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Long-term  wheel  running  and  acute  uncontrollable  stress  decrease  adenosine  1 and  2A  receptor  mRNA  levels  in the  dorsal  and  ventral  striatum.
Wheel  running  modestly  increases  dopamine  2 receptor  mRNA  levels  in  the dorsal  and  ventral  striatum.
Long-term  running  potentiates  stress-induced  cfos  in direct  pathway  and  attenuates  stress-induced  cfos  in indirect  pathway  neurons  of  the  dorsal
striatum.
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a  b  s  t  r  a  c  t

Emerging  evidence  indicates  that  adenosine  is  a major  regulator  of  striatum  activity,  in  part,  through
the  antagonistic  modulation  of dopaminergic  function.  Exercise  can  influence  adenosine  and  dopamine
activity,  which  may  subsequently  promote  plasticity  in  striatum  adenosine  and  dopamine  systems.  Such
changes  could  alter  activity  of  medium  spiny  neurons  and impact  striatum  function.  The  purpose  of  this
study  was  twofold.  The  first  was  to  characterize  the  effect  of long-term  wheel  running  on adenosine
1  (A1R),  adenosine  2A  (A2AR),  dopamine  1  (D1R),  and dopamine  2  (D2R) receptor  mRNA  expression  in
adult  rat  dorsal  and  ventral  striatum  structures  using  in  situ  hybridization.  The  second  was  to  determine  if
changes to  adenosine  and  dopamine  receptor  mRNA  from  running  are  associated  with  altered  cfos  mRNA
induction  in  dynorphin-  (direct  pathway)  and  enkephalin-  (indirect  pathway)  expressing  neurons  of  the
dorsal  striatum  following  stress  exposure.  We  report  that  chronic  running,  as  well  as  acute  uncontrollable
stress,  reduced  A1R  and A2AR mRNA  levels  in  the  dorsal  and  ventral  striatum.  Running  also  modestly
unning elevated  D2R  mRNA  levels  in  striatum  regions.  Finally,  stress-induced  cfos  was  potentiated  in dynorphin
and  attenuated  in  enkephalin  expressing  neurons  of  running  rats.  These  data  suggest  striatum  adenosine
and dopamine  systems  are  targets  for neuroplasticity  from  exercise,  which  may  contribute  to  changes  in
direct and  indirect  pathway  activity.  These  findings  may  have  implications  for  striatum  mediated  motor
and  cognitive  processes,  as well  as exercise  facilitated  stress-resistance.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction
The striatum is a basal ganglia structure critically involved in a
ide range of motor, learning, and motivational processes. Abnor-
alities in the striatum have been suggested to contribute to

∗ Corresponding author at: National Institute on Aging, 251 Bayview Boulevard,
altimore, MD 21224, United States. Tel.: +1 410 558 8393; fax: +1 410 558 8323.

E-mail address: peter.clark@nih.gov (P.J. Clark).

ttp://dx.doi.org/10.1016/j.bbr.2014.07.006
166-4328/© 2014 Elsevier B.V. All rights reserved.
a diverse array of motor and mental health pathologies includ-
ing Huntington’s disease, Parkinson’s disease, schizophrenia, drug
abuse, and depression (for review see [1–5]). A growing literature
suggests that exercise promotes neuroplasticity in the striatum,
which may  have therapeutic benefits for mental and physical health
[6–11]. Moreover, recent findings indicate rodents that engage

in running are protected against uncontrollable stress-induced
enhancement of drug preference and cognitive deficits that involve
the striatum [12,13]. Therefore, exercise may  promote neuroplas-
ticity in the striatum that protects against the deleterious effects of

dx.doi.org/10.1016/j.bbr.2014.07.006
http://www.sciencedirect.com/science/journal/01664328
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tress. However, few studies have characterized exercise-induced
lasticity in the striatum that may  contribute to stress-resistance
7,11,14].

Emerging evidence indicates that the endogenous purine
ucleoside adenosine is a major regulator of striatum activity under
eriods of increased metabolic demand, in part through its potent
odulation of dopamine signaling (for review see [15,16]). Pre-

ynaptic adenosine A1 and A2A receptors located on terminals of
lutamate, dopamine, and cholinergic neurons in the striatum can
ne tune neurotransmission at synapses of medium spiny neurons
for further review see [16]). Additionally, post-synaptic adeno-
ine A1R and A2AR in the striatum are located in abundance on
istinct networks of medium spiny neurons [17,18], where they
ntagonistically modulate the binding and function of dopamine
1 and D2 receptors respectively [17–21]. Dopamine transmis-

ion in the striatum is critically involved in many cognitive and
otor processes including instrumental learning, working mem-

ry, reward, motivation, and movement (as reviewed in [22,23]).
herefore, neuroplasticity in adenosine receptor systems in the stri-
tum may  have profound effects on cognitive and motor processes
hat require normal dopamine signaling, and may  be a target for
he stress protective properties of exercise.

Prolonged or acute exposure to A1R and A2AR agonists is asso-
iated with increases or decreases of receptor mRNA in both cell
ulture and in vivo models [24–29]. Therefore, treatments that
ncrease adenosine, such as exercise, may  result in changes to
1R and A2AR receptor mRNA in the striatum. Acute bouts of
unning increase brain-wide adenosine concentrations [30] and
etabolic activity in the striatum [31,32]. Repeated increases of

denosine that may  follow several bouts of wheel running could
hus be sufficient to change adenosine receptor mRNA levels in the
triatum. Additionally, evidence suggests that a particularly aug-
ented adenosine activity in the striatum may  contribute to the

evelopment of depression-like behaviors in rats following uncon-
rollable stress [33–37]. Indeed, brain adenosine receptor activation
r blockade can, respectively, mimic  or prevent depression-like
eficits in shuttle box escape following exposure to uncontrollable
ail shock [36,37] that are thought to involve the striatum [13] and
re prevented by exercise [38,39]. Therefore, wheel running may
lter adenosine receptor mRNA in a manner consistent with protec-
ion against the development of depression-like behavior. Changes
o A1R and A2AR mRNA levels are commonly associated with similar
hanges in radioligand binding affinity or protein concentration in
he brain [40–56]. Thus, altered A1R and A2AR mRNA levels may
ave importance for adenosine receptor expression, which may
ltimately influence dopamine-mediated medium spiny neuron
ctivity and striatum function. However, to the best of our knowl-
dge, the impact of long-term wheel running on A1R and A2AR
RNA levels in the striatum remains unknown.
The first aim of this study was to characterize the effects of long-

erm wheel running on A1R, A2AR, D1R, and D2R mRNA expression
n the rat dorsal medial (DMS) and lateral striatum (DLS), as well as
tructures in the ventral striatum including the core (AcbC), lateral
hell (AcbShL), and medial shell (AcbShM) of the nucleus accum-
ens. We examined dorsal and ventral structures, because the
triatum has been traditionally separated into functionally distinct
omponents. The dorsal striatum has been generally implicated
n control of movement and motor learning processes, whereas
he ventral striatum has been thought to be involved in motiva-
ion and reinforcement, although considerable functional overlap
as been reported between striatal divisions (for review see [57]).
oreover, structures within the dorsal and ventral striatum have
een further subdivided by function. The DMS  has been associated
ith goal directed motor behavior [58,59], whereas the DLS has

een implicated in habit learning [60]. Furthermore, evidence sug-
ests ventral striatum subdivisions including AcbC, AcbShL, and
esearch 272 (2014) 252–263 253

