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We tested whether daily exercise modulates immune and neuroimmune cytokines, hippocampus-depen-
dent behavior and hippocampal neurogenesis in aging male F344 rats (18mo upon arrival). Twelve weeks
after conditioned running or control group assignment, the rats were trained and tested in a rapid water
maze followed by an inhibitory avoidance task. The rats were BrdU-injected beginning 12 days after
behavioral testing and killed 3 weeks later to quantify cytokines and neurogenesis. Daily exercise
increased neurogenesis and improved immediate and 24 h water maze discrimination index (DI) scores
and 24 h inhibitory avoidance retention latencies. Daily exercise decreased cortical VEGF, hippocampal
IL-1b and serum MCP-1, GRO-KC and leptin levels but increased hippocampal GRO-KC and IL-18 concen-
trations. Serum leptin concentration correlated negatively with new neuron number and both DI scores
while hippocampal IL-1b concentration correlated negatively with memory scores in both tasks. Cortical
VEGF, serum GRO-KC and serum MCP-1 levels correlated negatively with immediate DI score and we
found novel positive correlations between hippocampal IL-18 and GRO-KC levels and new neuron num-
ber. Pathway analyses revealed distinct serum, hippocampal and cortical compartment cytokine relation-
ships. Our results suggest that daily exercise potentially improves cognition in aging rats by modulating
hippocampal neurogenesis and immune and neuroimmune cytokine signaling. Our correlational data
begin to provide a framework for systematically manipulating these immune and neuroimmune signal-
ing molecules to test their effects on cognition and neurogenesis across lifespan in future experiments.

Published by Elsevier Inc.
1. Introduction

Developing novel strategies to protect cognition in our burgeon-
ing elderly population is critical for managing the burden and cost
of its care. Hippocampal neurogenesis is a form of plasticity that
declines significantly with age in rodents (Bizon et al., 2004;
Dupret et al., 2008; Kuhn et al., 1996), dogs (Siwak-Tapp et al.,
2007) and non-human primates (Aizawa et al., 2009; Gould et al.,
1999b) primarily because the neural progenitor cell (NPC) precur-
sors of new neurons and glia become increasingly quiescent with
age (Cameron and McKay, 1999). The abundance of neurons added
daily to the young mammalian hippocampus (Cameron and
McKay, 2001) suggests that neurogenesis contributes to hippocam-
pal integrity and indeed, measures of neurogenesis and ability in
hippocampus-dependent tasks generally relate in young mammals
(Deng et al., 2010; but see Epp et al., 2011; Gould et al., 1999a).
Inc.
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Measures of neurogenesis have been related to measures of perfor-
mance in hippocampus-dependent tasks among aged dogs (Siwak-
Tapp et al., 2007), aged non-human primates (Aizawa et al., 2009)
and when an experimental manipulation introduces enough vari-
ability into both measures to detect the relationship in aged rats
(Bizon et al., 2004; Dupret et al., 2008; Kempermann et al., 2002;
Speisman et al., 2012). Combined, these data suggest that protect-
ing hippocampal neurogenesis from the effects of age may also
protect some forms of cognition.

Experimental manipulations that produce neuroimmune re-
sponses can impair hippocampal neurogenesis and cognition. For
example, systemic or central bacterial lipopolysaccharide (LPS)
injections activate microglia, potently block neuronal differentia-
tion (Ekdahl et al., 2003; Monje et al., 2003) and disrupt the integra-
tion of young neurons into existing hippocampal circuitry (Belarbi
et al., 2012). Of the cytokines known to be stimulated by LPS (see
Erickson and Banks, 2011), only a handful have been shown to affect
in vivo or in vitro neurogenesis (Ben-Hur et al., 2003; Buckwalter
et al., 2006; Grotendorst et al., 1989; Liu et al., 2009; Lum et al.,
2009; Monje et al., 2003; Qin et al., 2008; Turrin et al., 2001;
Vallieres et al., 2002; Villeda et al., 2011). In humans, experimental
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LPS impairs verbal and non-verbal memory (Reichenberg et al.,
2001), but confirming its effects on neurogenesis awaits technology
that permits the visualization of neurogenesis in the living brain.
However little, if any, evidence of hippocampal neurogenesis is de-
tected in the post-mortem tissue of patients who exhibited pro-
found memory loss after c-irradiation therapy, which also
stimulates neuroimmune signaling (Coras et al., 2010; Correa
et al., 2004; Crossen et al., 1994; Monje et al., 2007). The deleterious
effects of LPS and c-irradiation on hippocampal neurogenesis in ro-
dents can be blocked by non-steroidal anti-inflammatory treatment
(Monje et al., 2003; Rola et al., 2008; Tan et al., 2011), confirming a
role for downstream immune and/or neuroimmune signaling cas-
cades in mediating the effects of these treatments on neurogenesis.

In aged rodents, systemic or central LPS administration stimu-
lates exaggerated microglial responses, cytokine levels and memory
impairment (Barrientos et al., 2006; Chen et al., 2008; Godbout
et al., 2005; Xu et al., 2010). In fact, the transcription of neuroim-
mune molecules is upregulated categorically with age but most
robustly in aged rodents that exhibit impaired performances across
hippocampus-dependent tasks (Blalock et al., 2003; Kohman et al.,
2011a). Whole brain preparations have revealed that the concentra-
tions of some cytokines that increase with age in rodents also
associate negatively with measures of long-term potentiation and
spatial ability (Felzien et al., 2001; Griffin et al., 2006; Prechel
et al., 1996; Ye and Johnson, 1999). In aged and aging humans, in-
creased circulating immune cytokine concentrations have been
linked to cognitive impairments (Gimeno et al., 2008; Krabbe
et al., 2009, 2004; Magaki et al., 2007; Rachal Pugh et al., 2001;
Rafnsson et al., 2007; Weaver et al., 2002). In a recent study, Villeda
and colleagues elegantly narrowed a list of 17 potential circulating
cytokines (of 66 examined) down to 6 that related to age-impaired
in neurogenesis and cognition. They then showed that increased cir-
culating eotaxin concentrations alone compromise neurogenesis,
synaptic plasticity and memory across hippocampus-dependent
tasks (Villeda et al., 2011). These data highlight that the systematic
testing of circulating and central cytokine biomarker correlates of
neurogenesis and cognition can reveal mechanistic candidates.
Importantly, these candidates can include hypoactive or senescent
immune and neuroimmune cytokine signaling, particularly in aged
rats (Conde and Streit, 2006; Ziv et al., 2006).

Elderly humans who exercise regularly exhibit better scores on
cognitive tests and have larger hippocampal volumes relative to
sedentary elderly humans (Christensen and Mackinnon, 1993;
Churchill et al., 2002; Colcombe and Kramer, 2003; Erickson et al.,
2010). Young and aged rodents that exercise daily on a running
wheel exhibit enhanced measures of plasticity that include neuro-
genesis and long-term potentiation and better performances on hip-
pocampus-dependent tasks (Brown et al., 2003; Creer et al., 2010;
Kronenberg et al., 2003; Kumar et al., 2012; Lambert et al., 2005;
Lugert et al., 2010; Madronal et al., 2010; Steiner et al., 2008; Suh
et al., 2007; van Praag et al., 1999; van Praag et al., 2002, 2005). In
young rats that run voluntarily, increased levels of neurogenesis
are associated with reduced hippocampal IL-1b levels (Chennaoui
et al., 2008; Farmer et al., 2004; Leasure and Decker, 2009; Strana-
han et al., 2006), suggesting that physical activity may stimulate
plasticity and improve cognition by modulating neuroimmune sig-
naling pathways. There is even evidence in aged mice that cognition
and immune system signaling can be modulated by physical exer-
cise (Kohman et al., 2011a, 2011b). Therefore, we tested the effects
of conditioned wheel running on the rapid acquisition and retention
of a water maze hidden platform location, inhibitory avoidance
acquisition and retention, hippocampal neurogenesis and 24 im-
mune and neuroimmune cytokine concentrations in aging F344
rats. We expected that conditioned runners would exhibit better
learning and memory indices and have higher rates of neurogenesis
than control rats. We also expected that conditioned runners might
have altered levels of immune and/or neuroimmune cytokines that
may relate to measures of hippocampal integrity and/or hippocam-
pal neurogenesis.
2. Methods

2.1. Subjects

All rat subjects were treated in accordance with University of
Florida and federal policies regarding the humane care and use of
laboratory animals. Upon arrival, sexually naïve male Fischer 344
rats (18 mo; n = 12) purchased from the National Institute of Aging
colony at Harlan Sprague Dawley Laboratories (Indianapolis, IA)
were housed individually in corn cob bedding-lined hanging shoe-
box cages located in a colony room maintained on a 12:12 h light:
dark cycle at 24 ± 1 �C. The rats were given access to Harlan Teklad
Rodent Diet #8604 and water ad libitum. All rats were weighed
weekly and checked daily to ensure that they did not exhibit
age-related health problems including (but not limited to) poor
grooming, reduced food and water intake, excessive porphyrin
secretion or weight loss.

One week after arrival, the rats were assigned randomly to the
conditioned runner or control group (n = 6 per group). Control rats
were maintained individually in standard laboratory cages with ac-
cess to food and water ad libitum for the 18 weeks-long duration of
the experiment while runners were conditioned to run for food to
prevent the well-documented decreases in running behavior
exhibited by aged rats across weeks of an experiment (Cui et al.,
2009; Holloszy et al., 1985; Kumar et al., 2012). Therefore, runners
were housed individually in a chamber containing a running wheel
(model H10-38R, Coulbourn Instruments, Allentown, PA) on which
they could run for unlimited food (Kumar et al., 2012). A Graphic
State Notation computer program (Version 3.02, Coulbourn Instru-
ments, Allentown, PA) recorded wheel rotations and was pro-
grammed to deliver 45 mg food pellets (Harlan Teklad Rodent
Diet #8604) based upon wheel rotations. The frequency of 45 mg
food pellet delivery was decreased from 1 pellet per rotation at
the beginning of conditioning to 1 pellet per 3–4 m by �4 weeks.
By the 8th week of conditioning, all runners consistently
ran � 4 km per week. If a conditioned runner lost more than 10%
of the weight expected based on their pre-conditioning baseline
and the weight changes of the control rats, the number of wheel
rotations required for food delivery was reduced. Note that the
body masses of conditioned runners (418.52 ± 5.12 g) were similar
to controls (414.26 ± 5.26 g) at the beginning of the experiment
(t(10) = �0.45; p = 0.66) and tended to be smaller (357.97 ± 12.79
and 417.50 ± 33.41 g, respectively) at the end of the experiment
(t(10) = 1.97; p = 0.08). The experiment timeline is depicted in Fig. 1.

2.2. Water maze training and testing

Each rat was trained and tested in a black water maze tank
(1.7 m diameter) housed in a well-lit room. The tank was filled
with water (27 ± 2 �C) to a depth of 8 cm below the tank rim. A
Columbus Instruments tracking system (Columbus, OH) was used
to record latencies (s), pathlengths (cm), % time spent in the outer
annulus of the maze and platform crossings. Rats were initially
habituated to the pool on three trials during which they were re-
leased from different pool locations and allowed to climb onto a
visible platform. Rats were dried with towels and warm air be-
tween blocks and before being returned to their home cages.

2.2.1. Visible platform training
Beginning the 13th week of the experiment, the rats were trained

in 5 blocks of 3 60 s visible platform trials (15 min inter-block
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interval [IBI] and 20 s inter-trial interval [ITI]) that require intact
procedural and sensorimotor ability (Vorhees and Williams, 2006).
The flagged platform (29 cm diameter) protruded 1.5 cm from the
water surface and the pool was surrounded by a black curtain to
mask distal cues. The platform location and N, S, E and W release
points were randomized across trials. Rats failing to locate and climb
onto the platform within the allotted 60 s were guided to the plat-
form by the experimenter. One control rat was removed from the
experiment after failing to locate the visible platform on P2 trials
over the last 2 blocks. Latencies (s) and pathlengths (cm) served as
measures of procedural and sensorimotor ability, % time spent in
the outer annulus served as a measure of anxiety and swim speed
(cm/s) served as a measure of locomotor ability.
2.2.2. Hidden platform training
Three days after visible platform training, the rats were trained

on five blocks of 3 60 s hidden platform trials (15 min IBI and 20 s
ITI) that require intact spatial ability (Vorhees and Williams, 2006).
This rapid water maze training protocol is sensitive to age-related
cognitive decline and the effects of differential experience on spa-
tial ability in aged rats (Carter et al., 2009; Foster and Kumar, 2007;
Foster et al., 2003; Kumar et al., 2012; Speisman et al., 2012). The
platform was hidden 1.5 cm below the water surface in the center
of the NE quadrant of the water maze now surrounded by highly
visible distal cues. N, S, E and W release points were randomized
across each trial. Rats that failed to locate and climb onto the plat-
form within the allotted 60 s were guided to the platform by the
experimenter before being removed from the maze. Latencies (s)
and pathlengths (cm) served as measures of spatial ability, % time
spent in the outer annulus served as a measure of anxiety and
swim speed (cm/s) served as a measure of locomotor ability.
2.2.3. Immediate and delayed probe trials
The escape platform was removed from the water maze in

probe trials administered immediately or 24 h after the last hidden
platform training trial to test strength of learning and memory,
respectively, for the platform location. In both probe trials, rats
were released from the quadrant opposite to the goal quadrant
for a 60 s free swim. A hidden platform trial block was adminis-
tered after the first probe trial to reinforce the association between
the platform localization and escape from the pool. The time (s)
spent in each quadrant, platform location crossings and discrimi-
nation index (DI) scores [(t(G) � t(O))/(t(G) + t(O)), where t(O) is
time spent in the opposite quadrant and t(G) is time spent in the
goal quadrant] served as measures of strength of learning and
memory in probe trials. DI scores take into account the quadrant
to be approached (the ‘‘goal quadrant’’ [G]) and the quadrant to
be avoided (the ‘‘opposite quadrant’’ [O]), and often produces a
higher fidelity memory index for aged rats that frequently make
wide sweeping turns while navigating by swimming.

