURES

Experimental subjects

Subjects were 31 adult (5-month-old) and 28 aged (23-month-old) C57BL/6J male mice.
Aged mice were purchased from the National Institute on Aging rodent colony maintained
by Charles River and adult mice were bred in-house from breeding stock purchased from
The Jackson Laboratory (Bar Harbor, Maine). Mice were individually housed under a
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reverse light/dark cycle. Throughout the experiment mice were given free access to food and
water. Experimental procedures and animal care were in accordance with the Guide for the
Care and Use of Laboratory Animals and an approved protocol reviewed by the Institutional
Animal Care and Use Committee at the University of North Carolina Wilmington.

Experimental design

Half of the adult and aged mice were semi-randomly assigned to the exercise condition and
were individually housed in polypropylene cages (36 cm L x 20 cm W x 14 cm H)
containing a running wheel (23 cm diameter; Respironics, Bend, OR). Mice had 24-hour
access to the running wheel. The individual wheel cages were connected to a computer
running the Vital View software (Respironics, Bend, OR) that collected the number of wheel
rotations per minute. The remaining adult and aged mice were assigned to the control
condition and were housed individually (29 cm L x 19 cm W x 13 cm H) without a running
wheel. Following eight weeks of exercise or control housing, all mice received bilateral
hippocampal injections of either an M2 promoting cytokine cocktail (containing I1L-4 and
IL-13) or vehicle (0.2M phosphate buffered saline (PBS)), procedure described below.
Within an age group mice were assigned to receive the cytokine cocktail or PBS injection
based on their body weight. For mice in the exercise condition, the total distance ran the
week prior to treatment was also taken into consideration when assigning mice to the
cytokine cocktail or PBS treatment group. These assignment parameters ensured that within
an age group there were no differences in body weight or exercise levels between the
treatment conditions. In total, each of the eight treatment conditions contained 7-8 mice per

group.

Intra-hippocampal infusion procedure

In preparation all mice were given a subcutaneous (s.c.) injection of the analgesic,
buprenorphine (0.05 mg/kg), 15 minutes prior to being anesthetized. Mice were placed in a
small chamber and anesthetized using isoflurane (Allivet, St. Hialeah, FL) at 2.5-3% in air
at 2.5 liters/minute, both of which were delivered through a vaporizer into the chamber.
Once fully anesthetized the head was shaved, the mice were placed in the stereotax, and the
eyes were coated with Vaseline to prevent corneal drying throughout the surgery. During the
surgery, isoflurane was continuously delivered via a nose cone and levels were dropped to
1.5% and air was delivered at 1.5 liters/min. An incision was made to expose the skull and
bregma was located for each individual animal. Bilateral hippocampal infusions were made
—2.10 mm anteroposterior (Y), £ 1.25 mm lateral (X), —1.80 mm dorsal/ventral (Z) to
bregma. A guarded 26-gauge needle was used to drill through the skull in order to allow
passage of the infusion needle into the hippocampus. A 5.0 pl Hamilton syringe (Hamilton,
Reno, NV) controlled by a Quintessential Stereotaxic Injector (Stoelting, Wood Dale,
I1linois) was used to inject the cocktail of M2 promoting cytokines containing IL-4 (400 ng)
and IL-13 (120 ng) in a total volume of 4 pl (2 pl per side) or an equivalent volume of
vehicle (0.2M PBS) into the hippocampus. The vehicle or cytokine cocktail were infused at
a rate of 0.5ul/min. The syringe was left in place for 5 minutes after the infusion was
complete. Vetbond tissue adhesive was then used to close the incision. Bupivacaine at a dose
of 2.5 mg/kg was given as a s.c. injection near the incision site. In order to replace fluids all
mice received an intraperitoneal injection of 0.9% sterile saline (700 cc) before being placed

Neuroscience. Author manuscript; available in PMC 2018 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Littlefield and Kohman Page 5

in a recovery cage on top of a heating pad. Mice were monitored every 15 minutes for the
first hour after surgery and then once an hour for the next 3 hours. To minimize discomfort,
all mice received a second injection of buprenorphine (0.05 mg/kg s.c.) 8-12 hours after
surgery. Individuals performing the infusion procedure were blinded to the animals housing
condition (i.e., exercise or control) and age, though adult and aged mice are often visually
distinct.

Tissue collection

qRT-PCR

Mice were sacrificed 24 hours after the vehicle or M2 cocktail infusion via transcardial
perfusion with 0.9% RNase-free saline. Hippocampus samples within 1mm of the infusion
sites were dissected on ice using a brain block and immediately placed in RNAlater solution
(Qiagen, Valencia, CA) and kept at —20°C.