AcbShM may  serve distinct roles in processing reward [61–65].
Therefore, running-induced regional changes to A1R, A2AR, D1R,
and D2R gene expression in the striatum may have significance for
different striatum-mediated processes.

The second aim of this study was  to determine if potential
changes to A1R, A2AR, D1R, or D2R gene expression following
wheel running are associated with differences in cfos (neural
activity marker) induction from uncontrollable tail shock in two
distinct classes of dorsal striatum medium spiny neurons. The
first class, striatonigral “direct pathway” neurons, almost exclu-
sively expresses the opioid dynorphin and post-synaptic D1R
[66]. The second class, striatopallidal “indirect pathway” neurons,
nearly exclusively expresses the opioid enkephalin, as well as
post-synaptic A2AR and D2R [67]. Through antagonistic A1R–D1R
and A2AR–D2R interactions, adenosine can reduce post-synaptic
D1R-mediated activation of direct pathway and D2R-mediated
inactivation of indirect pathway neurons in the dorsal stri-
atum [17–21]. Resulting changes to dorsal striatum A1R, A2AR,
D1R, or D2R mRNA following running may  thereby be related
to differential stimulation of dynorphin-expressing direct and
enkephalin-expressing indirect pathway neurons during expo-
sure to a stressor that has been suggested to increase adenosine
and dopamine activity [35,68]. Direct and indirect pathways have
been suggested to serve opposing roles for processing reward
[69], with increased direct pathway activity promoting reward-
ing and indirect pathway activity signaling aversive experiences
[70]. Therefore, potential changes to net activity in direct or indirect
pathway neurons during tail shock exposure in running rats could
play a role in signaling the degree of reward or aversion experienced
during a stressful event, and thus have important implications for
stress buffering properties of exercise [69,71].

We  report that 6 weeks of wheel running reduced A1R and A2AR
mRNAs in the rat dorsal and ventral striatum. Wheel running had
no impact on D1R mRNA levels, but modestly increased D2R mRNA
striatum sub-regions. Finally, cfos mRNA induction was potentiated
in direct pathway and attenuated in indirect pathway neurons of
running rats following tail shock. These data are consistent with
a reduced efficacy of adenosine-mediated inhibition of dopamine
signaling which could be related to observed reductions of A1R and
A2AR mRNA in medium spiny neurons of exercising animals. Taken
together, these data suggest the striatum adenosine system may  be
a target for neuroplasticity from exercise. Therefore, these findings
may  have implications for striatum-mediated motor and cognitive
processes, as well as exercise facilitated stress-resistance.

2. Materials and methods

2.1. Subjects and husbandry

Upon arrival, 32 male Fischer344 rats (obtained from
Harlan SPF, Indianapolis, IN, USA) weighing approximately
148 g were individually housed in standard laboratory cages
(45 cm × 25.2 cm × 14.7 cm)  (n = 16) or cages with locked run-
ning wheels (45 cm × 25.2 cm × 14.7 cm)  (n = 16). Although stress
induced by single housing could potentially impact our dependent
measures, rats were single housed in order to accurately monitor
individual running distance. Moreover, evidence suggests cortico-
sterone is equivalently low in single-housed sedentary and running
rats (see Section 3.2 and [72]), and single housing during adult-
hood does not exacerbate the development of the depression- and
anxiety-like behavioral consequences of uncontrollable tail shock

[73]. After 1 week, running wheels were unlocked and rats received
free access to wheels for the 6 week remainder of the study. Daily
wheel revolutions were recorded digitally using Vital View soft-
ware (Mini Mitter, Bend, OR, USA). Rooms were controlled for
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emperature (21 ± 1 ◦C) and photo-period (12:12 L:D) for the entire
tudy. Food (Harlan Teklad 7012) and water were provided ad libi-
um. All procedures were approved by the University of Colorado
nstitutional Animal Care and Use Committee and adhered to NIH
uidelines. Special care was taken to minimize animal discomfort
uring all procedures.

.2. Uncontrollable tail shock

After 6 weeks of running or sedentary conditions, rats were ran-
omly assigned to either receive uncontrollable tail shocks (n = 8
edentary Stress, n = 8 Running Stress) or no stress (n = 8 Seden-
ary Control; n = 8 Running Control). Approximately 2–5 h into the
ight cycle, rats that received tail shocks were restrained in a Plex-
glas tube with the tail protruding from the back where electrodes

ere placed to deliver 100, 5-s tail shocks on a variable 1 min
nter-shock interval. Rats received 1.0 mA  tail shocks for 50 min.
hock intensity was then increased to 1.5 mA  for the remainder
f the session. Uncontrollable tail shock is a well characterized
tressor that produces depression- and anxiety-like behaviors after

 single episode [74]. Moreover, evidence indicates depression-like
ehaviors following uncontrollable tail shock involves a particularly
ugmented adenosine signaling in the brain [36,37,75], and can be
revented by 6 weeks of running [38,39]. Control rats that did not
eceive stress were left undisturbed in home cages.

.3. Tissue preparation

All rats were euthanized immediately after the termination of
he final tail shock (between 4 and 7 h into the light cycle) in
airs (one rat from the Stress and Control groups, alternating exer-
ise condition) by rapid decapitation. Trunk blood was  collected in
DTA tubes (Greiner Vacuette, Monroe, NC) and spun for 15 min  at
000 × g in a refrigerated centrifuge (4 ◦C). Plasma supernatant was
emoved and stored at −80 ◦C until processing for corticosterone
LISA. Brains were rapidly extracted, frozen in chilled isopentene
−20 ◦C) for 4 min, and stored at −80 ◦C until sectioning. Brains
ere sliced through the rostral to caudal extent of the striatum at

0 �m coronal sections using a cryostat. Slices were thaw-mounted
irectly on to Superfrost Plus slides (Fisherbrand, Pittsburg, PA)
nd stored at −80 ◦C until processing for radioactive or dual label
uorescent in situ hybridization.