2.3. Inhibitory avoidance training and testing

Beginning the 14th week, the rats were trained and tested in an
inhibitory avoidance apparatus (Coulbourn Instruments, Allen-
town, PA) consisting of dark and lighted chambers with a shock-
able metal grid floor separated by a sliding door. During
acquisition, the rat was placed in the lighted compartment for
90 s before the sliding door opened and latency to enter the dark
compartment was recorded. Upon entry to the dark compartment,
the door closed and a mild foot shock (0.21 mA for 3 s) was deliv-
ered 10 s later. The animal’s behavioral responses (i.e. a jump or ra-
pid movement) confirmed that they had experienced the shock.
The rat was then returned its home cage before being returned
to the lighted chamber for 90 s both 1 and 24 h later, and the time
taken to enter the dark side after the door opened was recorded as
a measure of memory. Retention latencies were set at 900 s for rats
not entering the dark compartment within 15 min. Door opening,
shock delivery and data acquisition was computer controlled.

2.4. Bromodeoxyuridine injections

We waited 15 weeks after the experiment onset and �3 weeks
after spatial learning before labeling dividing NPCs with the DNA
synthesis marker bromodeoxyuridine (BrdU; Sigma Aldrich, St.
Louis, MO) to measure the effects of long-term daily exercise on
neurogenesis to minimize the well-known effects of spatial behav-
ior on neurogenesis (Gould et al., 1999a; Epp et al., 2010). NPC pro-
liferation is unaffected when BrdU is administered at the end of
hippocampus-dependent learning (Gould et al., 1999a) and any la-
tent effects of hippocampus-dependent behavior on new neurons
produced 3 weeks earlier are possible but unexpected. Rats were
injected intraperitoneally once per day over 5 days beginning
16 weeks after the experiment onset to label dividing cells. BrdU
was dissolved in freshly prepared 0.9% isotonic sterile saline at a
concentration of 20 mg/ml (w/v) just prior to use at a volume of
2.5 ml/kg (50 mg/kg/injection). This dose of BrdU labels dividing
hippocampal NPCs safely and effectively in adult rodents (Cameron
and McKay, 2001; Kolb et al., 1999).

2.5. Histology

At the end of the 18th week (21 d after the first BrdU injection),
the rats were anaesthetized deeply with a ketamine (90 mg/kg)/
xylazine (10 mg/kg) cocktail (Webster Veterinary Supply, Sterling,
MA). Blood was collected from the left ventricle of the heart before
rats were decapitated and their brains extracted rapidly.
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Hippocampi and frontal cortices were rapidly dissected from the
left hemisphere, flash frozen and then stored at -86 �C until protein
harvest for cytokine quantification. Although central cytokine lev-
els in these unperfused rats could reflect circulating levels of dif-
fusible cytokines we neither detected immune-to-brain cytokine
clusters nor concentrations of individual cytokines that were af-
fected by running similarly in the blood and brain that would val-
idate this hypothesis. Similar masses of hippocampal (t(10) = 1.00;
p = 0.34) and cortical (t(10) = �0.01; p = 1.00) tissue were collected
from controls (79.70 ± 11.30 and 246.40 ± 21.95 mg, respectively)
and conditioned runners (65.90 ± 8.05 and 246.60 ± 15.69 mg,
respectively). Serum supernatant was collected from blood sam-
ples after refrigeration for 24 h at 4 �C and centrifugation at
1000g for 10 min at RT and then stored�86 �C until cytokine quan-
tification. The right hemisphere of the brain was post-fixed
overnight in freshly prepared 4% paraformaldehyde (Electron
Microscopy Sciences; Hatfield, PA) and then equilibrated in 30% su-
crose (�4 days) at 4 �C, before being sectioned coronally through
the dentate gyrus, beginning between ��1.72 and �1.92 mm pos-
terior to bregma according to Paxinos and Watson (82) at 40 lm
intervals on a freezing stage sledge microtome (Model 860; Amer-
ican Optical Corporation; IMEB Inc., San Marcos, CA). The six sets of
every sixth section collected through the left side of the dentate
gyrus were stored at �20 �C in a cryoprotectant solution of 30%
ethylene glycol, 25% glycerin and 45% 0.1 M sodium phosphate
buffer until processed immunohistochemically to quantify
neurogenesis.

2.6. Protein harvest from brain tissue

Hippocampi and frontal cortices were thawed at 4 �C in 0.1 M
Tris-buffered saline (TBS) containing 0.1% IGEPAL and 1 ll/ml each
of 2 protease inhibitor cocktails added just prior to use. The first
protease inhibitor cocktail contained 0.5 M phenylmethylsulfonyl
fluoride, 5 mg pepstatin A and 1 mg chymostatin/ml DMSO and
the second contained 1 M G-aminocapfroic acid, 1 M P-aminobenzi-
dine, 1 mg leupeptin and 1 mg aprotinin/ml sterile water. Tissue
was mashed manually and then sonicated using a dismembrator
(ThermoFisher Scientific; Pittsburgh, PA). Tissue supernatant was
collected by centrifugation (12,000 rpm for 10 min at 4 �C) and its
protein concentration quantified using a Bradford protein assay
and a Bio-Rad SmartSpec Plus Spectrophotometer (Hercules, CA).
Similar total protein concentrations were harvested from the
hippocampi (t(10) = �1.28; p = 0.23) and cortices (t(10) = �0.07;
p = 0.94) of controls (0.93 ± 0.19 and 1.05 ± 0.06 mg/mL, respec-
tively) and conditioned runners (1.20 ± 0.09 and 1.06 ± 0.09 mg/
mL, respectively). Protein samples were stored at�86 �C until cyto-
kine concentrations were quantified using Bio-Plex technology.

2.7. Immunohistochemistry

Hippocampal sections were stained immunohistochemically to
quantify and phenotype new (BrdU+) cells using methods previ-
ously described (Ormerod et al., 2003, 2004; Palmer et al., 2000;
Speisman et al., 2012).

2.7.1. Enzyme substrate immunostaining
Before processing and between steps, free-floating hippocampal

sections were washed repeatedly in Tris-buffered saline (TBS; pH
7.4). The sections were incubated in 0.3% H2O2 in TBS for 10 min
at RT to quench endogenous peroxidase, rinsed in 0.9% NaCl and
then incubated in 2 N HCl for 20 min at 37 �C to denature DNA.
The sections were then blocked in a solution of 3% normal donkey
serum (NDS) and 0.1% Triton-X in TBS (v/v) for 20 min and then
incubated overnight in rat anti-BrdU (1:500; AbD Serotec, Raleigh,
NC) at 4 �C. The next day, the sections were incubated in biotinyl-
ated donkey anti-rat IgG (Jackson ImmunoResearch, West Grove,
PA; 1:500) for 4 h and then avidin–biotin horseradish peroxidase
(PK-6100: Vector Laboratories, Burlingame, CA) for 2 h at RT. The
horseradish peroxidase complex was then revealed by reaction
with 0.02% 3,30-diaminobenzidine tetrahydrochloride (DAB; Sigma
Aldrich, St. Louis, MO) and 0.5% H2O2 in TBS. Sections were
mounted on glass slides, dried overnight and dehydrated in an
alcohol series prior to being cover-slipped under permount
(Thermo Fisher Scientific, Pittsburgh, PA).

2.7.2. Fluorescent immunostaining
Sections were washed repeatedly between steps in TBS (pH 7.4).

The sections were blocked in NDS solution and then incubated
overnight at 4 �C in primary antibodies raised against the mature
neuronal protein neuronal nuclei (mouse anti-NeuN, 1:500; Chem-
icon, Temecula, CA) and the immature neuronal protein doublecor-
tin (goat anti-DCX, 1:500; Santa Cruz Biotechnology, Santa Cruz,
CA) or the oligodendrocyte precursor marker chondroitin sulfate
proteoglycan (rabbit anti-NG2, 1:500; Chemicon, Temecula, CA)
and the astrocyte/neural stem cell protein glial fibrillary acidic pro-
tein (chicken anti-GFAP, EnCor Biotech, Alachua, FL). The following
day sections were incubated with maximally cross-adsorbed flu-
oroscien isothiocyanate (FITC)-conjugated anti-mouse and cyanine
(Cy) 5-conjugated anti-goat secondary antibodies to reveal neu-
rons or FITC-conjugated anti-rabbit and Cy5-conjugated anti-
chicken secondary antibodies to reveal glia for 4 h at RT (all sec-
ondaries diluted at 1:500; Jackson ImmunoResearch, West Grove,
PA). Sections were then fixed with 4% paraformaldehyde, rinsed
in 0.9% NaCl, incubated in 2 N HCl and then incubated in rat
anti-BrdU (1:500; AbD Serotec, Raleigh, NC) overnight at 4 �C fol-
lowed by Cy3-conjugated anti-rat secondary for 4 h at RT. Finally,
nuclei were labeled by incubation in 40,6-diamidino-2-phenylin-
dole (DAPI; 1:10,000; Calbiochem, San Diego, CA) for 10 min. Sec-
tions were mounted on glass slides under the anti-fading agent
PVA-DABCO (2.5% diazobicyclooctane, 10% polyvinyl alcohol and
20% glycerol in TBS; Sigma Aldrich).

2.8. Cell quantification

2.8.1. Total new cell number
The total number of new (BrdU+) cells was estimated on one 1-

in-6 series of systematically uniform sections (spaced 240 lm
apart) taken through the rostral–caudal extent of the dentate gyrus
in the left hemisphere of each rat using stereological principles
(Boyce et al., 2010; Cameron and McKay, 1999; Kempermann
et al., 2002; Ormerod et al., 2003; West et al., 1991). We randomly
selected which of the 6 collected sets of sections to process immu-
nohistochemically to ensure that the first section in each rats’ set
was randomly the 1st–6th section taken from dentate gyrus.
New cells produced in the hippocampal subgranular zone (SGZ)
presumably migrate deeper into the granule cell layer (GCL) over
the 16–21 d survival period employed. We therefore counted
round or oval BrdU+ cells (revealed by DAB staining) in both the
SGZ and GCL on each section taken through the rostral–caudal ex-
tent of the dentate gyrus in the left hemisphere of each aged rat
(�12 sections per rat) using a Zeiss Axio Observer Z1 inverted
microscope under a 40X objective. Because new cells are often sit-
uated irregularly through the SGZ and GCL, we counted BrdU+ cells
exhaustively on each systematically uniform series of sections per
rat. The mean (±SEM) number of 131 ± 12 and 191 ± 12 BrdU+ cells
in the dentate gyri of control and conditioned runner groups,
respectively, is considered a sufficient number of events to insure
precision among stereological estimates of total events (Boyce
et al., 2010).

The total number of BrdU+ cells counted in the dentate gyrus of
each rat was multiplied by 6 (the section interval in each set) and
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by 2 (to account for the other half of the brain) to produce a ster-
eological estimate of total number of new cells surviving in the
dentate gyrus (Kempermann et al., 2002; West et al., 1991). Be-
cause age and exercise may influence vascular volumes (Fabel
et al., 2003; Hattiangady and Shetty, 2008), SGZ and GCL areas
(mm2) on which new cells were counted were measured under a
20� objective using AxioVision software (Carl Zeiss, Thornwood,
NY) and then GCL volumes obtained using Cavalieri’s principle
for calculating the volume of a truncated cone (Galea et al., 2000;
Uylings et al., 1986): Volume =

P
(sections) � 1=3I (h1 +

p
h1 �
p

h2 + h2),
where I is the distance between sections (240 lm) and h1 and h2

are the two section areas between which the volume was calcu-
lated. We also confirmed that new cell densities reflected total
new cell estimates because of potential changes in vascular vol-
umes and because we quantified neurogenesis on only ½ of the
hippocampus.

2.8.2. New cell phenotypes
At least 100 BrdU+ cells on quadruple fluorescent-stained sec-

tions were scanned through their x, y and z-planes using a Zeiss
LSM 710 fully spectral laser scanning confocal microscope
equipped with 405 (used to excite DAPI), 488 (used to excite FITC),
510, 543 (used to excite Cy3) and 633 (used to excite Cy5) laser
lines under a 40� objective (with 2.3� digital zoom) to quantify
the proportion that expressed neuronal or glial proteins. BrdU+

cells were considered to express neuronal or glial protein when a
full ‘‘z-dimension’’ scan revealed that its BrdU/DAPI+ nucleus
clearly expressed the neuronal proteins DCX and/or NeuN, the oli-
godendrocyte precursor protein NG2 or the astrocyte protein GFAP.
The total number of BrdU+ cells was multiplied by the % of BrdU+

expressing each cell phenotype to determine the total number of
new neurons and glia produced in the aging brain and this number
was related to water maze probe trial performance.

2.9. Multiplex quantification of cytokines

Concentrations of immune cytokines in blood serum and neuro-
immune cytokine concentrations in hippocampal and cortical pro-
tein samples were quantified using a Bio-Rad Bio-Plex 2000
Suspension Array system and EMD Millipore Rat Cytokine/Chemo-
kine kits (#RCYTO-80K-PMX; Billerica, MA) according to kit
instructions. This kit detects the following concentrations of 24
analytes simultaneously in a single sample: IL-1a (6.23–
20,000 pg/mL), IL-1b (2.32–20,000 pg/mL), IL-2 (3.67–20,000 pg/
mL), IL-4 (2.30–20,000 pg/mL), IL-5 (2.89–20,000 pg/mL), IL-6
(9.80–20,000 pg/mL), IL-9 (12.85–20,000 pg/mL), IL-10 (5.41–
20,000 pg/mL), IL-12 (4.13–20,000 pg/mL), IL-13 (23.2–20,000 pg/
mL), IL-17 (1.61–20,000 pg/mL), IL-18 (4.78–20,000 pg/mL), eotax-
in (3.27–20,000 pg/mL), G-CSF (1.31–20,000 pg/mL), GM-CSF
(13.11–20,000 pg/mL), IP-10 (3.78–20,000 pg/mL), leptin (21.50–
100,000 pg/mL), GRO/KC (2.06–20,000 pg/mL), IFN-c (4.88–
20,000 pg/mL), MCP-1 (3.81–20,000 pg/mL), TNF-a (4.44–20,000
pg/mL), MIP-1a (1.94–20,000 pg/mL), RANTES (54.42–20,000 pg/
mL), VEGF (4.93–20,000 pg/mL).