RNA was extracted from hippocampal samples using the RNeasy Mini kit (Qiagen,
Valencia, CA). The purity of extracted RNA was assessed by a Gen5 Epoch
spectrophotometer (BioTek Instruments, Highland Park, VT); all samples exceeded a purity
(260/280) of 1.95. The High-capacity cDNA reverse transcription kit (Applied Biosystems,
Foster City, CA) was used to convert the extracted RNA into cDNA, which was run in a
thermal cycler using the following protocol: 10 min at 25°C, 120 min at 37°C, and 5 min at
85°C. cDNA samples were stored at —20° C before conducting real-time polymerase chain
reaction (RT-PCR) to assess relative changes in the specific mMRNA transcripts. Hippocampal
samples were analyzed for expression of the target genes IL-1f (MmO00434228_m1), Fizz1
(Mm00445109_m1), mannose receptor (CD206; Mm00485148 m1), IL-1ra
(MmO00446186_m1), SOCS1 (Mm0078255_s1), Ym1 (Mm00657889_mH), Argl
(MmO00475988_m1), and TGF-p (MmO01178820_m1). For TGF-B, there was insufficient
RNA remaining in several samples, therefore levels of TGF-B was assessed using fewer
samples, with treatment conditions ranging from 4-8 mice per group. Expression levels of
the target genes were normalized with the endogenous control gene p-actin
(MmO00607939_s1). There were no significant differences in p-actin expression across
groups. All samples were run in triplicate for the target genes and p—actin by an individual
blinded to the treatment groups. Samples were run in 384-well plates, with each well
containing a 10 pl reaction that consisted of cDNA (80 ng), master mix, and probe/primer.
TagMan™ probe and primer sets were used to determine relative levels of the target and
control gene(s) (Applied Biosystems, Foster City, CA). Samples were run in an Applied
Biosystems Viia7 PCR instrument (Applied Biosystems, Foster City, CA) with the following
cycling conditions: 2 min at 50°C, 10 min at 95°, and 40 cycles of 15 sec at 95°C and 1 min
at 60°C. Data analysis for RT-PCR (DART) was used to determine whether differences in
amplification efficiency existed between treatment conditions as well as between individual
samples within a condition (Peirson et al., 2003). Given that small changes in amplification
efficiency can have sizable effects on gene expression, samples that showed significant
variation in amplification efficiency were removed for a given gene. All treatment conditions
were confirmed to have similar amplification efficiencies. Data were then analyzed with the
278ACT method to determine relative changes in gene expression compared to the adult
control vehicle-treatment mice.
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Statistical analyses

Body weight data and wheel running data (distance ran) were analyzed by repeated
measures ANOVA with age as the between-subject factor and day or week as the within-
subject factor. All data had equal variance across treatment groups. Normality was
determined by the Shapiro-Wilk test. When needed, log or exponential transformations were
employed to achieve normality. Gene expression data were analyzed by three-way ANOVA
with age (adult or aged), exercise condition (exercise or control), and infusion treatment
(IL-4/1L-13 cocktail or vehicle) as the between-subject variables. If the overall F for an
interaction was significant, Fisher’s least significant difference was used as the post hoc test
to identify which groups were significantly different. A p<0.05 was considered statistically
significant.

RESULTS

Wheel running data

A significant age by day interaction showed that on select days during the 8 weeks of
exercise the adult mice ran a longer distance than the aged mice (F(55, 1540)=2.04, p<0.001,
see Figure 1). Overall the adult mice ran an average of 4.48 km/day and the aged mice ran
an average of 4.18 km/day.

Hippocampus RNA M1 Marker: IL-1B

A significant main effect of age as well as an age by exercise condition interaction for
hippocampal expression of IL-1p (F(1, 51)=15.787, p<0.001; F(1, 51)=4.41, p<0.05,
respectively, see Figure 2) showed that aged control mice, regardless of their treatment
condition, had higher levels of IL-1p compared to adult control mice (p<0.001). Exercise
increased levels of IL-1f in adult, but not aged, mice (p<0.01). IL-4/IL-13 administration
had no effect on IL-1p expression, as vehicle- and I1L-4/1L-13-treated mice did not differ.