.4. Corticosterone ELISA

Plasma corticosterone was measured using a commercially
vailable ELISA (Enzo Life Sciences, Farmingdale, NY) in accordance
ith the provided instructions.

.5. Radioactive in situ hybridization

Radioactive in situ hybridization was used to detect rela-
ive group differences in striatal A1R, A2AR, D1R, or D2R mRNA.
adioactive in situ hybridization followed our previously published
rotocols [11]. Briefly, on day 1, a 1-in-20 series (separated by
00 �m)  of sections containing the striatum were washed in 4%
araformaldehyde for 1 h, 0.1 M triethanolamine with 0.25% acetic
nhydride for 10 min, and then dehydrated in graded ethanol.
omplementary (c)RNA riboprobes to A1R (743 bp, 127–869 cod-

ng region), A2AR (949 bp, 1316–2264 coding region), D1R (460 bp,
83–843 coding region), and D2R (495 bp, 1174–1665 coding
egion) were prepared from cDNA subclones in transcription vec-

ors and labeled with [S-35]UTP (Perkin-Elmer, Waltham, MA,
SA), using standard transcription methods. Riboprobes were
iluted in 50% hybridization buffer containing 50% formamide, 10%
extran sulfate, 2× sodium citrate (SSC), 50 mM phosphate buffer
esearch 272 (2014) 252–263

(PBS) at pH 7.4, 1× Denhardt’s solution, and 0.1 mg/ml  yeast tRNA.
Slides containing sections of the striatum were hybridized with the
respective probe for approximately 18 h at 55 ◦C. On day 2, sec-
tions were washed in 2× SSC, treated in RNaseA (200 �g/ml) for
1 h at 37 ◦C. Sections were treated with graded SCC washes (2×,  1×,
0.5×, 0.1×) and placed in 0.1× SSC at 65 ◦C for 1 h. Sections were
then dehydrated in graded ethanol, air dried for approximately
40 min. Finally, slides were placed into X-ray film cassettes and
covered with X-ray film (Biomax-MR; Eastman Kodak, Rochester,
NY, USA) for 3 days (for A2AR, D1, D2) or 7 days (for A1R). For
individual probes (A1R, A2AR, D1, or D2), slides from all rats were
processed together to allow for direct comparisons across exper-
imental groups. Labeling with “sense” probes indicated that the
signal observed with the “antisense” probes was  specific.

2.6. Double fluorescent in situ hybridization (non-radioactive)

Double radioactive in situ hybridization was used to detect the
proportion of dynorphin (direct pathway) and enkephalin (indi-
rect pathway) containing neurons that co-express cfos (neural
activation) in the dorsal striatum following exposure to uncon-
trollable tail shock. The protocol was similar to radioactive in situ
hybridization except (c)RNA riboprobes for dynorphin (744 bp,
164–907 coding region) or enkephalin (558 bp, 493–1052 cod-
ing region) were labeled with fluorescein UTP (purchased from
Roche, Indianapolis, IN) and cfos (574 bp, 596–1171 coding region)
was labeled with digoxigenin UTP (purchased from Roche, Indi-
anapolis, IN). Moreover, sections were not exposed to the final
graded ethanol dehydration on day 2. Instead, immediately fol-
lowing the 0.1× SSC wash at 65 ◦C, sections were brought back
to room temperature in distilled water and washed with 0.05 M
PBS. Sections were then quenched in hydrogen peroxide diluted
to 2% in 0.05 M PBS for 30 min, washed in 1× TRIS–buffered saline
containing Tween pH 7.5 (TBS-T), and incubated in 0.5% blocking
buffer (Perkin-Elmer, Waltman, MA,  USA) in 1× TBS for 1 h. Sections
were immediately incubated in anti-digoxigenin-horseradish per-
oxidase (Perkin-Elmer, Waltham, MA,  USA) at 1:750 in TBS-T for
30 min. Sections were next washed in TBS-T and then incubated
in cyanine 3 (CY3) amplification reagent solution at a 1:100 dilu-
tion in 1× amplification diluent (Perkin-Elmer, Waltham, MA, USA).
Sections were washed and stored overnight in 0.05 M PBS at 4 ◦C.
On day 3, sections were again quenched in 2% hydrogen perox-
ide in 0.05 M PBS for 30 min. Sections were next washed in TBS-T
and incubated for 90 min  in anti-fluorescein-horseradish peroxi-
dase (Perkin-Elmer, Waltham, MA,  USA) at 1:100 dilution in TBS-T.
Next, sections were again washed in TBS-T and incubated in fluo-
rescein amplification reagent at a 1:100 diultion in 1× amplification
diluent (Perkin-Elmer, Waltham, MA,  USA) for 1 h. Slides were then
washed in PBS and air dried for approximately 30 min. Coverslips
were set on slides using ProLong Gold antifade reagent with DAPI
(Life Technologies, Grand Island, NY).

2.7. Image analysis for radioactive in situ hybridization

Levels of A1R, A2AR, D1R, and D2R were semi-quantitatively ana-
lyzed following our previously published protocols [11]. Briefly,
images of brain sections on X-ray film were digitally captured using
camera (CCD camera, model XC-77; Sony, Tokyo, Japan) interfaced
to a computer (see Fig. 1). The relative optical density of the probe
on each captured image was  determined using Scion Image ver-
sion 4.0 (Scion, Fredick, MD,  USA). For each section, a background
sample was  taken over an area of white matter (for A2AR, D1R, and

D2R) or off the section (for A1R, as it is expressed in oligodendro-
cytes). Next, a sample was taken over the respective brain areas that
include DMS, DLS, AcbC, AcbShM, or AcbShL (boundaries defined
in Paxinos and Watson rat brain atlas). The signal threshold was
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Fig. 1. Radioactive in situ hybridization in the striatum. Representative autoradiographs showing in situ hybridization for (A) A1R, (B) A2AR, (C) D1R, and (D) D2R of Sedentary
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ontrol  (top left), Sedentary Stress (top right), Running Control (bottom left), and R
c)  nucleus accumbens core, (d) medial shell of the nucleus accumbens, and (e) late

alculated as mean gray value of background +3.5 SD. The section
as automatically density-sliced at this value, so that only pixels
ith gray values above these criteria were included in the analy-

es. The results reflect the mean signal produced by the cRNA probe
bove the background multiplied by the number of pixels above the
ssigned background. Each rat’s relative optical density for a par-
icular cRNA probe was measured across rostral to caudal axis of
he striatum containing 5 sections in the DLS and DMS  (coordinates
.2 to 1.7 mm,  1.6 to 1 mm,  0.2 to −0.3 mm,  −0.4 to −0.8 mm,  and
0.9 to −1.5 mm from bregma), as well as 4 sections in the AcbC,
cbShM, and AcbShL (coordinates 2.2 to 2.0 mm,  1.9 to 1.6 mm,  1.5

o 1.2 mm,  and 1.1 to 0.8 mm  from bregma).