All standards, controls and samples were prepared on ice and
serum and tissue samples were run in separate plates. Seven stan-
dards (with expected concentrations of 20,000, 5,000, 1,250, 312.5,
78.13, 19.53 and 4.88 pg/mL of each analyte except leptin that had
expected concentrations of 100,000, 25,000, 12,500, 6250, 1562.5,
390.63 and 24.41 pg/mL) were prepared by serial dilution with
kit assay buffer. Serum samples were diluted 1:5 with kit assay
buffer while tissue supernatant samples were kept neat and
25 ll volumes of each standard, blank, vendor-supplied known
control and sample were loaded in duplicate into a 96-well filter
plate (EMD Millipore; Billerica, MA). Kit serum matrix (25 ll)
was added to each standard, control and sample in the serum
quantification plate while kit assay buffer (25 ll) was added to
each standard, control and sample in the tissue sample plates final
volume of 50 ll. Approximately 100 polystyrene beads each of 24
different color addresses were added to each well and incubated
for 18 h on a shaker at 4 �C. Each primary antibody raised against
an analyte to be quantified was adsorbed to 1 of the 24 unique sets
of color addressed beads. After several washes in kit wash buffer
under vacuum filtration, the beads were incubated in biotinylated
secondary antibodies for 2 h at RT and then after several washes in
kit wash buffer under vacuum filtration, in streptavidin–phycoery-
thrin reporter for 30 min at RT before being resuspended in sheath
fluid (Bio-Rad; Hercules, CA). Analytes were identified by color ad-
dress and analyte concentrations were quantified by phycoerythrin
emission intensity using a dual laser Bio-Rad BioPlex 2000 system
with Luminex xMAP technology (Bio-Rad; Hercules, CA). Data were
collected using BioPlex Manager Software version 4.1.

A standard curve for each analyte was generated using a five-
parameter logistic non-linear regression model on averaged dupli-
cate observed standard concentrations. Single standard concentra-
tions were employed in cases that its duplicate % coefficient of
variation (CV) was >10% and its % recovery (observed/expected
concentration) fell outside of the accepted 70–130% range. Once
the positive control concentrations were confirmed to fall within
the expected ranges, sample concentrations were compared
against the standard curve.

Prior to statistical analysis, duplicate sample concentrations with
% CV < 10 were averaged. If the % CV for a set of duplicates was >10%
and a concentration fell ±2 standard deviations from the group
mean the outlying concentration was discarded. We discarded the
outlying data point of one conditioned runner rat serum leptin
analysis and an outlying data point from a different conditioned
runner from the serum MCP-1 analysis. Cytokine concentrations
below the threshold of detection were set to 0 and concentrations
that exceeded the maximum expected concentration were set to
20,000 pg/ml (or 100,000 pg/ml for leptin). Data were expressed
in pg/mL serum or pg/mg of hippocampal or cortical tissue.

2.10. Cytokine cluster analysis

Pathway or ‘Cluster’ analyses were conducted as described pre-
viously (Baron and Kenny, 1986; Erickson and Banks, 2011) to
identify groups of cytokines with concentrations that may change
in a coordinated fashion (i.e. in clusters) and therefore represent
known or novel signaling pathways. First, cluster analyses were
conducted on cytokine concentrations detected within blood, hip-
pocampal and cortical compartments independently to both con-
firm and expand upon immune and neuroimmune cytokine
signaling clusters in the aged rat. Second, cluster analyses were
conducted on cytokine concentrations between blood and cortical
compartments and between blood and hippocampal compart-
ments to confirm and potentially reveal immune-to-brain signal-
ing pathways in the aged rat. Third, we ran analyses on cytokine
concentrations between cortical and hippocampal compartments
to ask whether running modulates neuroimmune cytokines locally
or regionally. Bonferroni-corrected alpha levels were set for each
analysis based upon the number of analytes exceeding the thresh-
old of detection.

Pairs of cytokines with concentrations deemed statistically re-
lated by Spearman rank correlation coefficients (r-values) after
Bonferroni corrections were ranked and plotted in descending or-
der connected with a solid line. If one cytokine in a pair to be plot-
ted was already plotted in a cluster, then a decision point was
reached and we employed a modification to the previously re-
ported procedure (Baron and Kenny, 1986; Erickson and Banks,
2011). The unplotted cytokine was added to the cluster if it
correlated significantly with all of the cytokines already in the
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cluster. If the unplotted cytokine was not statistically related to
one or more of the already clustered cytokines, then the cytokine
pair about to be plotted was plotted as a new cluster. If a cytokine
pair about to be plotted was already linked through potential
mediators in the already plotted cluster, then the residual of its
r-value minus the product of the r-values of the plotted pairs be-
tween the cytokines about to be plotted was compared against
the Bonferroni corrected p-value. If the residual r-value of the cyto-
kine pair about to be plotted remained statistically significant, the
cytokines were connected in the existing cluster with a dotted line
(no mediators were detected in the current study).
2.11. Statistical analyses

All statistical analyses were conducted using STATISTICA soft-
ware (Version 10; StatSoft; Tulsa, OK) and all data are represented
in figures as the group average (±S.E.M.) except DI scores, which
are depicted as individual scores. Student’s t-tests were used to
test the effect of the independent variable (conditioned running)
on dependent measures of general health (body mass, swim
speeds), strength of spatial learning and memory (probe trial dis-
crimination index scores, number of platform crossings), neuro-
genesis (new cell number, total new neuron number, total new
glia number) and cytokine concentration (for each of the 24 ana-
lytes). Non-parametric Mann Whitney U tests were used to test
the effects of the independent variable (conditioned running) on
categorical percentages of BrdU+ cells expressing neuronal or glial
phenotypes and on inhibitory avoidance acquisition and retention
latencies that were set to 900 s for animals that did not enter the
shock-paired side of the chamber by the end of the session. Re-
peated measures analyses of variance (ANOVAs) tested the effect
of the independent variable (conditioned running) on dependent
measures collected repeatedly, such as spatial and non-spatial
acquisition of a platform location (latencies and path lengths).
Newman Keuls post hoc tests were used to reveal significant differ-
ences. Spearman rank correlations were run to test the relationship
between the concentration of cytokine analytes modulated by run-
ning, behavioral measures and measures of neurogenesis because
some analyte concentrations fell below the threshold of detection.
The a-level was set at 0.05.
3. Results

3.1. Aging rats that run daily locate a visible platform as well as
controls but swim faster

Since path lengths correlated positively with latencies between
visible (all r values P 0.69; all p values < 0.05) and hidden (all r val-
ues P 0.85; all p values < 0.01) platform trials, we report analyses
on path lengths to avoid redundancy. Fig. 2A shows pathlengths
across visible platform training blocks. An ANOVA exploring the ef-
fects of conditioned running and training block on visible platform
path lengths revealed that conditioned runners and controls swam
similar distances to the visible platform (F(1,9) = 1.38; p = 0.27)
across training blocks (F(4,36) = 1.56; p = 0.20 and interaction effect:
F(4,36) = 0.26; p = 0.90). Because visible platform learning curves can
be relatively shallow in aged rats (see Kumar et al., 2012; Speisman
et al., 2012), planned comparisons were used to confirm that con-
trol rats and conditioned runner rats swam shorter path lengths on
the 5th relative to the 1st block (p values < 0.05, respectively).
These data suggest that both conditioned runners and controls
are similarly capable of learning to locate and escape to a visible
water maze platform.

The % of time spent swimming in the outer annulus of the pool
by controls and conditioned runners was calculated as a measure
of anxiety (Fig. 2B). An ANOVA revealed a significant effect of train-
ing block (F(4,36) = 5.32; p < 0.01) but not conditioned running
(F(1,9) = 0.67; p = 0.44 and interaction effect: F(4,36) = 1.59;
p = 0.20) on this measure. Specifically, all rats spent significantly
less time in the outer annulus as training commenced (Blocks 1,
2 > 3, 5 and Block 2 > 4; all p values < 0.05), suggesting that anxiety
levels decreased in aged rats with training, regardless of exercise
history.

Swim speeds exhibited across blocks by controls and condi-
tioned runners were recorded as a measure of locomotor ability
(Fig. 2C). Although an ANOVA revealed a statistically significant
effect of training block (F(4,36) = 5.55; p < 0.01) and a tendency for
conditioned running to affect swim speed (F(1,9) = 3.84; p = 0.08),
these effects did not statistically significantly interact
(F(4,36) = 0.37; p = 0.83). Although conditioned runners tended to
swim faster than controls on all blocks combined, all aged rats
swam more quickly as training progressed (Blocks 1 > 3, 4 and 5
and Block 2 > 5; all p values < 0.05). These data suggest that daily
exercise may potentiate the increased swimming proficiency or re-
duce the floating tendencies exhibited by aging rats across visible
platform training blocks. Consistent with our previous finding
(Speisman et al., 2012) and the idea that running-induced fitness
rather than mild food deprivation associated with the operant
delivery of food for running affects swim speeds, the body masses
of conditioned runners was similar to those of the controls at the
beginning of the experiment and only tended to be smaller at the
end of the experiment (see Section 2.1).

3.2. Daily exercise improves spatial ability in aging rats

We compared pathlengths to the hidden platform across train-
ing blocks as a measure of spatial ability (Fig. 3A). An ANOVA
revealed that pathlengths were significantly affected by condi-
tioned running (F(1,9) = 20.89; p < 0.01), training block (F(4,36) =
6.55; p < 0.01) and the interaction between conditioned running
and training block (F(4,36) = 4.05; p < 0.01). All rats swam more
directly to the hidden platform as training commenced (Blocks 1,
2 > 3, 4 and 5, p values < 0.05), but conditioned runners swam more
directly across all blocks combined than controls (p < 0.01). Condi-
tioned runners exhibited shorter pathlengths than controls on the
1st, 4th and 5th training blocks (p values < 0.05), indicating that
they solved the spatial task more proficiently than the controls.
However, their better performances on the 1st hidden platform
training block could also indicate that runners better learned,
remembered and/or applied procedural information obtained
during visible platform training conducted first (Gerlai, 2001; Orm-
erod and Beninger, 2002). Therefore, we confirmed that runners
(�130.22 ± 37.53 cm/block) exhibited steeper average pathlength
slopes than controls (�5.36 ± 35.65 cm/block) across hidden train-
ing blocks 2–5 (gray dotted lines in Fig. 3A; t(10) = 2.29; p < 0.05).

We calculated the % of time spent in the outer annulus of the
maze on hidden platform trials by conditioned runners and con-
trols to determine if anxiety was differentially affected by previous
training (Fig 3B). An ANOVA revealed significant effects of condi-
tioned running (F(1,9) = 6.45; p < 0.05) and training block (F(4,36) =
3.98; p < 0.01) but no interaction effect (F(4,36) = 1.62; p = 0.19).
Specifically, all rats combined spent less time in the outer annulus
as training progressed (blocks 1, 2 > 5, p values < 0.05), but condi-
tioned runners spent less time than controls on all blocks com-
bined. These data suggest that although anxiety decreases with
training in all aged rats, prior training may potentiate this effect
in rats that exercise daily.

We calculated swim speeds on hidden platform training blocks
as a measure of locomotor ability in aged conditioned runners and
controls (Fig. 3C). Swim speeds were significantly affected by
conditioned running (F(1,9) = 13.07; p < 0.01), training block
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Fig. 3. Conditioned runners outperformed controls on the water maze hidden platform task. Data are shown as group means (±S.E.M.). Gray circles represent control values
and black squares represent conditioned runner values. (A) All rats combined swam more directly to the hidden water maze platform as training commenced (Block 1 > 3 and
4, all p values < 0.05), but conditioned runners swam more directly than controls, regardless of training block (p < 0.01), particularly on the 1st, 4th and 5th training blocks (⁄all
p values < 0.05). Because runners outperformed controls on the 1st training block, we confirmed average pathlength slopes were steeper for runners (�130.22 ± 37.53 cm/
block) versus controls (�5.36 ± 35.65 cm/block) across hidden training blocks 2–5 (gray dotted lines; p < 0.05). A paired t-test confirmed that the rats exhibited similar
pathlengths on the 5th and a 6th training block administered after the 1 h probe trial to reinforce the association between locating the platform and escape from the pool
(p = 0.55). (B) Although conditioned runners spent significantly less time in the outer annulus than controls on all blocks combined (p < 0.05), all rats combined reduced the %
of time spent in the outer annulus of the maze (Blocks 1, 2 > 5; all p values < 0.05). (C) Conditioned runners swam significantly faster to the hidden platform than controls on
all blocks combined (p < 0.01) and while they maintained their faster swim speeds across trials, control rats swam significantly slower than conditioned runners on Blocks 2–
5 (⁄⁄all p values < 0.01) and slower than they swam on the first training block (Block 1 > 2, 3, 4 and 5; aall p values < 0.01).
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Fig. 2. Runners and controls perform similarly on the visible platform task. Data are shown as group means (±S.E.M.). Gray circles represent control values and black squares
represent conditioned runner values. (A) Conditioned runners and controls located and escaped to a visible water maze platform with equal proficiency (interaction effect:
p = 0.90). Planned comparisons confirmed decreased pathlengths on the 5th block relative to the 1st block for control rats (⁄p < 0.05) and conditioned runner rats (⁄p < 0.05),
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conditioned runners tended to swim more quickly on all visible platform training blocks combined (p = 0.08), all rats (interaction effect: p = 0.83) significantly decreased their
swim speeds across trials (p < 0.01). Specifically, the aged rats swam more quickly on Block 1 versus 3, 4 and 5 and on Block 2 versus 5 (all p values < 0.05).
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(F(4,36) = 6.27; p < 0.01), and the interaction between running and
training block (F(4,36) = 3.87; p < 0.01). Conditioned runners swam
significantly faster to the hidden platform than controls on all
blocks combined (p < 0.01) and maintained the swim speeds that
they achieved on later visible platform trials across all hidden plat-
form training blocks (see Fig. 2c). In all rats combined, swim speeds
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decreased after the first block (all p values < 0.01), but this effect
was because while conditioned runners maintained their speeds
across blocks, control rats swam significantly slower after the first
training block (Blocks 1 > 2, 3, 4 and 5; all p values < 0.01). These
data support the notion that daily exercise can potentiate the
effects of water maze training on the swimming proficiency of
aging rats, potentially by improving their stamina.
3.3. Aging rats that exercise exhibit better memory for the platform
location on probe trials

A 60s probe trial was conducted immediately after the final hid-
den platform trial (Fig. 4). An ANOVA revealed that all rats com-
bined exhibited a significant quadrant preference (F(3,27) = 24.99;
p < 0.0001) and that quadrant preference significantly interacted
with group (F(3,27) = 7.54; p < 0.001) on the immediate probe. Spe-
cifically, conditioned runners spent significantly more time in the
goal quadrant (p = 0.0003; Fig. 4A) and less time in the opposite
quadrant (p = 0.045) but similar amounts of time in the left
(p = 0.32) and the right quadrants (p = 0.96) relative to controls.
Similarly, conditioned runners exhibited significantly better DI
scores than controls (t(9) = 4.17, p < 0.01; Fig. 4B) and tended to
cross over the location that housed the platform on training trials
significantly more frequently (4.33 ± 0.71 crossings) than controls
(2.60 ± 0.51 crossings) did (t(9) = 1.90; p = 0.09). A refresher block
of hidden platform trials was administered after the immediate
probe to minimize the probability that the association between
platform localization and escape from the pool was extinguished
by the immediate probe trial. A paired t-test on the 5th and 6th
hidden platform blocks confirmed that the rats exhibited similar
path lengths before and after the probe trial (t(10) = 0.29, p = 0.78;
see Fig. 3A).

