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Abstract Human immunodeficiency virus (HIV) infection-
associated neurocognitive disorders is accompanied with brain
atrophy. In these patients, impairment of adult neurogenesis and
neurite outgrowth in the hippocampus may contribute to cog-
nitive dysfunction. Although running exercises can enhance
neurogenesis and normalize neurite outgrowth, the underlying
molecular mechanisms are not well understood. The HIV en-
velope protein, gp120, has been shown to impair neurogenesis.
Using a gp120 transgenic mouse model, we demonstrate that
exercise stimulated neural progenitor cell (NPC) proliferation
in the hippocampal dentate gyrus and increased the survival
rate and generation of newborn cells. However, sustained ex-
ercise activity was necessary as the effects were reversed by
detraining. Exercise also normalized dendritic outgrowth of
neurons. Furthermore, it increased the expression of hippocam-
pal brain-derived neurotrophic factor (BDNF) and normalized
hyperactivation of cyclin-dependent kinase 5 (Cdk5).
Hyperactivated Cdk5 or gp120 treatment led to aberrant neurite
outgrowth and BDNF treatment normalized the neurite out-
growth in NPC cultures. These results suggest that sustained
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exercise has trophic activity on the neuronal lineage which is
mediated by Cdk5 modulation of the BDNF pathway.
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Introduction

Human immunodeficiency virus (HIV) infection causes
neurocognitive impairment in nearly one third of individuals
despite adequate antiretroviral therapy (Heaton et al. 2011).
Considering the fact that over 30 million people are infected
with the virus worldwide, the impact of this neurodegenera-
tive process has important socioeconomic consequences
(UNAIDS/WHO). However, despite a huge investment of
resources in trying to understand the pathophysiology of
HIV-associated neurocognitive disorders (HAND) and despite
several clinical trials using neuroprotective drugs, there is no
neuroprotective treatment available to date. Pathological stud-
ies have demonstrated that the virus infects glial cells while
the neurons are not infected. Nevertheless, the neurons under-
go synaptic pruning, neurite and axonal retraction, and even-
tually apoptosis (Ellis et al. 2007). Pathophysiological studies
suggest that neuronal injury is mediated via viral proteins,
cytokines, and other mediators released from HIV-infected and
activated glial cells (Nath 2002). Based on these studies, clinical
trials have been conducted using drugs that target excitotoxicity,
oxidative stress, and neuroinflammatory pathways, all of which
have failed (Lindl et al. 2010). Unfortunately, such neuropro-
tective strategies have failed in most neurodegenerative diseases
where they have been tried (Ang et al. 2010). Current ap-
proaches are now focused on neuroregeneration. However, the
delivery of stem cells and viral vectors will be limited to select
patient populations hence other strategies are necessary for the
population at large.
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Exercise has been shown to improve neurocognitive func-
tion in a variety of disorders (Marzolini et al. 2012; Pontifex
et al. 2012) as well as age-related cognitive decline (Stranahan
et al. 2010). These effects are mediated via increased
neurogenesis and improved synaptic plasticity (Vivar et al.
2012). Hence, we determined if voluntary exercise may have
similar beneficial effects in an animal model of HAND. We
used a transgenic mouse model in which the HIV envelope
protein is expressed under the glial fibrillary acidic proten
(GFAP) promoter. The transgenic mice were previously shown
to display neuropathological changes, reduced hippocampal
long-term potentiation, and age-dependent impairment in cog-
nitive and neuromotor deficit seen in a proportion of HIV-1-
infected individuals (D'Hooge et al. 1999; Krucker et al. 1998;
Toggas et al. 1994). We determined if neurogenesis and neuro-
nal morphology was impaired and if these effects could be
reversed by exercise. We further determined if the effects of
exercise persisted during a detraining period and explored the
molecular basis of these effects.

Materials and methods
Ethics statement

All experiments involving mice were performed according to
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health (NIH).
The study was approved by the Johns Hopkins Medicine
Institutional Animal Care and Use Committee (permit number:
MO02M269) and the NIH Animal Care and Use Committee
(permit number: 1334-11).

Animals and drug treatment

Adult (8-9 weeks old) male heterozygous gpl120 transgenic
mice on a C57BL/6 background in which the expression of
gp120 was driven by a GFAP promoter (Toggas et al. 1994) and
littermate wild-type controls were housed in a standard facility.
A minimum of five animals per group were used for each
experimental condition. To assess cell proliferation, 200 mg/kg
of bromodeoxyuridine (BrdU; Sigma-Aldrich, St. Louis, MO,
USA) or 50 mg/kg of 5-ethynyl-2’-deoxyuridine (EdU;
Invitrogen, Carlsbad, CA, USA) was injected intraperitoneally
(i.p.), and the animals were killed 24 h later. For studies of cell
survival, BrdU (50 mg/kg) was injected i.p. four times at 2-h
intervals, and then the animals were killed on either 1 or 21 days
after the initial BrdU injection. DL-propranolol (Sigma-Aldrich)
was dissolved in saline and injected i.p. at 5 mg/kg once daily
for the last 3 days of a 10-day period of exercise, because
receptor antagonist administration for longer than 4 days is
reported to induce receptor supersensitivity (Nattel et al. 1979).
Rolipram (Sigma-Aldrich) was dissolved in saline containing

2 % dimethyl sulfoxide and injected i.p. at 3 mg/kg once daily
for 10 days.