.8. Image analysis for double fluorescent in situ hybridization
non-radioactive)

Images were acquired from a Zeiss AX10 with axioscan Z1 flu-
rescent microscope interfaced to a computer running axiovision
oftware (Zeiss, Oberkochen, Germany) at 200x total magnifica-
ion. Fluorescein (dynorphin or enkephalin), Cy3 (cfos), and DAPI
nuclei) emission channels were merged to create a single image.
or each rat, two non-overlapping adjacent images were acquired
n the DMS  and DLS over 3 sections across the rostral to cau-
al axis of the striatum (coordinates between 2.0 to 1.8 mm,  1.2
o 1.0 mm,  and 0 to −0.2 mm from bregma). Images were taken
nilaterally alternating right and left striatum for each rat. Each
mage captured the entire z-plane of a striatum. The number of
fos, enkephalin or dynorphin, and co-labeled (enkephalin/cfos or
ynorphin/cfos) neurons were counted in each image by an individ-
al blind to rat group assignments. A co-label was confirmed when a
g Stress (bottom right) in the (a) dorsal medial striatum, (b) dorsal lateral striatum,
ell of the nucleus accumbens.

dynorphin- or enkephalin-expressing neuron near completely cov-
ered and had a similar morphology to a cfos-reactive cell.

2.9. Data analysis

Overall distance run was  compared between Running Control
and Running Stress groups using Student’s t-test. Serum cortico-
sterone concentrations were compared by a 2-way ANOVA with
exercise (Sedentary vs. Running) and stress conditions (Control vs.
Stress) as factors. Trends in A1R, A2AR, D1R, and D2R mRNA expres-
sion were generally consistent across the rostral to caudal extent
of each striatal area. Therefore, relative optical density for A1R,
A2AR, D1R, and D2R mRNA levels was reported as an average across
analyzed rostral to caudal sections for each brain area (DMS, DLS,
AcbC, AcbShM, AcbShL) and compared by a 2-way ANOVA with
exercise and stress condition as factors. Relative optical density for
each rostral to caudal sub region analyzed (as previously described
in Section 2) in dorsal and ventral striatum structures were also
compared using 2-way ANOVAs with exercise and stress conditions
as factors. These data are included in Supplementary Tables 1–5.
A small number of sections contained damage over the region of
interest and were subsequently removed from analysis. Moreover,
1–2 of the rats in each group were missing sections from the most
rostral level of the nucleus accumbens (2.2–2.0 mm from bregma).
However, each group maintained at least a sample size of 6 for com-
parison at every level of the striatum. Discrepancies in sample sizes
are noted by the degrees of freedom in Supplementary tables.
The densities of cfos positive cells, as well as the proportions
of enkephalin or dynorphin neurons that co-expressed cfos in the
dorsal striatum were compared by a 2-way ANOVA with exercise
and stress condition as factors. For ANOVAs, post hoc analyses using
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Fig. 2. A1R, A2AR, D1R, and D2R gene expression in the dorsal striatum following
stress and exercise. Relative levels of A1R, A2AR, D1R, and D2R messenger ribonucleic
acid (mRNA) averaged across five sections (coordinates 2.2 to 1.7 mm,  1.6 to 1 mm,
0.2  to −0.3 mm,  −0.4 to −0.8 mm,  and −0.9 to −1.5 mm from bregma) of the (A)
dorsal medial striatum and (B) dorsal lateral striatum. Please note, the presented
data are not normalized across receptors, as in situ hybridization for each receptor-
type was completed on different days (see Section 2 for details). **P < 0.001 from
Running Control, Sedentary Stress, and Running Control within respective receptor,
56 P.J. Clark et al. / Behavioural B

isher projected least significant difference (PLSD) corrections were
ompleted when appropriate. For all analyses P < 0.05 was consid-
red statistically significant.

. Results

.1. Wheel running

Daily wheel running distance increased steadily for the first 3
eeks and thereafter maintained a plateau averaging 4.49 km/day

±0.09 SE) the final 3 weeks. Average distance run during the entire
xperiment was 3.66 km/day (±0.20 SE). Average distance traveled
n wheels did not differ between Running Control and Running
tress groups.

.2. Corticosterone concentrations

Exposure to uncontrollable tail shock potently increased corti-
osterone concentrations in both sedentary and running conditions
F(1,28) = 351.8, P < 0.0001]. No effect of exercise condition or sig-
ificant interaction between exercise and stress condition was
bserved. Average corticosterone concentrations were 1.9 �g/dl
±0.4 SE) for Sedentary Control, 1.4 �g/dl (±0.4 SE) for Running
ontrol, 61.4 �g/dl (±1.8 SE) for Sedentary Stress, and 72.3 �g/dl
±6.5 SE) for Running Stress groups.

.3. Dorsal striatum

.3.1. A1R gene expression
In the DMS, exercise decreased A1R mRNA levels [F(1,28) = 25.5,

 < 0.0001] (Fig. 2A). A significant interaction was observed
etween exercise and stress conditions [F(1,28) = 5.9, P = 0.02].
ost hoc analysis revealed that exposure to stress decreased A1R
RNA in sedentary rats (P = 0.007). Moreover, Sedentary Control
aintained greater A1R mRNA expression than Running Control

P < 0.0001) and Running Stress (P < 0.0001) groups. Additionally,
edentary Stress had a greater A1R mRNA expression than the Run-
ing Control group (P = 0.03).

In the DLS, exercise decreased A1R mRNA levels [F(1,28) = 23.0,
 < 0.0001] (Fig. 2B). A significant interaction was  found between
xercise and stress conditions [F(1,28) = 5.8, P = 0.02]. Post hoc anal-
sis revealed that exposure to stress decreased A1R mRNA in
edentary rats (P = 0.003). Sedentary Control maintained greater
1R mRNA expression than Running Control (P < 0.0001) and Run-
ing Stress (P < 0.0001) groups.