A second probe trial was administered 24 h after the 5th hidden
platform block. An ANOVA revealed that all rats combined exhibited
a significant quadrant preference (F(3,27) = 3.56; p = 0.027) and that
quadrant preference interacted with group (F(3,27) = 5.16;
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Fig. 4. Conditioned runners exhibit better memory in the water maze and on an inhibit
after the final hidden platform trial and mean % time spent in the goal quadrant (±S.E.M.)
immediate probe (⁄⁄p = 0.0003) and on the 24 h probe (⁄p = 0.026), conditioned runners sp
discrimination index (DI) scores were calculated for control (gray circles) and conditione
(versus opposite) quadrant discrimination. Conditioned runners exhibited better DI score
control rats. (C) Finally, rats were trained (white bars) and then tested 1 h (light gray bars
runners and controls entered the dark side of the inhibitory avoidance chamber that de
Although both control and conditioned runners exhibited similar 1 h retention latencies,
24 h after training (p < 0.05).
p = 0.006) on the 24 h probe trial (Fig. 4A). Specifically, conditioned
runners spent significantly more time in the goal quadrant
(p = 0.026), tended to spend less time in the opposite quadrant
(p = 0.052) and spent similar amounts of time in the left
(p = 0.416) and right quadrants (p = 0.498) relative to controls. Sim-
ilarly, conditioned runners exhibited significantly better DI scores
than controls (t(9) = 4.39; p < 0.01; Fig. 4B) and crossed the location
that housed the hidden platform on training trials significantly
more frequently than controls (5.17 ± 0.40 versus 1.20 ± 0.20 cross-
ings, respectively; t(9) = 8.28, p < 0.01) on the delayed probe trial.
These data suggest that conditioned runners both learned and
remembered the hidden platform location better than controls.

Finally, a regression analysis of the distance to escape the pool
on block 5 of cue discrimination training was compared to the dis-
tance to escape for block 5 of the spatial discrimination task as well
as the discrimination index score obtained on the immediate
probe. No association was observed indicating that acquisition of
the spatial discrimination was not linked to the acquisition perfor-
mance for cue discrimination.
3.4. Inhibitory avoidance scores

One week after the onset of visible platform water maze train-
ing, the rats were trained and tested in an inhibitory avoidance
task (Fig. 4C). Mann–Whitney U tests confirmed that conditioned
runners and controls entered the shock-paired dark side of the
inhibitory avoidance chamber equally as quickly during the acqui-
sition phase of the task (U = 0.01; Z = �1.19; p = 0.92). Although 1 h
latencies were similar between groups (U = 8.00; Z = �1.19;
p = 0.24), conditioned runners tended to have longer 24 h latencies
than controls (U = 5.00; Z = 1.73; p = 0.08). Spearman Rank Correla-
tion was used to compare learning and memory on the water maze
discrimination index scores and 1 and 24 h inhibitory avoidance
retention latencies. The results indicated a relationship between
the 24 h retention scores on the water maze and inhibitory
avoidance (r = 0.63, p < 0.05).
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3.5. Daily exercise increases neurogenesis in aged rats by increasing
new cell number

The total number of new cells was estimated in the dentate gyri
of all rats using stereological principles (Fig. 5A, B and E). A Stu-
dent’s t-test confirmed that the total number of BrdU+ cells was
higher in the dentate gyri of conditioned runners relative to con-
trols (t(9) = 3.44, p < 0.01; Fig. 5E). Although exercise could poten-
tially increase vascular volume within the neurogenic niche,
dentate gyri volumes that new cells were estimated through were
similar between controls (4.32 ± 0.17 mm3) and conditioned run-
ners (4.53 ± 0.30mm3; t(9) = �0.57, p = 0.58). As expected from
these data sets, new cell densities were also higher in conditioned
runners (514.77 ± 40.95 cells/mm3) versus controls (370.35 ±
46.14 cells/mm3; t(9) = 2.35, p < 0.05). Because the rats survived
several weeks after BrdU was injected, these differences could
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We confirmed that new cell differentiation was unaffected by
conditioned running by quantifying the percentage of BrdU+ cells
expressing immature neuronal (DCX+), transitioning neuronal
(DCX/NeuN+), mature neuronal (NeuN+), oligodendroglial (NG2+),
or astroglial (GFAP+) phenotypes (Fig. 5C, D and F). Mann Whitney
U tests (nrunner = 6 and ncontrol = 5 in all comparisons) confirmed
that the percentages of BrdU+ cells expressing immature neuronal
(U = 8, Z = 1.187, p = 0.024), transitioning neuronal (U = 14.5,
Z = 0.0, p = 1.0), mature neuronal (U = 15.0, Z = 0.0, p = 1.00), GFAP+

(U = 13.0, Z = �0.274, p = 0.784) and oligodendrocyte precursor
(U = 14.5, Z = 0.0, p = 1.0) phenotypes were similar between condi-
tioned runner and control rats. Consistent with a 2.5–3 week long
survival period after BrdU, most new cells (�70%) expressed
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Fig. 6. Probe trials scores relate to measures of neurogenesis in aging rats. Spearman rank correlations were conducted on total new (BrdU+) DCX and/or NeuN+ neuron
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mature neuronal phenotypes followed by astrocyte and transition-
ing neuronal phenotypes (�10% each). Very few new cells
expressed immature neuronal or oligodendroglial phenotypes
(<3%) in the dentate gyri of all rats combined (Fig. 5). Note that
all of the BrdU/GFAP+ cells were detected outside of the subgranu-
lar zone and exhibited an astrocyte rather than radial glial (or neu-
ral stem cell)-like morphology.

The total new cell number (Fig. 5E) was multiplied by the % of
neurons (immature, transitioning and mature), oligodendrocytes
or astrocytes (Fig. 5F) for each rat to estimate total numbers of each
new cell phenotype (Fig. 5G). Relative to controls, conditioned run-
ners had significantly more new neurons (t(9) = 3.26; p < 0.01),
tended to have more new astrocytes (157.41 ± 31.27 and
227.59 ± 22.06, respectively; t(9) = �1.88; p = 0.09), and had similar
numbers of new oligodendrocyte precurors (26.31 ± 16.55 and
31.43 ± 19.89, respectively; t(9) = �0.19; p = 0.85). New neuron
number tended to correlate positively with immediate (p = 0.08;
Fig. 6A) and 24 h (p = 0.059; Fig. 6B) water maze probe discrimina-
tion index scores.
Table 1
Some hippocampal (pg/mg), cortical (pg/mg) and circulating (pg/mL) cytokines are modul

Serum Hippocam

Controls Runners Controls

Eotaxin 55.06 ± 13.76 196.23 ± 147.02 2.37 ± 0
G-CSF 0 ± 0 2.23 ± 2.23 0 ± 0
GM-CSF 0 ± 0 0 ± 0 0 ± 0
GRO-KC 1322.52 ± 219.98 776.89 ± 154.63� 13.36 ± 2
IFN-c 26.41 ± 18.51 415.65 ± 398.82 0 ± 0
IL-1a 0 ± 0 233.95 ± 233.95 2.55 ± 2
IL-1b 200.54 ± 174.94 222.88 ± 182.13 40.44 ± 3
IL-2 0 ± 0 0 ± 0 8.62 ± 5
IL-4 0 ± 0 47.56 ± 41.81 2.73 ± 0
IL-5 0 ± 0 18.32 ± 13.88 1.46 ± 1
IL-6 67.57 ± 21.94 537.54 ± 498.29 17.31 ± 8
IL-9 243.99 ± 137.04 190.51 ± 111.29 491.60 ± 3
IL-10 59.89 ± 59.89 59.98 ± 59.98 0 ± 0
IL-12 38.77 ± 21.73 68.30 ± 62.32 5.13 ± 1
IL-13 108.00 ± 38.54 332.52 ± 282.22 2.68 ± 2
IL-17 20.47 ± 8.29 29.24 ± 19.27 0.77 ± 0
IL-18 351.01 ± 189.13 789.49 ± 422.74 105.42 ± 3
IP-10 0 ± 0 53.56 ± 53.56 0 ± 0
Leptin 10001.90 ± 850.70 5414.09 ± 743.34** 17.84 ± 5
MCP-1 719.92 ± 109.32 323.09 ± 134.99* 113.92 ± 6
MIP-1a 5.67 ± 2.25 9.42 ± 6.61 0.61 ± 0
RANTES 18364.54 ± 1635.46 11780.8 ± 3208.50 0 ± 0
TNF-a 0 ± 0 2.40 ± 1.52 2.44 ± 1
VEGF 21.80 ± 21.80 23.38 ± 23.38 3.46 ± 1

** p < 0.01.
* p < 0.05.
� 0.05 < p < 0.10 vs. control values.
3.6. Distinct cytokine relationships were detected in serum,
hippocampal and cortical compartments

Concentrations of 24 cytokines were quantified in blood serum
and hippocampal and cortical protein samples of each behaviorally
characterized rat that neurogenesis was also quantified in (Table 1).
Note that concentrations of eotaxin, GRO-KC, IL-10, IL-13, IL-17,
leptin, and RANTES were at least a magnitude higher in circulation
versus the brain. IFNc was only detected in blood serum whereas
G-CSF, GM-CSF, IL1a, IL-2, IL-4, IL-5, IP-10 and TNFa were only de-
tected in the brain. Interestingly, of the cytokines only detected in
the brain, G-SCF, GM-CSF, IL-10, and IP-10 were detected in the
cortex but not in the hippocampus. An �2-fold higher concentra-
tion of IL-1b and MCP-1 was detected in the hippocampus versus
cortex whereas an �3-fold higher concentration of IL-12 and an
�2-fold higher concentration of IL-2 and IL-5 was detected in the
cortex versus hippocampus. These data suggest that in aged rats,
circulating cytokine concentrations do not appear to reflect central
concentrations. In addition, there appear to be regional differences
ated by daily exercise in aging rats. Mean (±S.E.M.) values are reported.

pus Cortex

Runners Controls Runners

.76 3.46 ± 0.87 1.90 ± 0.16 1.73 ± 0.27
0 ± 0 0.25 ± 0.04 0.17 ± 0.07
0 ± 0 1.09 ± 0.11 0.99 ± 0.33

.57 25.83 ± 5.55� 9.82 ± 0.80 10.54 ± 2.28
1.52 ± 1.29 0 ± 0 0 ± 0

.55 14.81 ± 7.03 5.60 ± 1.06 4.96 ± 1.58

.46 22.27 ± 4.38** 13.07 ± 2.38 13.56 ± 1.82

.09 13.73 ± 4.28 27.50 ± 1.75 22.47 ± 4.18

.90 4.88 ± 0.99 3.17 ± 0.33 2.63 ± 0.53

.01 1.73 ± 0.94 4.54 ± 0.56 3.84 ± 0.91
,12 30.14 ± 10.05 14.02 ± 1.82 16.28 ± 4.19
01.67 588.73 ± 267.64 396.14 ± 50.08 385.10 ± 86.51

0 ± 0 4.56 ± 0.37 4.52 ± 1.78
.50 7.60 ± 2.04 19.58 ± 3.29 17.99 ± 3.55
.06 9.42 ± 3.66 6.06 ± 0.25 5.13 ± 1.05
.40 0.68 ± 0.38 0.57 ± 0.09 0.48 ± 0.17
1.38 209.72 ± 28.51* 77.38 ± 3.90 70.00 ± 10.25

5.72 ± 5.00 1.57 ± 0.11 1.41 ± 0.19
.15 19.97 ± 6.43 10.39 ± 0.51 9.52 ± 1.86
8.04 138.22 ± 49.40 51.23 ± 3.85 39.93 ± 8.78
.25 4.05 ± 3.09 0.34 ± 0.02 0.43 ± 0.09

13.49 ± 6.72 17.22 ± 1.86 42.96 ± 16.84
.09 3.27 ± 1.41 2.28 ± 0.06 2.20 ± 0.61
.52 6.46 ± 2.68 1.91 ± 0.25 0.98 ± 0.33�
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in the basal expression of central cytokines and therefore, likely
their influence.