Hippocampus RNA M2 Markers: Fizz1, Ym1, Argl, CD206, IL-1ra, SOCS1, and TGF-p

Administration of IL-4/IL-13 increased expression of all M2 genes relative to vehicle-treated
mice, as shown by significant main effects of treatment for hippocampal expression of Ym1
(F(1, 51)=721.69, p<0.001, see Figure 3A), Fizz1 (F(1, 51)=711.75, p<0.001, see Figure
3B), TGF-B (F(1, 43)=7.52, p<0.005, see Figure 3C), Argl (F(1, 51)=414.596, p<0.001, see
Figure 4A), SOCS1 (F(1, 47)=136.70, p<0.001, see Figure 4B), IL-1ra (F(1, 51)=7.34,
p<0.01, see Figure 4C), and mannose receptor (CD206; F(1, 51)=205.46, p<0.001, see
Figure 4D).

For Ym1 there was a significant main effect of age and a three-way interaction between age,
exercise, and infusion treatment (F(1, 51)=5.48, p<0.05; F(1, 51)=5.37, p<0.05, respectively,
see Figure 3A). Findings showed that aged control mice in the vehicle- and I1L-4/IL-13-
treated groups had higher expression of Ym1 compared to adults in the corresponding
treatment conditions (p<0.05). Further, adult 1L-4/1L-13-treated exercise mice had higher
Ym1 expression than adult IL-4/IL-13-treated control mice (p<0.05). Exercise and control
aged IL-4/1L-13-treated mice did not differ (see Figure 3A). For Fizz1 there was a
significant age by exercise condition interaction (F(1, 51)=4.62, p<0.05, see Figure 3B). Post
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hoc testing showed that Fizz1 expression was reduced in the aged exercise mice compared to
aged control mice, when collapsed across the infusion treatment conditions (0<0.05). There
were no differences between the adult and aged mice in either the IL-4/IL-13 or vehicle
group. Further, there was no difference in Fizz1 expression between the adult exercise and
control mice. Exercise had no effect on expression of Argl, CD206, SOCS1, TGF-B, or
IL-1ra.

For both Argl and SOCS1 there were significant main effects of age and significant age by
infusion treatment interactions (F(1, 51)=6.76, p<0.01; F(1, 51)=8.34, p<0.005; F(1,
47)=4.35, p<0.05; F(1, 47)=11.65, p<0.001, respectively, see Figures 4A and 4B) that
showed aged mice had higher expression of both Arg1l and SOCS1 in response to IL-4/1L-13
treatment as compared to adult mice regardless of their exercise condition (p<0.01). There
was no difference in Argl or SOCS1 expression detected between the adult and aged mice in
the vehicle-treated groups. There was a significant age by infusion treatment interaction for
CD206 (F(1, 51)=4.32, p<0.05, see Figure 4D) that showed aged mice in the 1L-4/1L-13
treatment group had higher expression of CD206 than adult mice (0<0.05). There was no
difference in CD206 expression between the adult and aged mice in the vehicle treatment
group. For Fizz1 there was a significant age by treatment interaction (F(1, 51)=4.40, p<0.05,
see Figure 3B). Post hoc analysis showed that treatment with IL-4/IL-13 increased Fizz1
expression in both adult and aged mice (p<0.001). There was no difference in Fizz1
expression between the adult and aged mice in the IL-4/IL-13 or vehicle treatment groups.

For hippocampal IL-1ra expression there was a significant main effect of age (F(1,
48)=23.36, p<0.001, see Figure 4C). Overall aged mice, regardless of whether they received
vehicle or IL-4/IL-13 had higher expression of IL-1ra relative to adult mice (p<0.01). A
significant main effect of age for TGF-p expression (F(1,43)=6.80, p<0.05, see Figure 3C)
showed that overall aged mice had higher expression of TGF-B regardless of their exercise
or treatment condition. Table 1 provides a summary of the significant changes in gene
expression related to age, treatment, and exercise.

DISCUSSION

The current study determined whether voluntary wheel running altered the immune response
to the anti-inflammatory cytokines IL-4 and I1L-13 in adult and aged mice. Results
demonstrate that IL-4/IL-13 increased hippocampal expression of several M2-associated
genes in both adult and aged mice. However, the aged mice showed heightened expression
of the M2-related genes Argl, CD206, Ym1, and SOCS1 in response to IL-4/1L-13. Further,
the current exercise protocol had minimal effects on the anti-inflammatory response, as
expression of majority of the M2-assocaited genes were unaffected by exercise. Collectively,
the data indicate that normal aging can dysregulate the immune response to anti-
inflammatory cytokines and that exercise has a limited ability to modulate this response.