.3.2. A2AR gene expression
In the DMS, exercise decreased A2AR mRNA levels [F(1,28) = 94.5,

 < 0.0001] (Fig. 2A). A significant interaction was observed
etween exercise and stress conditions [F(1,28) = 28.4, P < 0.0001].
ost hoc analysis revealed that exposure to stress decreased A2AR
RNA in sedentary rats (P < 0.0001). Moreover, Sedentary Control

isplayed greater A2AR mRNA expression than Running Control
P < 0.0001) and Running Stress (P < 0.0001) groups. In addition,
edentary Stress had a greater A2AR mRNA expression than Run-
ing Control (P = 0.04) and Running Stress (P = 0.004) groups.

In the DLS, exercise decreased A2AR mRNA expression
F(1,28) = 111.3, P < 0.0001] (Fig. 2B). A significant interaction was
bserved between exercise and stress conditions [F(1,28) = 29.5,

 < 0.0001]. Post hoc analysis revealed that exposure to stress
ecreased A2AR mRNA in sedentary rats (P < 0.0001). Sedentary

ontrol had greater A2AR mRNA expression than Running Con-
rol (P < 0.0001) and Running Stress (P < 0.0001) groups. Moreover,
edentary Stress rats had more A2AR mRNA than Running Control
P = 0.009) and Running Stress (P = 0.001) groups.
ˆP  < 0.05 from Sedentary Stress within respective receptor, #P < 0.05 main effect of
exercise within respective receptor.

3.3.3. D1R gene expression
No significant effects of exercise, stress, or interaction between

exercise and stress were observed for D1R mRNA in the DMS  or DLS
(Fig. 2A and B).

3.3.4. D2R gene expression
Exercise increased D2R mRNA in the DMS  [F(1,28) = 7.8,

P = 0.009] (Fig. 2A), as well as in the DLS [F(1,28) = 4.7, P = 0.03]
(Fig. 2B). No significant effect of stress or interaction between exer-
cise and stress was  observed.

Values and statistical analysis for A1R, A2AR, D1R, and D2R mRNA
expression at each level of the DMS  and DLS are located in Supple-
mentary Tables 1 and 2.

3.4. Ventral striatum

3.4.1. A1R gene expression
In the AcbC, exercise decreased A1R mRNA levels [F(1,28) = 24.4,

P < 0.0001] (Fig. 3A). A significant interaction was observed
between exercise and stress conditions [F(1,28) = 5.5, P = 0.03]. Post
hoc analysis revealed that exposure to stress decreased A1R mRNA

in sedentary rats (P = 0.007). Sedentary Control had greater A1R
mRNA expression than Running Control (P < 0.0001) and Running
Stress (P < 0.0001) groups. Moreover, Sedentary Stress rats had
greater A1R mRNA expression than Running Control rats (P = 0.03).
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Fig. 3. A1R, A2AR, D1R, and D2R gene expression in the ventral striatum following
stress and exercise. Relative levels of A1R, A2AR, D1R, and D2R messenger ribonu-
cleic acid (mRNA) averaged across four sections (coordinates 2.2 to 2.0 mm,  1.9 to
1.6 mm,  1.5 to 1.2 mm,  and 1.1 to 0.8 mm from bregma) of the (A) nucleus accumbens
core, (B) medial shell of the nucleus accumbens, and (C) lateral shell of the nucleus
accumbens. Please note, the presented data are not normalized across receptors, as
in  situ hybridization for each receptor-type was  completed on different days (see
Section 2 for details). *P < 0.01 from Running Control, Sedentary Stress, and Run-
ning Control within respective receptor **P  < 0.001 from Running Control, Sedentary
P.J. Clark et al. / Behavioural B

In the AcbShM, exercise decreased A1R mRNA levels
F(1,28) = 36.1, P < 0.0001] (Fig. 3B). A significant interaction
as found between exercise and stress conditions [F(1,28) = 6.6,

 = 0.02]. Post hoc analysis revealed that exposure to stress
ecreased A1R mRNA in sedentary rats (P = 0.002). Sedentary
ontrol had greater A1R mRNA expression than Running Control
P < 0.0001), and Running Stress (P < 0.0001) groups. Moreover,
edentary Stress rats had greater A1R mRNA expression than
unning Control (P = 0.01) and Running Stress (P = 0.02) groups.

In the AcbShL, exercise decreased A1R mRNA levels
F(1,28) = 36.8, P < 0.0001] (Fig. 3C). A significant interaction
as found between exercise and stress conditions [F(1,28) = 7.3,

 = 0.01]. Post hoc analysis revealed that exposure to stress
ecreased A1R mRNA in sedentary rats (P < 0.0001). Sedentary
ontrol had greater A1R mRNA expression than Running Con-
rol (P < 0.0001), and Running IS (P < 0.0001) groups. Moreover,
edentary Stress had greater A1R mRNA expression than Running
ontrol (P = 0.02) and Running Stress (P = 0.02) groups.

.4.2. A2AR gene expression
In the AcbC, exercise decreased A2AR mRNA levels

F(1,28) = 111.8, P < 0.0001] (Fig. 3A). A significant interaction was
bserved between exercise and stress conditions [F(1,28) = 19.2,

 = 0.0001]. Post hoc analysis revealed that exposure to stress
ecreased A2AR mRNA in sedentary rats (P < 0.0001). Sedentary
ontrol maintained greater A2AR mRNA expression than Running
ontrol (P < 0.0001) and Running IS (P < 0.0001) groups. Sedentary
tress had more A2AR mRNA than Running Stress rats (P = 0.002).
dditionally, Running Control had significantly greater expression
2AR mRNA than Running Stress rats (P = 0.02).

In the AcbShM, exercise decreased A2AR mRNA levels
F(1,28) = 68.5, P < 0.0001] (Fig. 3B). A significant interaction was
bserved between exercise and stress conditions [F(1,28) = 27.0,

 < 0.0001]. Post hoc analysis revealed that exposure to stress
ecreased A2AR mRNA in sedentary rats (P < 0.0001). Sedentary
ontrol maintained greater A2AR mRNA expression than Running
ontrol (P < 0.0001) and Running Stress (P < 0.0001) groups. Seden-
ary Stress rats had more A2AR mRNA than Running Stress rats
P = 0.04). Moreover, Running Control had greater mRNA expression
han Running Stress rats (P = 0.04).

In the AcbShL, exercise decreased A2AR mRNA levels
F(1,28) = 78.6, P < 0.0001] (Fig. 3C). A significant interaction was
bserved between exercise and stress conditions [F(1,28) = 24.7,

 < 0.0001]. Post hoc analysis revealed that exposure to stress
ecreased A2AR mRNA in sedentary rats (P < 0.0001). Sedentary
ontrol maintained greater A2AR mRNA expression than Running
ontrol (P < 0.0001) and Running Stress (P < 0.0001) groups. More-
ver, Sedentary Stress rats had greater A2AR mRNA expression than
unning Control (P = 0.04) and Running Stress (P = 0.01) groups.