We next analyzed cytokine relationships within and between
blood serum, hippocampal and cortical compartments to further
explore the ideas that circulating concentrations may predict cen-
tral cytokine signaling and that differences in central cytokine
expression may reflect more local signaling. Pathway analyses
(see Section 2.10) revealed distinct clusters within but no clusters
between compartments after Bonferroni adjustments for multiple
comparisons (Table 2a–c and Fig. 7). In serum: (1) MCP-1 and
GRO-KC and (2) IL-6 and IL-13 were identified as independent clus-
ters. In the hippocampus: (1) IL-17 and VEGF, (2) IL-5 and VEGF, (3)
MCP-1, IL-2 and VEGF, (4) MCP, IL-2, TNF-a, MIP-1a and IL-5, (5)
IL-2 and GRO-KC, (6) eotaxin, TNFa and IL-12, (7) IL-2 and IL-4
and (8) IL-4 and IL-6 were identified as independent clusters. In
the cortex: (1) IL-2 and GM-CSF, (2) GM-CSF and IL-18, (4)
GM-CSF and IL-10, and (5) IL-13 and IL-4 were identified as inde-
pendent clusters. Table 2 shows the r-values (bolded and with
asterisks) of cytokine pairs that were included in these clusters
because they remained statistically significant after Bonferroni
corrections. While these results indicate strong relationships
between cytokine concentrations within each brain region and
within serum, no clusters emerged between these compartments.
The lack of significant relationships between serum and brain cyto-
kine concentrations may indicate that circulating factors neither
diffuse nor are transported in detectable quantities into hippocam-
pal and cortical regions in aging rats unchallenged by an inflamma-
tory event (Erickson and Banks, 2011). The lack of significant
relationships between hippocampal and cortical compartments
suggests that basal neuroimmune signaling is a local event. Of
course, the lack of significant between-compartments relation-
ships could simply reflect the stringency inherent to Bonferroni
adjustments, which increase the likelihood of type II errors.

3.7. Measures of behavior and neurogenesis relate to concentrations of
cytokines modulated by running

To identify cytokine candidates linked to behavior and neuro-
genesis, we first identified cytokines that were modulated by exer-
cise using Student’s t-tests (see Table 1). Compared to controls,
conditioned runners had significantly lower hippocampal IL-1b
(t(9) = 3.14; p < 0.05), circulating MCP-1 (t(9) = 2.28; p 6 0.05) and
circulating leptin (t(9) = 4.06; p < 0.01) but higher hippocampal IL-
18 (t(9) = �2.46, p < 0.05) concentrations. Concentrations of circu-
lating GRO-KC (t(9) = 2.08; p = 0.07) and cortical VEGF (t(9) = 2.16,
p = 0.06) tended to be lower whereas hippocampal concentrations
of GRO-KC (t(9) = �1.90, p = 0.09) tended to be higher in runners
versus controls.

Of the cytokines with concentrations that were significantly
modulated by conditioned running in aged rats, several were mod-
ulated in a correlated manner (see Fig. 7A and Table 3). For exam-
ple serum MCP-1, which was decreased by conditioned running,
correlated positively with serum GRO-KC (p < 0.01) and both con-
centrations tended to correlate positively with serum leptin
(p = 0.06 and p = 0.08). Serum leptin was strongly decreased by
conditioned running and correlated positively with hippocampal
IL-1b (p < 0.05) but tended to correlate negatively with hippocam-
pal IL-18 (p = 0.06) and hippocampal GRO-KC (p = 0.08). Hippo-
campal IL-1b was decreased by conditioned running and
correlated negatively with hippocampal IL-18 (p < 0.05) and
tended to correlate positively with cortical VEGF (p = 0.07). A
strong positive correlation was detected between hippocampal
IL-18, which was increased with running, and hippocampal GRO-
KC (p < 0.01). These data suggest that conditioned running modu-
lates subsets of cytokines within and between serum, hippocampal
and cortical compartments.
Next we examined the strength of relationships between vari-
ables significantly affected by conditioned running (total new neu-
ron number, probe trial discrimination index scores and 24 h
inhibitory avoidance retention latencies) using Spearman rank cor-
relations (see Table 3). Interestingly, 24 h retention latencies on
the inhibitory avoidance task correlated positively with water
maze 24 h probe discrimination index scores (p < 0.05). These data
suggest that these tasks are both similarly sensitive to age-related
cognitive decline and the beneficial effects of conditioned running
on spatial ability in aged rats. As mentioned previously, new neu-
ron number tended to correlate positively with immediate
(p = 0.08) and 24 h (p = 0.059) water maze probe discrimination in-
dex scores (see Fig. 8B and Table 3).

Finally, we explored relationships between cytokine, behavioral
and neurogenesis measures that were modulated by conditioned
running (Table 3 and Fig. 8B). New neuron number, which was
potentiated by running, correlated negatively with serum leptin le-
vel (p < 0.01) but positively with hippocampal IL-18 (p < 0.001) and
hippocampal GRO-KC (p < 0.01) expression and tended to correlate
negatively with hippocampal IL-1 b expression (p = 0.06). Immedi-
ate probe trial discrimination index scores, which increased with
running, correlated negatively with cortical VEGF levels (p < 0.05)
and circulating levels of leptin (p < 0.05) MCP-1 (p < 0.01) and
GRO-KC (p < 0.01) and tended to correlate negatively with hippo-
campal IL-1b (p = 0.06). Twenty-four-hour discrimination index
scores correlated negatively with circulating leptin levels
(p < 0.01) and hippocampal IL-1 b expression (p < 0.05). Interest-
ingly, serum leptin levels correlated negatively with immediate
discrimination index scores (p < 0.05), 24 h discrimination index
scores (p < 0.01) and new neuron numbers (p < 0.01). Serum leptin
level correlated positively with hippocampal IL-1b concentrations
(p < 0.05), and hippocampal IL-1b concentrations correlated nega-
tively with 24 h water maze (p < 0.05) and 24 inhibitory retention
(p < 0.05) performances. Cortical VEGF tended to correlate nega-
tively with 24 h inhibitory retention latencies (p = 0.06).
4. Discussion

An important goal for aging research is to identify markers of
biological aging that predict cognitive decline. In the current study,
we measured hippocampal neurogenesis and identified potential
serum and central markers in rats after rejuvenating their cogni-
tion with a behavioral treatment. Several months of food-moti-
vated wheel running improved aging rats’ abilities to rapidly
learn a hidden platform location and retain or consolidate spa-
tial/contextual information. Hippocampal neurogenesis is a well-
characterized marker of brain aging that was potentiated by daily
exercise in the current study along with correlated increases in
hippocampal IL-18 and GRO-KC. Both central and peripheral mark-
ers of inflammation have been hypothesized to contribute to age-
related decreases in cognitive function and we found that daily
exercise decreased hippocampal IL-1b expression, which was cor-
related negatively with water maze and inhibitory avoidance
memory scores. Due to the invasive nature of identifying markers
in brain tissue, many researchers have focused upon identifying
serum markers. In the aging rat, leptin emerged as a potential ser-
um marker for age-related declines in cognition and plasticity be-
cause it correlated negatively with water maze performances and
new neuron number. Moreover, daily exercise decreased serum
leptin along with serum MCP-1 (CCL2) levels and tended to de-
crease serum GRO-KC (CXCL1) level. Interestingly, serum leptin,
GRO-KC and MCP-1 levels along with cortical VEGF level (which
tended to decrease with daily exercise) correlated negatively with
the water maze learning index. Our data suggest that daily exercise



Table 2
Spearman rank correlation coefficients (rs) between cytokine pairs detected in (A) serum, (B) hippocampal and (C) cortical compartments reveal clusters (see Fig. 7). Note that no between compartments clusters emerged after
Bonferroni corrections.

eotaxin G-CSF GM-CSF GRO-KC IFN-c IL-1a IL-1b IL-2 IL-4 IL-5 IL-6 IL-9 IL-10 IL-12 IL-13 IL-17 IL-18 IP-10 leptin MCP-1 MIP-1a RANTES TNF-a VEGF

(A) Serum
eotaxin — — �0.06 0.67 — �0.61 — — — 0.82 �0.12 �0.36 0.75 0.72 0.35 �0.57 — �0.53 �0.08 �0.47 �0.09 — �0.26
G-CSF — — — — — — — — — — — — — — — — — — — — — — — —
GM-CSF — — — — — — — — — — — — — — — — — — — — — — — —
GRO-KC �0.06 — — 0.07 — �0.28 — — — 0.14 0.21 0.42 �0.04 �0.03 0.17 �0.04 — 0.56 0.96* 0.67 0.85 — �0.24
IFN-c 0.67 — — 0.07 — �0.46 — — — 0.58 �0.33 0.25 0.34 0.57 0.00 �0.46 — �0.43 0.01 �0.03 0.03 — �0.18
IL-1a — — — — — — — — — — — — — — — — — — — — — — — —
IL-1b �0.61 — — �0.28 �0.46 — — — — �0.52 0.44 0.14 �0.51 �0.55 �0.36 0.83 — 0.22 �0.27 �0.01 �0.48 — 0.51
IL-2 — — — — — — — — — — — — — — — — — — — — — — — —
IL-4 — — — — — — — — — — — — — — — — — — — — — — — —
IL-5 — — — — — — — — — — — — — — — — — — — — — — — —
IL-6 0.82 — — 0.14 0.58 — �0.52 — — — �0.16 �0.35 0.85 0.88* 0.65 �0.52 — �0.28 0.10 �0.23 0.14 — �0.04
IL-9 �0.12 — — 0.21 �0.33 — 0.44 — — — �0.16 �0.04 �0.15 �0.47 �0.18 0.26 — 0.29 0.30 �0.11 �0.01 — 0.03
IL-10 �0.36 — — 0.42 0.25 — 0.14 — — — �0.35 �0.04 �0.60 �0.38 �0.46 0.22 — 0.02 0.41 0.69 0.40 — �0.22
IL-12 0.75 — — �0.04 0.34 — �0.51 — — — 0.85 �0.15 �0.60 0.85 0.69 �0.47 — �0.15 �0.09 �0.55 �0.08 — 0.12
IL-13 0.72 — — �0.03 0.57 — �0.55 — — — 0.88* �0.47 �0.38 0.85 0.55 �0.51 — �0.17 �0.08 �0.37 0.04 — 0.04
IL-17 0.35 — — 0.17 0.00 — �0.36 — — — 0.65 �0.18 �0.46 0.69 0.55 �0.38 — 0.03 0.12 �0.05 0.21 — �0.07
IL-18 �0.57 — — �0.04 �0.46 — 0.83 — — — �0.52 0.26 0.22 �0.47 �0.51 �0.38 — 0.31 0.01 0.17 �0.35 — 0.61
IP-10 — — — — — — — — — — — — — — — — — — — — — — — —
leptin �0.53 — — 0.56 �0.43 — 0.22 — — — �0.28 0.29 0.02 �0.15 �0.17 0.03 0.31 — 0.65 0.26 0.44 — 0.29
MCP-1 �0.08 — — 0.96* 0.01 — �0.27 — — — 0.10 0.30 0.41 �0.09 �0.08 0.12 0.01 — 0.65 0.73 0.83 — �0.20
MIP-1a �0.47 — — 0.67 �0.03 — �0.01 — — — �0.23 �0.11 0.69 �0.55 �0.37 �0.05 0.17 — 0.26 0.73 0.68 — �0.16
RANTES �0.09 — — 0.85 0.03 — �0.48 — — — 0.14 �0.01 0.40 �0.08 0.04 0.21 �0.35 — 0.44 0.83 0.68 — �0.50
TNF-a — — — — — — — — — — — — — — — — — — — — — — —
VEGF �0.26 — — �0.24 �0.18 — 0.51 — — — �0.04 0.03 �0.22 0.12 0.04 �0.07 0.61 — 0.29 �0.20 �0.16 �0.50 — —

eotaxin G-CSF GM-CSF GRO-KC IFN-c IL-1a IL-1b IL-2 IL-4 IL-5 IL-6 IL-9 IL-10 IL-12 IL-13 IL-17 IL-18 IP-10 leptin MCP-1 MIP-1a RANTES TNF-a VEGF

(B) Hippocampus
eotaxin — — 0.79 — 0.77 �0.10 0.84 0.84 0.81 0.88 0.85 — 0.89** 0.86 0.68 0.70 — 0.69 0.79 0.78 0.36 0.89** 0.82
G-CSF — — — — — — — — — — — — — — — — — — — — — — —
GM-CSF — — — — — — — — — — — — — — — — — — — — — — —
GRO-KC 0.79 — — — 0.78 �0.25 0.90** 0.86 0.72 0.88 0.70 — 0.74 0.77 0.63 0.85 — 0.42 0.82 0.75 0.79 0.80 0.87
IFN-c — — — — — — — — — — — — — — — — — — — — — — —
IL-1a 0.77 — — 0.78 — �0.03 0.69 0.66 0.69 0.85 0.65 — 0.83 0.75 0.56 0.71 — 0.64 0.56 0.70 0.60 0.69 0.72
IL-1b �0.10 — — �0.25 — �0.03 �0.10 �0.30 0.13 �0.18 0.14 — �0.05 �0.27 0.28 �0.60 — 0.01 0.06 0.04 �0.36 0.03 0.07
IL-2 0.84 — — 0.90** — 0.69 �0.10 0.90** 0.92** 0.84 0.83 — 0.79 0.68 0.77 0.68 — 0.42 0.95** 0.92** 0.53 0.94** 0.90**

IL-4 0.84 — — 0.86 — 0.66 �0.30 0.90** 0.83 0.90** 0.79 — 0.78 0.66 0.68 0.70 — 0.47 0.86 0.80 0.56 0.86 0.87
IL-5 0.81 — — 0.72 — 0.69 0.13 0.92** 0.83 0.77 0.88 — 0.78 0.57 0.88 0.43 — 0.44 0.89** 0.93** 0.33 0.91** 0.90**