Age-related priming of microglia has been well established to produce a heightened and/or
prolonged M1 response following an immune challenge (Dilger and Johnson, 2008).
However, less is known about how aging affects the induction of an anti-inflammatory M2
response. The present data confirm that infusion of the anti-inflammatory cytokines IL-4 and
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IL-13 induces expression of the M2-associated genes, namely, Argl, Fizz1, CD206, SOCS1,
Ym1, TGF-B, and IL-1ra (Butovsky et al., 2005, Cecilio et al., 2011, Pepe et al., 2014).
However, the animal’s age modulated this response, as aged mice showed increased
hippocampal expression of Argl, CD206, SOCS1, and YmL1 in response to IL-4/1L-13
administration relative to adults. These data are in agreement with prior work showing that
macrophages from aged mice show increased Argl expression in response to 1L-4
administration (Cecilio et al., 2011). Similarly, Kumar et al. (2013) report that twenty-four
hours following a traumatic brain injury (TBI) aged mice showed increased expression of
the M2a-associated genes Argl, Ym1, and CD206 relative to adult mice. Though genes
associated with the M2c acquired deactivation phenotype such as IL-4 receptor-f and
SOCS3 were attenuated in the aged mice following TBI. In response to LPS, aged mice
show increased central expression of both M1- and M2-associated genes when measured 8
or 24 hours after treatment (Henry et al., 2009, Fenn et al., 2012). One possibility is that the
increased expression of the M2-associated genes in the aged mice results from an increase in
TGF-p. Prior research has shown that exposing cultured microglia to TGF-p in combination
with IL-4 potentiates expression of Argl and Ym1 relative to IL-4 alone (Zhou et al., 2012).
Normal aging has been reported to increase TGF-p signaling relative to young adults (Doyle
et al., 2010), an effect that was replicated in the current study. Potentially, the age-related
increase in TGF-p signaling produced a greater induction of the M2-associated genes
following IL-4/1L-13 exposure. Taken together the data indicate that age-related changes in
immune activity can alter the response to anti-inflammatory as well as proinflammatory
events.

In contrast to the present data, Lee et al., (2013) report that aged mice show attenuated
expression of Ym1, Argl, and IGF-1 relative to adult mice following central administration
of IL-4 and IL-13. These seemingly contradictory results likely reflect differences in the
sampling time, as the current study analyzed hippocampal samples 24 hours after treatment
whereas Lee et al. (2013) collected tissue 3 days following treatment. Analysis of the time
course of M2-associated genes in the frontal cortex demonstrates that expression of Fizz1
and Argl are higher 16 hours after IL-4 infusion and begin to decline by 48 hours. Further,
in response to TBI hippocampal expression of the M2 genes Argl, Fizz1, Ym1, and CD206
were elevated within twenty-four hours of injury (Ansari, 2015). Collectively these data may
indicate that normal aging leads to an exaggerated M2 response, but that the duration of this
response is likely blunted in the aged as research demonstrates increased expression early on
and decreased expression at later time points. Additional work is needed to determine
whether the temporal dynamics of the M2 response differ in adult and aged subjects.

Engaging in voluntary wheel running had minimal effects on the M2 response following
IL-4/IL-13 administration, as exercise and control mice within an age group showed similar
levels of Argl, SOCSL1, IL-1ra, TGF-B, and CD206. However, exercise modulated Ym1
expression in the adult and aged mice. Specifically, exercise increased expression of Ym1 in
the adult mice in the IL-4/1L-13 treatment group. Moreover, aged control mice showed
higher I1L-4/1L-13-induced expression of Ym1 relative to adult controls, whereas adult and
aged mice in the exercise condition did not differ indicating that exercise may mildly
attenuate the increase in the aged mice. Additionally, exercise was found to reduce Fizz1
expression in the aged, but not adult, mice regardless of their treatment condition. Both Ym1
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and Fizz1 have anti-inflammatory effects and are implicated in tissue repair, as they
participate in restructuring the extracellular matrix (Colton, 2009). YmL1 levels are elevated
in wounded tissue and decline as the tissue is repaired (Hung et al., 2002, Goren et al.,
2014). Ym1 is proposed to facilitate extracellular matrix organization via interactions with
heparin sulfate and maintaining levels of growth factors that promote repair (Hung et al.,
2002, Colton, 2009). There are no prior data on the effects of exercise on Ym1 expression.
However, research has shown that exercise attenuates Fizz1 expression in lung tissue
following cigarette smoke inhalation (Ma et al., 2013). The authors suggest that exercise-
induced changes in the 1L-4 and IL-13 pathway may contribute to the reduction in Fizz1
expression in the lungs. Whether a similar mechanism occurs in the aged brain is presently
unknown.