.4.3. D1R gene expression
No significant effect of exercise, stress, or interaction between

xercise and stress was observed for D1R mRNA in the AcbC, Acb-
hM, and AcbShL (Fig. 3A–C).

.4.4. D2R gene expression
Exercise modestly increased D2R mRNA [F(1,28) = 9.4, P = 0.005]

n the AcbShM (Fig. 3B), as well as in the AcbShL [F(1,28) = 11.8,
 = 0.002] (Fig. 3C). No significant effect of stress or interaction

etween exercise and stress was found in AcbC, AcbShM, or AcbShL.

Values and statistical analysis for A1R, A2AR, D1R, and D2R mRNA
xpression at each level of the AcbC, AcbShM, and AcbShL are
ocated in Supplementary Tables 3–5.
Stress, and Running Control within respective receptor; ˆP < 0.05 from Sedentary
Stress within respective receptor, ∼P < 0.05 from Running control within respective
receptor; �P ≤ 0.05 main effect of exercise within respective receptor.

3.5. Fluorescent in situ hybridization

3.5.1. cfos mRNA induction in the dorsal striatum following acute
stress

No statistically significant differences were observed for den-

sity of cfos mRNA between DLS and DMS  in any group. Moreover,
cfos induction did not differ through the rostral to caudal striatum.
Therefore, cfos density was averaged across the DLS and DMS  at
all levels (see Fig. 4A). Exposure to stress caused a marked increase
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n cfos induction in the dorsal striatum [F(1,28) = 268.0, P < 0.0001]
Fig. 4B). No effect of exercise or interaction between exercise and
tress condition was observed.

.5.2. Effect of acute stress on cfos induction in dynorphin
eurons in the dorsal striatum (see Fig. 4C)

The proportion of dynorphin neurons that co-expressed cfos
id not differ between the DMS  and DLS. Moreover, proportion
f dynophin neurons expressing cfos was similar throughout sec-
ions containing rostral to caudal striatum within each group.
herefore, proportion of dynorphin neurons that co-expressed
fos were averaged across the DLS and DMS  at all levels. Stress
ncreased the proportion of dynorphin neurons that expressed
fos [F(1,28) = 193.2, P < 0.0001] (Fig. 4D). Moreover, a statistically
ignificant interaction as observed between stress and exercise
ondition [F(1,28) = 7.4, P = 0.01] (Fig. 4D). Post hoc analysis revealed
tress-induced cfos expression in dynorphin neurons was  aug-
ented in running rats (P = 0.0003).

.5.3. Activation of enkephalin neurons in the dorsal striatum
rom acute stress (see Fig. 4E)

The proportion of enkephalin neurons that expressed cfos did
ot differ between the DMS  and DLS. Moreover, proportion of
nkephalin and cfos double labeled neurons were similar through-
ut sections containing rostral to caudal striatum within each
roup. Therefore, the proportion of enkephalin cells that co-
xpressed cfos were averaged across the DLS and DMS  at all levels
or each group. Stress increased the proportion of enkephalin neu-
ons that expressed cfos [F(1,28) = 162.9, P < 0.0001] (Fig. 4F). A
tatistically significant interaction was observed between stress
nd exercise conditions [F(1,28) = 5.7, P = 0.02] (Fig. 4F). Post hoc
nalysis revealed stress-induced cfos expression in enkephalin
eurons was reduced in running rats (P = 0.01).

. Discussion

The results of the current study show long-term wheel run-
ing and acute uncontrollable tail shock decreased striatal A1R and
2AR mRNA levels across the DMS, DLS, AcbC, AcbShM, and Acb-
hL (see Figs. 2 and 3). Acute uncontrollable tail shock exposure
urther reduced A2AR mRNA levels in the AcbC and AcbShM in run-
ing rats (see Fig. 3A and B). D2R mRNA was modestly increased

n striatum sub-regions of running rats (see Figs. 2 and 3). Nei-
her running nor stress affected striatal D1R mRNA expression (see
igs. 2 and 3). Changes in A1R, A2AR, and D2R gene expression
n the dorsal striatum from running were associated with greater
tress-induced cfos induction in dynorphin expressing “direct path-
ay” neurons and attenuated stress-induced cfos induction in

nkephalin expressing “indirect pathway” neurons (see Fig. 4D and
). Taken together, these data provide novel evidence indicating
unning alters striatum A1R and A2AR mRNA levels, which may
ffect adenosine-mediated antagonism of dopamine signaling in
he striatum. These data suggest the striatum adenosine system

ay  be a target for neuroplasticity following exercise, which may
ave significance for several behavioral and cognitive processes
hat involve the striatum.

Changes to A1R and A2AR mRNA levels are commonly associated
ith similar changes to protein or radioligand binding [40–56]. If

eported decreases of A1R and A2AR gene expression from running
ranslate to functional reductions in protein, these data may  have
mplications for both normal striatum function and potentially
he prevention or treatment of disorders that involve abnormal

opamine signaling. Indeed, A1R and A2AR are now recognized as
ajor modulators of striatum function. Their relatively high degree

f expression in the striatum, predominate post-synaptic loca-
ion on medium spiny neurons, and antagonistic interaction with
esearch 272 (2014) 252–263

dopamine receptors are consistent with a role in motor control,
instrumental learning, habit learning, working memory, reward,
and motivation [76–85]. Thus, potential changes to A1R and A2AR
expression, related to reduced mRNA from running, may  influence
a number of striatum-involved cognitive modalities. In addition to
normal physiological processes, the A1R and A2AR may  serve as
novel targets to treat pathologies associated with striatum dys-
function (as reviewed in [86]). Striatal dopamine receptors have
been widely studied as targets for therapeutic treatment of drug
abuse, depression, schizophrenia, cognitive dysfunction, and motor
control disorders (e.g. Parkinson’s and Huntington’s Disease) with
mixed efficacy. Due to their ability to reduce dopamine signaling,
adenosine receptors have provided a new direction in the search
for novel drugs to treat these disorders [87–95]. In particular, A2AR
antagonists have entered clinical trials for treatment of motor
degenerative Parkinson’s disease, due to its ability to stimulate
motor enhancement with a reduced propensity to cause dyskine-
sia compared to dopamine agents [96]. Given the potential for A2AR
antagonist treatment of Parkinson’s disease, the reported decrease
of A2AR mRNA in the striatum (see Figs. 2 and 3) could contribute to
delayed onset of Parkinson’s disease symptoms in individuals that
exercise (as reviewed in [97]).