IL-6 0.88 — — 0.88 — 0.85 �0.18 0.84 0.90** 0.77 0.80 — 0.87 0.70 0.59 0.75 — 0.67 0.80 0.79 0.56 0.83 0.81
IL-9 0.85 — — 0.70 — 0.65 0.14 0.83 0.79 0.88 0.80 — 0.71 0.55 0.88 0.40 — 0.59 0.88 0.84 0.12 0.82 0.87
IL-10 — — — — — — — — — — — — — — — — — — — — — — —
IL-12 0.89** — — 0.74 — 0.83 �0.05 0.79 0.78 0.78 0.87 0.71 — 0.74 0.58 0.68 — 0.81 0.71 0.84 0.40 0.91** 0.72
IL-13 0.86 — — 0.77 — 0.75 �0.27 0.68 0.66 0.57 0.70 0.55 — 0.74 0.49 0.84 — 0.49 0.53 0.54 0.58 0.69 0.70
IL-17 0.68 — — 0.63 — 0.56 0.28 0.77 0.68 0.88 0.59 0.88 — 0.58 0.49 0.26 — 0.33 0.82 0.80 0.08 0.75 0.90**

IL-18 0.70 — — 0.85 — 0.71 �0.60 0.68 0.70 0.43 0.75 0.40 — 0.68 0.84 0.26 — 0.45 0.50 0.53 0.83 0.61 0.56
IP-10 — — — — — — — — — — — — — — — — — — — — — — —
leptin 0.69 — — 0.42 — 0.64 0.01 0.42 0.47 0.44 0.67 0.59 — 0.81 0.49 0.33 0.45 — 0.41 0.59 0.05 0.62 0.38
MCP-1 0.79 — — 0.82 — 0.56 0.06 0.95** 0.86 0.89** 0.80 0.88 — 0.71 0.53 0.82 0.50 — 0.41 0.89** 0.38 0.91** 0.90**

MIP-1a 0.78 — — 0.75 — 0.70 0.04 0.92** 0.80 0.93** 0.79 0.84 — 0.84 0.54 0.80 0.53 — 0.59 0.89** 0.31 0.93** 0.80
RANTES 0.36 — — 0.79 — 0.60 �0.36 0.53 0.56 0.33 0.56 0.12 — 0.40 0.58 0.08 0.83 — 0.05 0.38 0.31 0.36 0.49
TNF-a 0.89** — — 0.80 — 0.69 0.03 0.94** 0.86 0.91** 0.83 0.82 — 0.91** 0.69 0.75 0.61 — 0.62 0.91** 0.93** 0.36 0.85
VEGF 0.82 — — 0.87 — 0.72 0.07 0.90** 0.87 0.90** 0.81 0.87 — 0.72 0.70 0.90** 0.56 — 0.38 0.90** 0.80 0.49 0.85

eotaxin G-CSF GM-CSF GRO-KC IFN-c IL-1a IL-1b IL-2 IL-4 IL-5 IL-6 IL-9 IL-10 IL-12 IL-13 IL-17 IL-18 IP-10 leptin MCP-1 MIP-1a RANTES TNF-a VEGF

(C) Cortex
eotaxin 0.54 0.82 0.06 — 0.55 0.25 0.70 0.80 0.64 0.47 0.68 0.82 0.54 0.88 0.52 0.70 0.68 0.63 0.12 0.37 �0.23 0.60 0.83
G-CSF 0.54 0.41 0.62 — 0.63 0.15 0.58 0.62 0.48 0.58 0.17 0.44 0.63 0.57 0.48 0.30 0.68 0.71 �0.31 0.53 �0.12 0.63 0.72
GM-CSF 0.82 0.41 0.09 — 0.71 0.19 0.91*** 0.84 0.45 0.55 0.62 0.93*** 0.61 0.87 0.69 0.92*** 0.73 0.55 0.03 0.18 �0.33 0.72 0.65
GRO-KC 0.06 0.62 0.09 — 0.29 0.16 0.19 0.31 0.24 0.05 �0.15 0.05 0.42 0.27 �0.09 0.14 0.56 0.55 �0.55 0.71 0.16 0.61 0.19
IFN-c — — — — — — — — — — — — — — — — — — — — — — —
IL-1a 0.55 0.63 0.71 0.29 — �0.25 0.80 0.87 0.66 0.73 0.47 0.67 0.82 0.75 0.74 0.62 0.52 0.38 0.14 0.10 �0.46 0.55 0.56
IL-1b 0.25 0.15 0.19 0.16 — �0.25 0.10 �0.06 �0.28 0.03 0.19 0.35 �0.13 0.15 0.08 0.16 0.25 0.51 �0.50 0.50 �0.16 0.35 0.15
IL-2 0.70 0.58 0.91*** 0.19 — 0.80 0.10 0.80 0.41 0.55 0.52 0.82 0.60 0.75 0.76 0.82 0.71 0.51 0.02 0.06 �0.38 0.75 0.73
IL-4 0.80 0.62 0.84 0.31 — 0.87 �0.06 0.80 0.82 0.59 0.65 0.83 0.83 0.95*** 0.56 0.71 0.67 0.57 0.20 0.33 �0.44 0.67 0.68
IL-5 0.64 0.48 0.45 0.24 — 0.66 �0.28 0.41 0.82 0.43 0.64 0.51 0.75 0.75 0.24 0.37 0.30 0.30 0.35 0.24 �0.29 0.38 0.49
IL-6 0.47 0.58 0.55 0.05 — 0.73 0.03 0.55 0.59 0.43 0.34 0.64 0.72 0.60 0.80 0.45 0.33 0.41 �0.19 0.12 �0.29 0.32 0.38
IL-9 0.68 0.17 0.62 �0.15 — 0.47 0.19 0.52 0.65 0.64 0.34 0.77 0.32 0.63 0.51 0.43 0.25 0.38 0.39 0.12 �0.55 0.25 0.35
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may rejuvenate cognition and neurogenesis in aging rats by mod-
ulating immune and neuroimmune signaling pathways.

Although the exercise protocol employed may rejuvenate cog-
nition and neurogenesis in aging rats by modulating immune and
neuroimmune signaling pathways, the observed benefits may also
be due to a caloric restriction associated with the exercise protocol.
Exercise and caloric restriction beneficially affect a number of bio-
logical processes in aged rats that include the modulation of
inflammatory signaling pathways (see Chung et al., 2009). How-
ever, in the current study any caloric restriction was voluntary
and very mild producing body weight changes of less than 10%
(compare masses in Section 2.1; Bondolfi et al., 2004; Lee et al.,
2000; Van der Borght et al., 2007), which would also be consistent
with an exercise-induced increase in fitness. Exercise is known to
stimulate neurogenesis in young and aged animals (Albeck et al.,
2006; Brown et al., 2003; Kobila et al., 2011; Parachikova et al.,
2008; van Praag et al., 2005) while the effects of caloric restriction
on neurogenesis may be limited to younger animals (Lee et al.,
2000; Van der Borght, 2007; Bondolfi, 2004). Regardless, the
inflammation associated with obesity and a sedentary lifestyle is
thought to contribute to diseases of aging and an understanding
how exercise with and without caloric restriction influences
inflammatory signaling cascades will be important for the develop-
ment of treatments.

Consistent with previous studies conducted using socially iso-
lated animals, wheel running improved cognition (Albeck et al.,
2006; Parachikova et al., 2008; van Praag et al., 2005) and ampli-
fied basal levels of hippocampal neurogenesis without altering
the percentage of new cells that acquired neuronal or glial fates
(Brown et al., 2003; Farmer et al., 2004; Kannangara et al., 2011,
2009; Kronenberg et al., 2006; Mustroph et al., 2012; Snyder
et al., 2009). Although our multiple injection paradigm and �16–
21 d-long survival period cannot dissociate the between the effects
of exercise on NPC proliferation versus the survivability of new
cells, these data are consistent with those of several other studies
showing that physical exercise increases NPC proliferation (Kem-
permann et al., 2010; van Praag et al., 1999). New neuron number
tended to correlate positively with immediate and delayed water
maze probe trial discrimination index scores but not inhibitory
avoidance retention latency scores. Importantly, the 900 s latency
ceiling employed in the inhibitory avoidance task may have
masked the relationship between the memory of contextual infor-
mation and new neuron number. We recently reported that new
neuron number strongly correlated with discrimination index
scores in environmentally and socially enriched aged rats and their
controls (Speisman et al., 2012). While physical activity is typically
considered to induce neurogenesis, environmental enrichment is
typically considered to promote the survival and potentially the
integration of new neurons into active hippocampal networks
(Deisseroth et al., 2004; Deng et al., 2010; Gould et al., 1999a; Leu-
ner et al., 2006; Stephens et al., 2012 but see Kobilo et al., 2011),
which may more profoundly impact hippocampal integrity (Kem-
permann et al., 2010).

Fig. 8 illustrates a potential link between serum inflammatory
markers and hippocampal cytokines associated with cognition
and neurogenesis. Exercise-modulated circulating leptin level
(Chennaoui et al., 2008; Novelli et al., 2004) correlated negatively
with maze discrimination index scores, new neuron number and
the hippocampal expression of IL-18 but positively with hippo-
campal IL-1b expression. Although leptin’s pleiotropic effects are
typically associated with energy regulation, recent work suggests
that leptin can directly stimulate the proliferation of neural pro-
genitor cells both in vitro and in vivo (Garza et al., 2008; Perez-
Gonzalez et al., 2011). These data would suggest that serum leptin
influences hippocampal neurogenesis in the aging rat through an
intermediary signaling molecule or simply that the serum leptin
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Table 3
Measures of several variables significantly modulated by daily exercise in aging rats correlate. Spearman rank correlation coefficients (rs) were calculated test the strength of the
relationships between concentrations of serum (S), hippocampal (H) and cortical (C) cytokines, and measures of spatial and hippoocampal neurogenesis that were significantly
modulated by conditioned running.

Serum Hippocampus Cortex Neurogenesis and behavior

MCP-1 leptin GRO-KC IL-1b IL-18 GRO-KC VEGF New Neuron # Immed. DI 24hr DI 24hr IA

MCP-1 (S) 0.65� 0.96*** 0.54 �0.36 �0.14 0.13 �0.53 �0.81** �0.39 �0.30
Leptin (S) 0.65� 0.56� 0.76* �0.61� �0.58� 0.52 �0.77** �0.73* �0.78** �0.46
GRO-KC (S) 0.96*** 0.56� 0.42 �0.29 �0.20 0.07 �0.41 �0.75** �0.48 �0.18
IL-1b (H) 0.54 0.76* 0.42 �0.60* �0.25 0.57� �0.58� �0.58� �0.68⁄ �0.63⁄

IL-18 (H) �0.36 �0.61� �0.29 �0.60* 0.85*** �0.51 0.94*** 0.51 0.54 0.16
GRO-KC (H) �0.14 �0.58� �0.20 �0.25 0.85*** �0.37 0.79** 0.38 0.41 �0.11
VEGF (C) 0.13 0.52 0.07 0.57� �0.51 �0.37 �0.43 �0.64* �0.51 �0.60⁄

New Neuron # �0.53 �0.77** �0.41 �0.58� 0.94*** 0.79** �0.43 0.59� 0.55� 0.18
Immed. DI �0.81** �0.73* �0.75** �0.58� 0.51 0.38 �0.64* 0.59� 0.47 0.45
24-h DI �0.39 �0.78** �0.48 �0.68* 0.54 0.41 �0.51 0.55� 0.47 0.62*

24-h IA �0.30 �0.46 �0.18 �0.63* 0.16 �0.11 �0.60� 0.18 0.45 0.62*

* p < 0.05.
** p < 0.01.
*** p < 0.001.
� 0.05 < p < 0.01.
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levels detected in aged rats exceed those found in healthy young
animals to the point that they become detrimental. Consistent with
the latter notion, exercise decreased leptin levels in our aging rats.
Indeed, leptin is emerging as a potential immune-to-brain signal-
ing mediator (Hosoi et al., 2002) because leptin levels are elevated
by peripheral inflammatory stimuli (Mastronardi et al., 2005; Sar-
raf et al., 1997) that incidentally decrease neurogenesis (Monje
et al., 2003) and leptin treatment increases brain levels of hippo-
campal IL-1b (Hosoi et al., 2002). Alternatively, serum leptin con-
centration in the current study may simply be a marker for an
immune signaling cascade containing the molecule that affects
neurogenesis.

Indeed, serum GRO-KC and MCP-1 levels were also decreased
by exercise, strongly correlated with one another, and indepen-
dently (along with leptin) correlated with the acquisition of a spa-
tial search strategy in the water maze (Tables 1 and 3 and Fig. 8).
Previous work has shown that MCP-1 levels that are elevated by
high fat diet-induced obesity in young mice, can be reduced by dai-
ly exercise (Kizaki et al., 2011). Recently, Villeda and colleagues
found that circulating CCL2, along with eotaxin (CCL11), MCP-5
(CCL12), MIP-3b (CCL19), haptoglobin and b2 microglobulin levels
were related to age-impaired neurogenesis and performance in a
working/reference memory radial water maze task. They then
showed that circulating eotaxin levels alone could impair neuro-
genesis, synaptic plasticity, working/reference memory and con-
textual fear conditioning (Villeda et al., 2011). We neither
detected an effect of exercise on circulating eotaxin levels, nor
relationships between circulating eotaxin levels and measures of
neurogenesis or water maze performance in aging rats. However,
age-related changes in circulating eotaxin may be species-dependent
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or relate to cognition and neurogenesis by interacting with another
variable that differed between studies. Nonetheless, exploring the
molecular mechanisms by which circulating factors, such as leptin,
GRO-KC, MCP-1 and perhaps eotaxin relate to measures of cogni-
tion and plasticity are important future research avenues.

Another important finding of the current study is the compart-
mental specificity of exercise-associated changes in cytokine lev-
els. After several months of daily exercise, leptin levels decreased
only in serum and IL-1b was reduced and IL-18 increased only in
the hippocampus (Table 1). A previous report also found that daily
treadmill exercise decreases hippocampal, but not circulating, cor-
tical, cerebellar or pituitary levels of IL-1b in young rats (Chenna-
oui et al., 2008). Our data extends these findings to aging rats, by
showing that hippocampal, but not cortical or circulating IL-1b lev-
els are reduced by exercise. Furthermore, hippocampal IL-1b
expression was correlated positively with serum leptin and nega-
tively correlated with both water maze and inhibitory avoidance
memory scores (Table 3 and Fig. 8). Leptin is actively transported
across the blood–brain-barrier (Morrison, 2009) and previous work
has demonstrated that leptin treatment increases IL-1b in the hip-
pocampus (Hosoi et al., 2002), providing one possible mechanism
for the observed relationship. Moreover, the inverse relationship
between IL-1b and cognition is consistent with a growing body
of work indicating that elevated hippocampal IL-1b levels impair
memory and synaptic plasticity in young and aged rats (Barrientos
et al., 2009, 2006, 2003; Chennaoui et al., 2008; Hein et al., 2010;
O’Callaghan et al., 2009). Together these data suggest that hippo-
campal IL-1b concentration may be a reliable biomarker of mne-
monic decline and, along with circulating leptin, a target for
nootropic drug development.