An additional factor to consider is the potential for region specific variations in the microglia
response. As evidence indicates that microglia vary in their activation profile depending on
their location within the brain. For instance, Hart et al. (2012) report that microglia show
subtle phenotypic differences in the aged brain depending on whether they reside in white
matter or grey matter. Microglia in white matter tend to show greater age-related increases
of several microglia activation markers compared to microglia in grey matter. Moreover, a
recent report that employed a genome wide analysis of transcriptional changes in four
regions of the adult brain confirmed that microglia phenotypes vary across the brain, as
resting microglia in the cerebellum maintain a more reactive profile compared to resting
microglia in the cerebral cortex and striatum. Whereas resting microglia in the hippocampus
had a moderately reactive profile that fell between the phenotypes expressed by the
cerebellar and cortical microglia (Grabert et al., 2016). These regional differences
subsequently affect how aging impacts microglial cells. While microglia continue to show
regional differences with aging, microglia within the hippocampus start to align with the
microglia in cortical regions whereas microglia in the cerebellum continue to diverge.
Further, microglia show regional differences in activation following LPS exposure, as the
cerebellum and hippocampus show augmented expression of inflammatory-related genes
relative to microglia in the cerebral cortex (Grabert et al., 2016). While aging and/or
exposure to an immune challenge influence microglia activation in all areas of the brain the
magnitude of these effects will vary by location. These regionally distinct microglia may
have the potential to show unique reactions to interventions such as exercise.

In agreement with prior work (Sierra et al., 2007, Kohman et al., 2013), aged mice were
shown to have higher expression levels of IL-1f, confirming that normal aging is associated
with development of chronic low-grade neuroinflammation. In addition, we report that aged
mice also show increased basal expression of IL-1ra relative to adults. Prior work has shown
that serum levels of IL-1ra are elevated in older individuals (Catania et al., 1997, Ferrucci et
al., 2005), but to the best of our knowledge the current data are the first to demonstrate an
age-related increase in IL-1ra in the hippocampus. Administration of endogenous IL-1ra has
been previously shown to normalize the prolonged behavioral deficits and inflammatory
response following an immune challenge in aged animals (Abraham and Johnson, 2009,
Frank et al., 2010), indicating that IL-1ra can attenuate the aberrant immune response in the
aged. The elevated basal levels of IL-1ra in the aged may occur in reaction to the basal
elevations of IL-1p, as IL-1p can initiate the release of IL-1ra along with several other
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molecules (Watkins et al., 1999). Though IL-1ra levels were elevated in the aged mice this
did not reduce expression of IL-1B, as IL-1p levels were elevated basally in the aged mice.
Further, expression of I1L-1ra was significantly increased following IL-4/1L-13 infusion, but
expression of IL-1f was unaltered by IL-4/1L-13 infusion. This inability of IL-1ra to
suppress IL-1p expression likely reflects the fact that the physiological response to IL-1p
requires binding of only a few IL-1 receptors and thus high levels of I1L-1ra are needed to
fully suppress IL-1p activity (Watkins et al., 1999). Findings indicate that normal aging may
alter expression of anti-inflammatory molecules possibly in response to age-related changes
in inflammatory molecules such as I1L-1p.

In the vehicle-infused mice, exercise had minimal effects on expression of M1- and M2-
associated genes. In the aged, exercise had no effect on basal levels of IL-1p or any of the
anti-inflammatory M2 genes. Prior work reports that exercise reduces the age-related
increase in IL-1p (Barrientos et al., 2011, Gibbons et al., 2014). However, other’s including
the present study fail to replicate this effect (Martin et al., 2013, Martin et al., 2014).
Potentially, the duration of exercise training may contribute to the divergent findings as
studies using a shorter length of exercise training report attenuated IL-1p whereas those
using longer training periods 2—-3 months find no difference. Surprisingly, the young adults
with access to a running wheel showed increased expression of IL-1p relative to control
mice. Prior research has found that acute and chronic exercise can induce a transient
increase in IL-1p within the brain (Carmichael et al., 2005, Inoue et al., 2015), potentially
the increase in adult mice reflects an acute effect of exercise as they ran a farther distance
than aged mice prior to tissue collection. Prior work has shown that exercise can increase
efficiency of the immune response, as exercise rats showed higher levels of IL-1p within the
hypothalamus and pituitary following an £. coliinfection (Nickerson et al., 2005). This
heightened response was associated with faster clearance of the £. colibacteria, indicating
faster recovery in the exercise rats. Potentially exercise may enhance aspects of the
inflammatory response to aid in recovery. Further research is needed to disentangle how and
under what conditions exercise stimulates inflammation in the adult brain.