In addition to motor control, data from pre-clinical work sug-
gest striatal A1R and A2AR may  represent novel targets to treat
mental health disorders like drug abuse or depression. Therefore,
decreased striatum adenosine receptor mRNA levels from exercise
could be related to reductions in the abusive properties of cer-
tain drugs and protect against incidences of depression. Indeed,
A2AR antagonism or knockdown has been reported to suppress
motivation and drug seeking for morphine in rodents [98–100].
Therefore, reduced A2AR mRNA levels in wheel running rats (see
Figs. 2 and 3) may  be related to protection from uncontrollable
tail shock-induced enhancement of morphine preference in rats
[12]. Moreover, the exercise-induced decrease in A2AR mRNA could
be relevant for reduced abusive properties of other drugs, as A2AR
knockdown or blockade has also been reported to attenuate the
reinforcing properties of nicotine and cannabinoid receptor stim-
ulation [101,102]. Finally, striatum adenosine receptors may  be
involved in the expression of behavioral despair [34,92,93,103],
as well as the development of depression-like behavior that fol-
lows uncontrollable stress [33,35–37]. Indeed, A2AR knockdown or
antagonist treatment has been reported to increase rodent mobility
on forced swim and tail suspension tests [92,93], as well as pre-
vent depression-like behavior that develops following reserpine
treatment [34]. Furthermore, blockade of brain adenosine receptors
has been reported to prevent the development of depression-
like shuttle box escape deficits following uncontrollable tail shock
[33,35–37] that are known to involve the striatum [13]. Therefore,
reduced adenosine receptor mRNA levels in the striatum following
wheel running (see Figs. 2 and 3) may  contribute to the stress-
buffering properties of exercise [38]. Future analyses are required
to determine if reported decreases of A1R and A2AR mRNA from
wheel running are translated to functional reduction in receptors,
as these changes could have significance for striatum function and
dysfunction.

The mechanism by which wheel running reduces A1R and A2AR
mRNA is unknown; however, repeated or excessive ligand bind-
ing during exercise could contribute to the observed reduction
in A1R and A2AR mRNA levels. Indeed, prior work indicates that
A1R or A2AR activation can lead to changes in receptor mRNA
both in vitro and in vivo, although inconsistencies in the lit-
erature exist in the direction and magnitude of such changes

[24–29,104,105]. Moreover, neither of these receptor mRNAs have
been well characterized in the brain following in vivo expo-
sure to agonists, as only one report exists, to the best of our
knowledge, suggesting chronic A1R activation with the agonist
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Fig. 4. cfos induction in direct and indirect pathway neurons of the dorsal striatum. (A) Approximate location of images capturing the dorsal lateral and dorsal medial
striatum used for analysis. Pictures modified from the Paxinos and Watson rat brain atlas. (B) Number of cfos expressing neurons in the dorsal striatum per square mm from
uncontrollable tail shock stress in sedentary and running rats. (C) Representative coronal section of the dorsal striatum stained for dynorphin mRNA (green), cfos mRNA (red),
and  DAPI (blue). The white box contains a zoomed in image of a dynorphin-positive cell within the section co-expressing cfos. (D) The proportion of dynorphin-positive cells
co-expressing cfos in the dorsal striatum following uncontrollable tail shock stress in sedentary and running rats. (E) Representative coronal section of the dorsal striatum
stained for enkephalin mRNA (green), cfos mRNA (red), and DAPI (blue). The white box contains a zoomed in image of an enkephalin-positive cell within the section co-
expressing cfos. (F) The proportion of enkephalin-positive cells co-expressing cfos in the dorsal striatum following uncontrollable tail shock stress in sedentary and running
rats. ##P < 0.0001 main effect of stress; *P < 0.05 or **P < 0.001 from Running Stress. (For interpretation of the references to color in this figure legend, the reader is referred
t
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-PIA reduces mRNA and surface expression of A1R in the brain
n vivo [26]. However, prolonged exposure to agonists of other
rain G-protein coupled receptors, like A1R and A2AR, commonly

esult in decreased receptor mRNA and protein (as reviewed in
106]). Multiple lines of evidence suggest wheel running can
ncrease adenosine activity in the striatum, which may  have con-
ributed to the observed reduction of A1R and A2AR mRNA levels.
Adenosine is released into the extracellular space when the rate of
adenosine triphosphate (ATP) hydrolysis exceeds synthesis. Thus,
adenosine concentrations increase as a function of cellular work-

load (as reviewed in [16]). Exercise promotes activity-dependent
increases of ATP utilization and adenosine concentrations in both
peripheral and central tissues [30,107–109]. However, the source
of brain adenosine from exercise that may  contribute to altered A1R
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nd A2AR mRNA expression is not well understood. One possibility
s that adenosine becomes released into extracellular space during
rain area-specific increases in energy demand. Previous work has
hown that bouts of wheel and treadmill running potently increase
eural activity and markers of metabolic demand in the stri-
tum [8,31,32,110–112], which may  be sufficient to increase local
denosine levels. Consistent with this idea, extracellular adenosine
oncentrations measured by microdialysis are slightly elevated in
he rat striatum across the dark-cycle, a period of increased physical
ctivity, suggesting even moderate increases of locomotor activ-
ty can augment striatum adenosine signaling [113]. In addition,
denosine can cross the blood brain barrier [114,115]. Therefore,
eripheral increases of adenosine during running could also con-
ribute to the altered receptor mRNA levels by elevating brain-wide
denosine concentrations [30]. Taken together, these data suggest
hat repeated increases of local or brain-wide adenosine levels dur-
ng running may  be a contributing factor to reduced A1R and A2AR

RNA levels, and could be a topic for future investigations.
The potential factors contributing to and significance of the

apidly reduced striatum adenosine receptor mRNA immediately
ollowing uncontrollable tail shock is more difficult to hypoth-
size (see Figs. 2 and 3). It is possible that rapid and excessive
ncreases of adenosine in the striatum related to increased neural
ctivity during stress could be a factor contributing to decreased
eceptor mRNAs (see Fig. 4B) [35], as levels of mRNA coding for
he adenosine receptors can become altered within hours fol-
owing agonist binding in cell culture models [25,27]. However,
his effect has not been well characterized in vivo. Other factors
elated to uncontrollable tail shock such as increases of corticoste-
one (see Section 3.2) [40] and proinflammatory cytokines [116]
ikely do not contribute to observed reductions because evidence
uggests these factors increase, not decrease adenosine receptor
RNA [54,117,118]. Therefore, factors contributing to rapid reduc-

ions of both adenosine receptor mRNAs following uncontrollable
tress require further investigation. Additionally, stress has been
eported to up-regulate A2AR in the striatum, which is related
o the development of depression-like behaviors in rats [103].
herefore, rapid changes to striatum adenosine receptor mRNA
bserved immediately following tail shock may  not be represen-
ative of later time points. Other G-protein coupled receptors that
isplay altered mRNA levels immediately following uncontrollable
ail shock return to baseline levels within hours [119], or can con-
inue to change expression days later [73]. It is possible that A1R or
2AR mRNAs may  also display differing patterns of expression over-

ime. The stability of reported adenosine receptor mRNA reductions
mmediately following uncontrollable stress also requires further
xploration in order to better understand how these changes may
nfluence striatum function.