In contrast to IL-1b, IL-18 and GRO-KC levels were increased in
the hippocampus of the exercise group. Hippocampal IL-18 and
GRO-KC concentrations correlated positively with one another
and independently with new neuron number, while hippocampal
IL-18 concentration correlated negatively with hippocampal IL-1b
concentration (Fig. 8). Daily exercise has been shown previously
to potentiate hippocampal GROa (murine CXCL1) mRNA levels in
aging Tg2576 mice that express human amyloid protein (Parachik-
ova et al., 2008). Interestingly, these mice also exhibited improved
water radial arm maze performance and decreased hippocampal
IL-1b levels (Nichol et al., 2008; Parachikova et al., 2008). GRO-
KC stimulates adult rat spinal cord oligodendrocyte (Robinson
et al., 1998) and fetal ventral midbrain precursor (Edman et al.,
2008) proliferation and IL-18 may attenuate neuronal differentia-
tion in cultured fetal rat-derived neural progenitor cells (Liu
et al., 2005), but this is the first report of a relationship between
either factor and adult NPC behavior, to our knowledge. Conflicting
reports suggest that IL-18 promotes neuroprotection and spatial
ability (Ryu et al., 2010; Yaguchi et al., 2010.) but also age-related
cognitive decline (Blalock et al., 2003; Mawhinney et al., 2011). Our
data showing that exercise-increased hippocampal IL-18 levels
correlate positively with new neuron number (which correlate
positively with spatial ability in aging rats; Table 2 and Speisman
et al., 2012) are consistent with the former notion. The question re-
mains as to how IL-18 could be linked to improved hippocampal
function. One possibility is that exercise may improve hippocam-
pal health and stimulate neurogenesis in the aging brain by
improving vascular health (Palmer et al., 2000). GRO-KC and IL-
18 exhibit pro-angiogenic properties and are linked through ras-
raf-ERK-MAPK signaling (Park et al., 2001; Zhong et al., 2008).
Although we did not observe an exercise-induced shift in hippo-
campal VEGF levels, previous research indicates that running
potentiates hippocampal neurogenesis through VEGF activity in
young mice (Fabel et al., 2003; Tang et al., 2010) and increases hip-
pocampal VEGF levels in middle-aged mice (Latimer et al., 2011).
However, VEGF levels are known to decline in the aged brain
(Shetty et al., 2005) and may require rejuvenation before exercise
can potentiate neurogenesis beyond a basal level (Fig. 6 versus
Speisman et al., 2012). Note that although every analyte measured
was detected in the hippocampus and/or cortex (from which sim-
ilar amounts of protein were harvested), the volume of protein ob-
tained from ½ of the hippocampus could have been too small to
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quantify changes in the concentration of low-level analytes, such
as VEGF.

Our cluster analyses (see Fig. 7) further suggest that cytokine
signaling in aging rat runners and their controls is compartmental-
ized. In serum, we found strong positive correlations between
GRO-KC and MCP-1 and between IL-6 and IL-13 concentrations.
Coordinated monocyte/macrophage-derived serum MCP-1 and
GRO-KC concentrations have been reported in models of wound re-
pair-induced angiogenesis and in the serum of LPS-treated mice
(Barcelos et al., 2004; Erickson and Banks, 2011) and coordinated
circulating IL-13 and IL-6 concentrations may be consistent with
the heightened Th2 response hypothesized to occur with age
(Grolleau-Julius et al., 2010). Although IL-13 was detected in corti-
cal clusters and GRO-KC and MCP-1 were detected hippocampal
clusters we did not detect between-compartments correlations
that would indicate direct diffusion or transport across the
blood–brain-barrier to either location.

In the brain, we detected correlated concentrations of cytokines
that were distinct in the cortex and hippocampus. In the cortex,
concentrations of structurally and functionally homologous IL-13
and IL-4, which are expressed by microglia and typically associated
with anti-inflammatory and neuroprotective effects in the brain
were correlated (Opal and DePalo, 2000; Ponomarev et al., 2007;
Shin et al., 2004). Cortical GM-CSF was detected in separate clus-
ters with IL-2, IL-10 and IL-18. Astrocytic GM-CSF acts on its recep-
tors expressed by microglia and oligodendrocytes (Kimura et al.,
2000). IL-2 and its receptor protein is thought to be expressed by
neurons, glia and microglia while IL-18 mRNA is expressed by
microglia with its receptors being expressed by neurons, astrocytes
and microglia throughout the brain (Hanisch and Quirion, 1995;
Tambuyzer et al., 2009). While the relationship between brain IL-
2 and GM-CSF is unclear, IL-10 decreases but IL-18 increases
GM-CSF production by peripheral immune cells and IL-10 may
suppress microglial inflammatory responses (Lee et al., 2010).

In the hippocampus, VEGF correlated independently with IL-2
and MCP-1, IL-5, and finally IL-17. Endothelial VEGF production
can be stimulated by IL-2, and microglial, endothelial cell or
smooth muscle cell MCP-1 expression in response to vascular in-
jury (Parenti et al., 2004). IL-5 and IL-17, often associated with
allergic reactions, can also stimulate VEGF production. Interest-
ingly, the injury-induced expression of MIP-1a, MCP-1, GM-CSF,
and TNF-a and in some cases IL-1b appears to recruit macrophages
and induce phagocytosis (Ousman and David, 2001). The coordi-
nated concentration of IL-2 with this cluster is interesting because
IL-2 is often associated with self-recognition (Kolls and Linden,
2004). IL-2 and IL-4 are co-regulated by exhaustive acute exercise
in muscle and in serum presumably to stimulate repair processes
(Rosa Neto et al., 2011). Relationships between IL-2 and IL-4, IL-2
and GRO-KC, and between IL4 and IL-6 that we detected in the hip-
pocampus have not yet been reported in the brain, to our knowl-
edge. Future work that confirms and expands these regionally
distinct neuroimmune signaling pathways and tests their effects
in the aging brain will be critical for understanding their impact
on cognition and plasticity. Certainly, regional changes in other sig-
naling systems are under exploration in the aging brain (for exam-
ple, see McQuail et al., 2012).
5. Implications

Daily exercise improved spatial/contextual ability, perhaps by
stimulating hippocampal plasticity in the form of neurogenesis
and by modulating immune and neuroimmune signaling. Daily
exercise was associated with the decreased expression of factors
that correlated negatively with learning, memory and neurogene-
sis measures but the increased expression of factors that correlated
positively with our neurogenesis measure. The picture of how im-
mune and neuroimmune signaling impacts cognition and plasticity
is growing. We add to this picture by showing that exercise mod-
ulates factors distinctly in serum and in the brain, suggesting that
immune factors do not appreciably diffuse or are transported into
the brains of aging rats that exercise and their controls. We also
found that exercise modulated neuroimmune factors distinctly in
the cortex and hippocampus, which supports the notion that in
the brain, neuroimmune signaling is region-specific. Serum leptin
emerged as a biomarker for both brain and cognitive aging. Along
with serum leptin, serum MCP-1 and GRO-KC levels may predict
spatial ability. We confirmed that hippocampal IL-1b levels may
be a marker of mnemonic ability and we discovered that hippo-
campal IL-18 and GRO-KC levels correlated positively with neuro-
genesis. In summary, our work suggests that engaging in physical
activity may reverse some aspects of age-related cognitive decline,
perhaps by stimulating neurogenesis and by modulating beneficial
and detrimental aspects of immune and neuroimmune signaling.
Our correlational data begin to provide a framework for systemat-
ically manipulating these immune and neuroimmune signaling
molecules to test their effects on cognition and neurogenesis
across lifespan in future experiments.
Acknowledgments

The authors thank Dr. Gerry Shaw for his gift of anti-chicken
GFAP. The study was supported by grants from the National Insti-
tutes of Health (AG014979, AG037984) to T.C.F., the Evelyn F.
McKnight Brain Research Foundation and NIH Grant AG038600
to T.C.F. and B.K.O., and the Broad Foundation for Biomedical Re-
search to B.K.O. R.B.S. was the recipient of a National Science
Foundation Graduate Research Fellowship (DGE-0802270).
References

Aizawa, K., Ageyama, N., Yokoyama, C., Hisatsune, T., 2009. Age-dependent
alteration in hippocampal neurogenesis correlates with learning performance
of macaque monkeys. Exp. Anim. 58, 403–407.

Albeck, D.S., Sano, K., Prewitt, G.E., Dalton, L., 2006. Mild forced treadmill exercise
enhances spatial learning in the aged rat. Behav. Brain Res. 168, 345–348.

Barcelos, L.S., Talvani, A., Teixeira, A.S., Cassali, G.D., Andrade, S.P., Teixeira, M.M.,
2004. Production and in vivo effects of chemokines CXCL1-3/KC and CCL2/JE in
a model of inflammatory angiogenesis in mice. Inflamm. Res. 53, 576–584.

Baron, R.M., Kenny, D.A., 1986. The moderator–mediator variable distinction in
social psychological research: conceptual, strategic, and statistical
considerations. J. Pers. Soc. Psychol. 51, 1173–1182.

Barrientos, R.M., Frank, M.G., Hein, A.M., Higgins, E.A., Watkins, L.R., Rudy, J.W.,
Maier, S.F., 2009. Time course of hippocampal IL-1 beta and memory
consolidation impairments in aging rats following peripheral infection. Brain
Behav. Immun. 23, 46–54.

Barrientos, R.M., Higgins, E.A., Biedenkapp, J.C., Sprunger, D.B., Wright-Hardesty,
K.J., Watkins, L.R., Rudy, J.W., Maier, S.F., 2006. Peripheral infection and aging
interact to impair hippocampal memory consolidation. Neurobiol. Aging 27,
723–732.

Barrientos, R.M., Sprunger, D.B., Campeau, S., Higgins, E.A., Watkins, L.R., Rudy, J.W.,
Maier, S.F., 2003. Brain-derived neurotrophic factor mRNA downregulation
produced by social isolation is blocked by intrahippocampal interleukin-1
receptor antagonist. Neuroscience 121, 847–853.

Belarbi, K., Arellano, C., Ferguson, R., Jopson, T., Rosi, S., 2012. Chronic
neuroinflammation impacts the recruitment of adult-born neurons into
behaviorally relevant hippocampal networks. Brain Behav. Immun. 26, 18–23.

Ben-Hur, T., Ben-Menachem, O., Furer, V., Einstein, O., Mizrachi-Kol, R., Grigoriadis,
N., 2003. Effects of proinflammatory cytokines on the growth, fate, and motility
of multipotential neural precursor cells. Mol. Cell. Neurosci. 24, 623–631.

Bizon, J.L., Lee, H.J., Gallagher, M., 2004. Neurogenesis in a rat model of age-related
cognitive decline. Aging Cell 3, 227–234.

Blalock, E.M., Chen, K.C., Sharrow, K., Herman, J.P., Porter, N.M., Foster, T.C.,
Landfield, P.W., 2003. Gene microarrays in hippocampal aging: statistical
profiling identifies novel processes correlated with cognitive impairment. J.
Neurosci. 23, 3807–3819.

Bondolfi, L., Ermini, F., Long, J.M., Ingram, D.K., Jucker, M., 2004. Impact of age and
caloric restriction on neurogenesis in the dentate gyrus of C57BL/6 mice.
Neurobiol. Aging 25, 33–40.



R.B. Speisman et al. / Brain, Behavior, and Immunity 28 (2013) 25–43 41
Boyce, R.W., Dorph-Petersen, K.A., Lyck, L., Gundersen, H.J., 2010. Design-based
stereology: introduction to basic concepts and practical approaches for
estimation of cell number. Toxicol. Pathol. 38, 1011–1025.

Brown, J., Cooper-Kuhn, C.M., Kempermann, G., Van Praag, H., Winkler, J., Gage, F.H.,
Kuhn, H.G., 2003. Enriched environment and physical activity stimulate
hippocampal but not olfactory bulb neurogenesis. Eur. J. Neurosci. 17, 2042–
2046.

Buckwalter, M.S., Yamane, M., Coleman, B.S., Ormerod, B.K., Chin, J.T., Palmer, T.,
Wyss-Coray, T., 2006. Chronically increased transforming growth factor-beta1
strongly inhibits hippocampal neurogenesis in aged mice. Am. J. Pathol. 169,
154–164.

Cameron, H.A., McKay, R.D., 1999. Restoring production of hippocampal neurons in
old age. Nat. Neurosci. 2, 894–897.

Cameron, H.A., McKay, R.D., 2001. Adult neurogenesis produces a large pool of new
granule cells in the dentate gyrus. J. Comp. Neurol. 435, 406–417.

Carter, C.S., Leeuwenburgh, C., Daniels, M., Foster, T.C., 2009. Influence of calorie
restriction on measures of age-related cognitive decline: role of increased
physical activity. J. Gerontol. A Biol. Sci. Med. Sci. 64, 850–859.

Chen, J., Buchanan, J.B., Sparkman, N.L., Godbout, J.P., Freund, G.G., Johnson, R.W.,
2008. Neuroinflammation and disruption in working memory in aged mice after
acute stimulation of the peripheral innate immune system. Brain Behav.
Immun. 22, 301–311.

Chennaoui, M., Drogou, C., Gomez-Merino, D., 2008. Effects of physical training on
IL-1beta, IL-6 and IL-1ra concentrations in various brain areas of the rat. Eur.
Cytokine Netw. 19, 8–14.