Voluntary exercise

Mice were housed in a cage containing a running wheel. The
voluntary wheel system consisted of an 11.5-cm-diameter
wheel with a 5.0-cm-wide running surface (model 61390,
Petsmart, Phoenix, AZ, USA) equipped with a digital mag-
netic wireless counter (model CC-MC100W, CatEye,
Boulder, CO, USA) that was activated by wheel rotation.
During the running period, running duration and distance
were recorded daily for each cage. Two mice were housed
per cage in all experiments. Littermates of the gp120 trans-
genic and wild-type mice were provided running wheels for 3,
10, or 20 days. Another group was provided running wheels
for 10 days and then the wheels were removed and the mice
were housed in standard cages for another 10 days.

Retroviral labeling of newly generated neurons

Engineered self-inactivating murine oncoretroviruses were
used to express green fluorescent protein (GFP) specifically in
proliferating cells and their progeny (Duan et al. 2007). Adult
female gp120 transgenic and wild-type mice housed under
standard conditions were anaesthetized (100 pg ketamine and
10 pg xylazine in 10 puL saline per gram) and oncoretroviruses
were stereotaxically injected into the dentate gyrus at 4 sites
(0.5 uL per site at 0.25 pL/min) with the following coordinates
(posterior=2 mm from Bregma, lateral=+1.6 mm and ventral=
2.5 mm; posterior=3 mm from Bregma, lateral=+2.6 mm and
ventral=3.2 mm).

Immunohistochemistry, microscopy, and quantification

Animals were transcardially perfused with saline followed by
4 % (w/v) paraformaldehyde (PFA). After postfixing in PFA
overnight, brains were immersed in a 30 % (v/v) sucrose
solution. On the following day, brains were cryoprotected and
cut in the coronal plane into 40-pum-thick sections on a sliding
microtome. Every sixth brain section spanning the entire hip-
pocampal dentate gyrus was washed in Tris-buffered saline
(TBS; 10 mM Tris—HCI, pH 7.5, 150 mM NacCl) prior to
incubation in blocking solution (TBS with 0.5 % (v/v) Triton-
X and 2.5 % (v/v) donkey serum). Primary antibodies were
applied overnight at 4 °C. Secondary antibodies were applied to
sections for 2 h at room temperature followed by washing and
counterstaining with 4',6-diamidino-2-phenylindole (DAPI) to
label all nuclei. Sections were mounted on Superfrost Plus glass
slides (Thermo Fisher Scientific, Waltham, MA, USA) and
stored at —80 °C until they were imaged.

Primary antibodies were diluted in blocking solution as fol-
lows: anti-BrdU (rat, 1:1,000; Accurate, Westbury, NY, USA) or
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anti-doublecortin (DCX; goat, 1:250; Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Secondary antibodies were conjugates
of Alexa Fluor 488 or Alexa Fluor 594 (1:250, Invitrogen).

EdU cell proliferation assay was performed as described
previously (Chehrehasa et al. 2009). Brain sections were treated
with 0.5 % Triton X-100 for 20 min at room temperature. The
sections were washed twice with 3 % BSA in phosphate-
buffered saline (PBS) and then incubated with 500 uL of
Click-iT® reaction cocktail (Invitrogen), containing 430 uL of
1x reaction buffer, 20 pL of CuSO,, 1.2 uL of Alexa Fluor
azide, and 50 uL of reaction buffer additive for 30 min,
protected from light. The sections were washed once with
PBS and then incubated with Hoechst 33342 (5 pg/mL) for
30 min for nuclear staining, protected from light. After being
washed twice with PBS, sections were mounted on Superfrost
Plus glass slides and stored at —80 °C until they were imaged.

Sections were imaged using a Zeiss LSM 510 Meta multi-
photon confocal system (Carl Zeiss Microimaging Inc.,
Thomwood, NY, USA). Z-stacks (2 um thick, spanning the
entire 40 um thickness of each slice) were constructed for
each image. BrdU- , EdU-, and DCX-positive cells within the
subgranular zone and granule cell layer of every sixth slice
spanning the hippocampal dentate gyrus were counted by a
modified stereological method as previously described (Lie
et al. 2005). Positively labeled cells were expressed as cells
per volume of the granule cell layer, as assessed by staining of
the nuclei with DAPIL

For dendritic analysis, three-dimensional reconstruction of
the entire dendritic processes of each neuron was made from Z-
series stacks of confocal images. The two-dimensional projec-
tion images were traced with NIH ImageJ. GFP+dentate gran-
ule cells with largely intact dendritic trees were analyzed for
total dendritic length and branch number as described (Ge et al.
2006). Sholl analysis for dendritic complexity was carried out
by counting the number of dendrites that cross a series of
concentric circles from the soma as previously described (Ge
et al. 2006). The mice were analyzed at either one or two weeks
following retroviral labeling. Data shown are from a minimum
of ten individual GFP+neurons from at least four animals in
each group.