Factors contributing to the activation of medium spiny neu-
ons comprising the direct and indirect pathways are complex,
nd involve coordinated interactions between several neurotrans-
itter systems that act both pre- and post-synaptically. However,

everal lines of evidence suggest potentiated stress-induced cfos
n dynorphin-expressing direct pathway and attenuated stress-
nduced cfos in enkephalin-expressing indirect pathway neurons
f physically active rats (see Fig. 4D and F) are consistent with
bserved changes to A1R, A2AR, and D2R gene expression (see
ig. 2). Evidence suggests uncontrollable tail shock can increase
denosine and dopamine signaling in the striatum [33,35–37,68];
herefore, potential exercise-induced changes to adenosine or
opamine receptor expression, related altered mRNA, could lead
o the observed differences in stress-induced activation of direct

nd indirect pathway neurons between running and sedentary
ats. Indeed, A2AR and D2R mRNA are nearly exclusively found in
nkephalin-expressing striatum indirect pathway neurons, where
hese receptors are predominately located on dendrites and cell
esearch 272 (2014) 252–263

bodies [18,67]. A2AR activation decreases the binding affinity and
function of D2R in indirect pathway neurons [120,121]. There-
fore, potential reductions of A2AR and greater D2R expression
[122–124], associated with observed changes to receptor mRNA,
in the striatum of physically active rats could lead to a greater
inhibitory influence on indirect pathway neurons during tail shock.
Furthermore, adenosine can reduce dopamine-mediated activa-
tion of direct pathway neurons through post-synaptic A1R–D1R
heterodimer interactions [19,125,126]. Therefore, decreased A1R
mediated inhibition of D1R could lead to a greater excitatory influ-
ence on direct pathway neurons. Together, observations from the
literature along with reported changes in adenosine and dopamine
receptor mRNA levels are consistent with a reduced efficacy of
adenosine-mediated inhibition of dopamine signaling in medium
spiny neurons of exercising animals, thus resulting in potentiated
direct pathway and attenuated indirect pathway activation during
stress in physically active rats.

This interpretation, albeit consistent with our data, requires cau-
tion. A1R mRNA expression has been reported in direct and indirect
pathway neurons, and presumably both A1R and A2AR mRNA are
located in striatum cholinergic interneurons [127]. Therefore, the
sources contributing to observed decreases in adenosine receptor
mRNAs are not clear. However, given the small proportion of stri-
atum neurons that are estimated to be cholinergic (∼0.4%) [128],
this source would likely only contribute modestly to the large
decreases in adenosine receptor mRNA observed in this study (see
Figs. 2 and 3). Furthermore, exposure to uncontrollable tail shock
also rapidly reduced A1R and A2AR mRNA (see Fig. 2), suggest-
ing that functional differences in protein level could be minimal
between running and sedentary rats following tail shock. However,
loss of G-protein coupled receptors, like A1R and A2AR, that are
associated with reductions of mRNA normally occurs in response
to a stimulus treatment for several hours or longer (as reviewed
in [106,129–131]). Therefore, it is unlikely that the reductions
in mRNA levels observed immediately after stress would also be
reflected in a change in protein at this time point, whereas poten-
tial protein changes in exercising rats would have been in place
prior to stress. Finally, activation of the direct pathway and indi-
rect pathways has been shown to promote and inhibit movement
respectively [69]. If running rats struggled to a greater degree in
restraint tubes during tail shock than sedentary rats, this could
be an alternative source for the observed changes in patterns
of cfos induction in direct and indirect pathways. However, we
have observed no difference in movement between sedentary
and running rats during uncontrollable tail shock using accurate
biotelemetric recording (unpublished data). Therefore, this alter-
native explanation seems unlikely. While it is difficult to make
strong conclusions from the current data that altered striatum A1R,
A2AR, or D2R gene expression from running contributes to increased
direct and decreased indirect pathway activation during tail shock,
the data are consistent with this hypothesis and should be explored
in greater detail by future studies.

Recent evidence has emerged suggesting excitation of direct and
indirect pathway neurons in the striatum serve opposing roles for
reinforcement learning, which may  have significance for stress-
buffering properties of exercise. Data from studies using gene
modification combined with rodent behavior suggest activation
of striatum direct and indirect pathway neurons can contribute
to reward and aversion, respectively [70,132]. Differences in the
amount of direct and indirect pathway activation; therefore, may
be important for varying expression of hedonic states during expo-
sure to rewarding or noxious stimuli [69]. In light of recent findings,

the current observation of greater activation of the direct path-
way and attenuated activation of the indirect pathway during
stress in physically active, compared to sedentary, rats suggests
that uncontrollable stress could be a more aversive experience
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or sedentary compared to running rats. Consistent with this
dea, selective induction of the chronic activity marker �FosB in
irect and indirect pathway neurons are, respectively, related to
tress-resistance and -susceptibility in mice that were previously
xposed to repeated social defeat [71]. Together, these data raise
he interesting possibility that exercise-induced neuroplasticity in
he striatum may  facilitate a shift from aversion-related to reward-
elated neural activation during exposure to stressful events. Such
hanges in neural activity could play a role in exercise-induced
tress resistance and resilience, and should be topics for further
nvestigation.

. Conclusion

The current data provide novel evidence that the adenosine sys-
em in the striatum may  be sensitive to physical activity status
nd acute uncontrollable stress. The observed reduction in A1R and
2AR mRNA levels following exercise could potentially contribute

o reduced efficacy of adenosine-mediated inhibition of dopamine
ignaling in the striatum. Indeed, the observed changes to direct and
ndirect pathway neuron activation during uncontrollable stress
n running rats are compatible with this hypothesis. These find-
ngs could have important implications for striatum function, as

ell as the prevention and treatment of mental health and motor
athologies involving the striatum.
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