Christensen, H., Mackinnon, A., 1993. The association between mental, social and
physical activity and cognitive performance in young and old subjects. Age
Ageing 22, 175–182.

Chung, H.Y., Cesari, M., Anton, S., Marzetti, E., Giovannini, S., Seo, A.Y., Carter, C., Yu,
B.P., Leeuwenburgh, C., 2009. Molecular inflammation: underpinnings of aging
and age-related diseases. Ageing Res. Rev. 8, 18–30.

Churchill, J.D., Galvez, R., Colcombe, S., Swain, R.A., Kramer, A.F., Greenough,
W.T., 2002. Exercise, experience and the aging brain. Neurobiol. Aging 23,
941–955.

Colcombe, S., Kramer, A.F., 2003. Fitness effects on the cognitive function of older
adults: a meta-analytic study. Psychol. Sci. 14, 125–130.

Conde, J.R., Streit, W.J., 2006. Microglia in the aging brain. J. Neuropathol. Exp.
Neurol. 65, 199–203.

Coras, R., Siebzehnrubl, F.A., Pauli, E., Huttner, H.B., Njunting, M., Kobow, K.,
Villmann, C., Hahnen, E., Neuhuber, W., Weigel, D., Buchfelder, M., Stefan, H.,
Beck, H., Steindler, D.A., Blümcke, I., 2010. Low proliferation and differentiation
capacities of adult hippocampal stem cells correlate with memory dysfunction
in humans. Brain 133, 3359–3372.

Correa, D.D., DeAngelis, L.M., Shi, W., Thaler, H., Glass, A., Abrey, L.E., 2004. Cognitive
functions in survivors of primary central nervous system lymphoma. Neurology
62, 548–555.

Creer, D.J., Romberg, C., Saksida, L.M., van Praag, H., Bussey, T.J., 2010. Running
enhances spatial pattern separation in mice. Proc. Natl. Acad. Sci. USA 107,
2367–2372.

Crossen, J.R., Garwood, D., Glatstein, E., Neuwelt, E.A., 1994. Neurobehavioral
sequelae of cranial irradiation in adults: a review of radiation-induced
encephalopathy. J. Clin. Oncol. 12, 627–642.

Cui, L., Hofer, T., Rani, A., Leeuwenburgh, C., Foster, T.C., 2009. Comparison of
lifelong and late life exercise on oxidative stress in the cerebellum. Neurobiol.
Aging 30, 903–909.

Deisseroth, K., Singla, S., Toda, H., Monje, M., Palmer, T.D., Malenka, R.C., 2004.
Excitation–neurogenesis coupling in adult neural stem/progenitor cells. Neuron
42, 535–552.

Deng, W., Aimone, J.B., Gage, F.H., 2010. New neurons and new memories: how does
adult hippocampal neurogenesis affect learning and memory? Nat. Rev.
Neurosci. 11, 339–350.

Dupret, D., Revest, J.M., Koehl, M., Ichas, F., De Giorgi, F., Costet, P., Abrous, D.N.,
Piazza, P.V., 2008. Spatial relational memory requires hippocampal adult
neurogenesis. PLoS One 3, e1959.

Edman, L.C., Mira, H., Erices, A., Malmersjö, S., Andersson, E., Uhlén, P., Arenas, E.,
2008. Alpha-chemokines regulate proliferation, neurogenesis, and
dopaminergic differentiation of ventral midbrain precursors and
neurospheres. Stem Cells 26, 1891–1900.

Ekdahl, C.T., Claasen, J.H., Bonde, S., Kokaia, Z., Lindvall, O., 2003. Inflammation is
detrimental for neurogenesis in adult brain. Proc. Natl. Acad. Sci. USA 100,
13632–13637.

Epp, J.R., Haack, A.K., Galea, L.A., 2010. Task difficulty in the Morris water task
influences the survival of new neurons in the dentate gyrus. Hippocampus 20,
866–867.

Epp, J.R., Scott, N.A., Galea, L.A., 2011. Strain differences in neurogenesis and
activation of new neurons in the dentate gyrus in response to spatial learning.
Neuroscience 172, 342–354.

Erickson, K.I., Voss, M.W., Prakash, R.S., Basak, C., Szabo, A., Chaddock, L., Kim, J.S.,
Heo, S., Alves, H., White, S.M., Wojcicki, T.R., Mailey, E., Vieira, V.J., Martin, S.A.,
Pence, B.D., Woods, J.A., McAuley, E., Kramer, A.F., 2010. Exercise training
increases size of hippocampus and improves memory. Proc. Natl. Acad. Sci. USA
108, 3017–3022.

Erickson, M.A., Banks, W.A., 2011. Cytokine and chemokine responses in serum
and brain after single and repeated injections of lipopolysaccharide:
multiplex quantification with path analysis. Brain Behav. Immun. 25,
1637–1648.
Fabel, K., Tam, B., Kaufer, D., Baiker, A., Simmons, N., Kuo, C.J., Palmer, T.D., 2003.
VEGF is necessary for exercise-induced adult hippocampal neurogenesis. Eur. J.
Neurosci. 18, 2803–2812.

Farmer, J., Zhao, X., van Praag, H., Wodtke, K., Gage, F.H., Christie, B.R., 2004. Effects
of voluntary exercise on synaptic plasticity and gene expression in the dentate
gyrus of adult male Sprague–Dawley rats in vivo. Neuroscience 124, 71–79.

Felzien, L.K., McDonald, J.T., Gleason, S.M., Berman, N.E., Klein, R.M., 2001. Increased
chemokine gene expression during aging in the murine brain. Brain Res. 890,
137–146.

Foster, T.C., Kumar, A., 2007. Susceptibility to induction of long-term depression is
associated with impaired memory in aged Fischer 344 rats. Neurobiol. Learn.
Mem. 87, 522–535.

Foster, T.C., Sharrow, K.M., Kumar, A., Masse, J., 2003. Interaction of age and chronic
estradiol replacement on memory and markers of brain aging. Neurobiol. Aging
24, 839–852.

Galea, L.A., Ormerod, B.K., Sampath, S., Kostaras, X., Wilkie, D.M., Phelps, M.T., 2000.
Spatial working memory and hippocampal size across pregnancy in rats. Horm.
Behav. 37, 86–95.

Garza, J.C., Guo, M., Zhang, W., Lu, X.Y., 2008. Leptin increases adult hippocampal
neurogenesis in vivo and in vitro. J. Biol. Chem. 283, 18238–18247.

Gerlai, R., 2001. Behavioral tests of hippocampal function: simple paradigms
complex problems. Behav. Brain Res. 125, 269–277.

Gimeno, D., Marmot, M.G., Singh-Manoux, A., 2008. Inflammatory markers and
cognitive function in middle-aged adults: the Whitehall II study.
Psychoneuroendocrinology 33, 1322–1334.

Godbout, J.P., Chen, J., Abraham, J., Richwine, A.F., Berg, B.M., Kelley, K.W., Johnson,
R.W., 2005. Exaggerated neuroinflammation and sickness behavior in aged mice
following activation of the peripheral innate immune system. FASEB J. 19,
1329–1331.

Gould, E., Beylin, A., Tanapat, P., Reeves, A., Shors, T.J., 1999a. Learning
enhances adult neurogenesis in the hippocampal formation. Nat. Neurosci.
2, 260–265.

Gould, E., Reeves, A.J., Fallah, M., Tanapat, P., Gross, C.G., Fuchs, E., 1999b.
Hippocampal neurogenesis in adult Old World primates. Proc. Natl. Acad. Sci.
USA 96, 5263–5267.

Griffin, R., Nally, R., Nolan, Y., McCartney, Y., Linden, J., Lynch, M.A., 2006. The age-
related attenuation in long-term potentiation is associated with microglial
activation. J. Neurochem. 99, 1263–1272.

Grolleau-Julius, A., Ray, D., Yung, R.L., 2010. The role of epigenetics in aging and
autoimmunity. Clin. Rev. Allergy Immunol. 39, 42–50.

Grotendorst, G.R., Smale, G., Pencev, D., 1989. Production of transforming growth
factor beta by human peripheral blood monocytes and neutrophils. J. Cell.
Physiol. 140, 396–402.

Hanisch, U.K., Quirion, R., 1995. Interleukin-2 as a neuroregulatory cytokine. Brain
Res. Brain Res. Rev. 21, 246–284.

Hattiangady, B., Shetty, A.K., 2008. Aging does not alter the number or phenotype of
putative stem/progenitor cells in the neurogenic region of the hippocampus.
Neurobiol. Aging 29, 129–147.

Hein, A.M., Stasko, M.R., Matousek, S.B., Scott-McKean, J.J., Maier, S.F., Olschowka,
J.A., Costa, A.C., O’Banion, M.K., 2010. Sustained hippocampal IL-1beta
overexpression impairs contextual and spatial memory in transgenic mice.
Brain Behav. Immun. 24, 243–253.

Holloszy, J.O., Smith, E.K., Vining, M., Adams, S., 1985. Effect of voluntary exercise on
longevity of rats. J. Appl. Physiol. 59, 826–831.

Hosoi, T., Okuma, Y., Nomura, Y., 2002. Leptin regulates interleukin-1beta
expression in the brain via the STAT3-independent mechanisms. Brain Res.
949, 139–146.

Kannangara, T.S., Lucero, M.J., Gil-Mohapel, J., Drapala, R.J., Simpson, J.M., Christie,
B.R., van Praag, H., 2011. Running reduces stress and enhances cell genesis in
aged mice. Neurobiol. Aging 32, 2279–2286.

Kannangara, T.S., Webber, A., Gil-Mohapel, J., Christie, B.R., 2009. Stress
differentially regulates the effects of voluntary exercise on cell proliferation
in the dentate gyrus of mice. Hippocampus 19, 889–897.

Kempermann, G., Fabel, K., Ehninger, D., Babu, H., Leal-Galicia, P., Garthe, A., Wolf,
S.A., 2010. Why and how physical activity promotes experience-induced brain
plasticity. Front. Neurosci. 4, 189.

Kempermann, G., Gast, D., Gage, F.H., 2002. Neuroplasticity in old age: sustained
fivefold induction of hippocampal neurogenesis by long-term environmental
enrichment. Ann. Neurol. 52, 135–143.

Kimura, M., Kodama, T., Aguila, M.C., Zhang, S.Q., Inoue, S., 2000. Granulocyte-
macrophage colony-stimulating factor modulates rapid eye movement (REM)
sleep and non-REM sleep in rats. J. Neurosci. 20, 5544–5551.

Kizaki, T., Maegawa, T., Sakurai, T., Ogasawara, J.E., Ookawara, T., Oh-ishi, S., Izawa,
T., Haga, S., Ohno, H., 2011. Voluntary exercise attenuates obesity-associated
inflammation through ghrelin expressed in macrophages. Biochem. Biophys.
Res. Commun. 413, 454–459.

Kobilo, T., Liu, Q.R., Gandhi, K., Mughal, M., Shaham, Y., van Praag, H., 2011. Running
is the neurogenic and neurotrophic stimulus in environmental enrichment.
Learn Mem. 18, 605–609.

Kohman, R.A., Rodriguez-Zas, S.L., Southey, B.R., Kelley, K.W., Dantzer, R., Rhodes,
J.S., 2011a. Voluntary wheel running reverses age-induced changes in
hippocampal gene expression. PLoS One 6, e22654.

Kohman, R.A., Deyoung, E.K., Bhattacharya, T.K., Peterson, L.N., Rhodes, J.S., 2011b.
Wheel running attenuates microglia proliferation and increases expression of a
proneurogenic phenotype in the hippocampus of aged mice. Brain Behav.
Immun. 26, 803–810.



42 R.B. Speisman et al. / Brain, Behavior, and Immunity 28 (2013) 25–43
Kolb, B., Pedersen, B., Ballermann, M., Gibb, R., Whishaw, I.Q., 1999. Embryonic and
postnatal injections of bromodeoxyuridine produce age-dependent
morphological and behavioral abnormalities. J. Neurosci. 19, 2337–2346.

Kolls, J.K., Linden, A., 2004. Interleukin-17 family members and inflammation.
Immunity 21, 467–476.

Krabbe, K.S., Mortensen, E.L., Avlund, K., Pilegaard, H., Christiansen, L., Pedersen,
A.N., Schroll, M., Jorgensen, T., Pedersen, B.K., Bruunsgaard, H., 2009. Genetic
priming of a proinflammatory profile predicts low IQ in octogenarians.
Neurobiol. Aging 30, 769–781.

Krabbe, K.S., Pedersen, M., Bruunsgaard, H., 2004. Inflammatory mediators in the
elderly. Exp. Gerontol. 39, 687–699.

Kronenberg, G., Bick-Sander, A., Bunk, E., Wolf, C., Ehninger, D., Kempermann, G.,
2006. Physical exercise prevents age-related decline in precursor cell activity in
the mouse dentate gyrus. Neurobiol. Aging 27, 1505–1513.

Kronenberg, G., Reuter, K., Steiner, B., Brandt, M.D., Jessberger, S., Yamaguchi, M.,
Kempermann, G., 2003. Subpopulations of proliferating cells of the adult
hippocampus respond differently to physiologic neurogenic stimuli. J. Comp.
Neurol. 467, 455–463.

Kuhn, H.G., Dickinson-Anson, H., Gage, F.H., 1996. Neurogenesis in the dentate
gyrus of the adult rat: age-related decrease of neuronal progenitor proliferation.
J. Neurosci. 16, 2027–2033.

Kumar, A., Rani, A., Tchigranova, O., Lee, W.H., Foster, T.C., 2012. Influence of late-
life exposure to environmental enrichment or exercise on hippocampal
function and CA1 senescent physiology. Neurobiol. Aging 33, 828.e821–
828.e817.

Lambert, T.J., Fernandez, S.M., Frick, K.M., 2005. Different types of environmental
enrichment have discrepant effects on spatial memory and synaptophysin
levels in female mice. Neurobiol. Learn. Mem. 83, 206–216.

Latimer, C.S., Searcy, J.L., Bridges, M.T., Brewer, L.D., Popović, J., Blalock, E.M.,
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