In summary, the present data demonstrate that normal aging modulates the induction of an
anti-inflammatory response, as aged mice showed heightened expression of several M2-
associated genes following IL-4/IL-13 infusion. Additionally, the increase in the anti-
inflammatory cytokines IL-1ra and TGF-p in the aged indicates that basal changes in
immune activity are not limited to proinflammatory molecules. Lastly, results demonstrate
that overall exercise had minimal effects on the induction of an M2 response, though
exercise appeared to modulate expression of Ym1 and Fizz1. Ultimately, these data further
our understanding of how normal aging dysregulates immune function, as aging influences
induction of both the pro- and anti-inflammatory immune response.
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ABBREVIATIONS
IL interleukin
TNF tumor necrosis factor
Argl Arginase-1
Yml chitinase-like 3
Fizz1 found in inflammatory zone 1

SOCS suppressor of cytokine signaling

LPS lipopolysaccharide

IGF insulin-like growth factor

BDNF brain derived neurotrophic factor
IL-1ra IL-1 receptor antagonist

PBS phosphate buffered saline

s.C. subcutaneous

RT-PCR  real-time polymerase chain reaction
TBI traumatic brain injury
TGF-B transforming growth factor-p

SEM standard error of the mean
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Highlights
. Aging dysregulates the anti-inflammatory response to IL-4 and 1L-13
. Exercise has minimal effects on the anti-inflammatory response in the aged
. Aging increases hippocampal expression of interleukin-1 receptor antagonist
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Figure 1.
Average distance (km) run per day by adult and aged mice over eight weeks of running

wheel access. A significant age by day interaction showed that adult mice ran a farther
distance than aged mice on select days (p<0.001). Lines represent means + standard error of
the mean (SEM).
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Figure 2.
Hippocampal expression of IL-1p was significantly increased in aged control mice relative

to the adult control mice regardless of their treatment condition (p<0.001). Exercise
increased expression of IL-1p in adult mice (p<0.01). IL-4/1L-13 treatment did not influence
expression. Fold change is expressed relative to adult vehicle-treated control mice. *
Indicates a significant difference between groups. Bars represent means + SEM.
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Figure 3.

Vehicle

IL-4/IL-13

IL-4/1L-13 treatment increased hippocampal expression of Ym1 (p<0.001; A), Fizz1
(p<0.001; B), and TGF-B (p<0.005; C) compared to vehicle-treated mice. Ym1 expression
was higher in aged control mice compared to adult controls given either vehicle or IL-4/
IL-13 treatment (p<0.05; A). However, there was no difference in Ym1 expression between
the adult and aged mice in the exercise condition. In the IL-4/IL-13-treated adult mice,
exercise increased Ym1 expression relative to adult controls (p<0.05; A). For Fizz1, exercise
overall decreased expression in the aged mice (p<0.05; B). However, no differences in Fizz1
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expression were detected between the adult and aged mice in the vehicle or IL-4/1L-13
treatment conditions. Aged mice overall showed increased expression of TGF- compared
to adult mice (p<0.05; C). Fold change is expressed relative to adult vehicle-treated control
mice. + Indicates a significant difference from IL-4/IL-13-treated mice. * Indicates a
significant difference between groups. Bars represent means + SEM.
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Figure 4.
IL-4/IL-13 treatment increased hippocampal expression of Argl (p<0.001; A), SOCS1

(p<0.001; B), IL-1ra (p<0.01; C), and CD206 (p<0.001; D) compared to vehicle-treated
mice. Aged mice had higher expression of both Argl (p<0.001; A), SOCS1 (p<0.01; B), and
CD206 (p<0.05; D) in response to IL-4/IL-13 treatment compared to adult mice regardless
of their exercise condition. Aged mice, regardless of their treatment condition, showed
higher expression of IL-1ra compared to adult vehicle-treated mice (p<0.01; C). Fold change
is expressed relative to adult vehicle-treated control mice. + Indicates a significant difference
from I1L-4/1L-13-treated mice. * Indicates a significant difference between adult and aged
mice regardless of their exercise condition. Bars represent means + SEM.
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