Immunoprecipitation and Cdk5 activity assay

Immunoprecipitation and CdkS kinase activity were performed
as described previously (Veeranna et al. 1996). Briefly, protein
G (+) A-agarose beads were washed 3 times with TBS and
incubated with CdkS antibody (1-2 png/500 pg of protein
lysate, Santa Cruz Biotechnology) for 1 h at room temperature
with gentle mixing. Beads were centrifuged and washed three
times with TBS and suspended in TBS. The hippocampi of the
gp120 transgenic and wild-type mice were lysed in ice-cold
lysis buffer and incubated with antibody conjugated beads for
2.5 h at 4 °C on a rotating wheel. Beads were subsequently
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centrifuged and washed 3 times with TBS and suspended in
kinase buffer (50 mM Tris/HCI pH 7.4, containing 1 mM
EGTA and 5 mM MgCl,). The immunoprecipitated beads
were used as an enzyme source for the kinase activity. For the
kinase assay, a total volume of 50 uL of kinase assay mixture
was used, containing 50 uM Tris/HCI (pH 7.4) with EGTA,
1 mM dithiothreitol, 5 mM MgCl,, 0.5 uM microcystin LR,
10 pg of histone H1, and 10 puL of CdkS immunoprecipitates.
The phosphorylation reaction was initiated by the addition of
0.1 mM[y->*P]ATP and incubated at 30 °C for 30 min. The
reaction was terminated by spotting 25 pL of the reaction
mixture on P81 phosphocellulose pads that were washed five
times in 75 mM phosphoric acid followed by rinsing with 95 %
(v/v) ethanol. The radioactivity was measured in a liquid scin-
tillation counter.

Quantitative Western blot analysis

For Western blot analysis, freshly dissected hippocampal tis-
sues were weighted, homogenized and lysed directly in the
sodium dodecyl sulfate (SDS) sample buffer (62.5 mM Tris
pH 6.8, 10 % (v/v) glycerol, 2 % (w/v) SDS, 0.01 % (w/v)
bromphenol blue). Protein homogenates were boiled for 5 mi-
nutes and loaded onto 10-15 % SDS PAGE gel for electropho-
resis (Bio-Rad, Philadelphia, PA, USA). Nitrocellulose mem-
branes with transferred proteins were blocked with 4 % (w/v)
BSA in TBS, incubated in TBST (TBS+0.05 % Tween-20)
with primary antibodies, washed and reacted with horse radish
peroxidase-conjugated secondary antibodies (Roche Molecular
Systems, Inc., Branchburg, NJ, USA). The following primary
antibodies were used: anti-brain-derived neurotrophic factor
(BDNF; rabbit, 1:500, Santa Cruz Biotechnology) and anti-
p35 (rabbit, 1:500, Santa Cruz Biotechnology). Membranes
were stripped and re-blotted with anti-actin antibody (mouse,
1:5,000, Santa Cruz Biotechnology) for a loading control. The
relative intensities of the blots were measured by densitometry.

Cell cultures and immunocytochemistry

Cell culture media and supplements were purchased from
Invitrogen if not specifically described. Human neural progen-
itor cells (NPCs) were cultured from human fetal brain speci-
mens of 7-8 weeks gestation in accordance with NIH guide-
lines. The tissues were then triturated after removing meninges
and blood vessels. After centrifugation at 1,000 rpm, cells were
resuspended in DMEM/F12 media (containing 8 mM glucose,
1x N2 supplement, 1 % antibiotics, 0.1 % albumin (Sigma-
Aldrich), human fibroblast growth factor-beta (20 ng/mL), and
human epidermal growth factor (20 ng/mL)) and plated onto
poly-D-lysine-coated (Sigma-Aldrich) T 25-cm” tissue culture
flasks. When cell cultures reached 60 % confluence, they were
subcultured by treatment with 0.0125 % (w/v) trypsin (Sigma-
Aldrich) and plated at a density of 2x 10* cells/ml onto poly-D-
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lysine-coated 96-well plates or glass cover slips in 24-well
plates. Media was replaced every other day. NPC cultures were
ready for experiments 4-5 days after replating and >98 % of the
cells expressed the neural stem cell marker, nestin while <1 %
of the cells expressed the marker for astrocytes, GFAP, or the
neuronal cell marker, beta-III tubulin as determined by immu-
nocytochemistry. Primary antibodies were used as follows:
anti-nestin (mouse, 1:1,000; Millipore, Billerica, MA, USA),
anti-GFAP (rabbit, 1:2,000; Dako, Carpinteria, CA, USA), and
beta-IIl tubulin (mouse, 1:2,000; Promega, Madison, WI,
USA). Secondary antibodies were conjugates of Alexa Fluor
488, Alexa Fluor 594, or Alexa Fluor 633 (1:400, Invitrogen).
To measure neurite length, cells were fixed in 4 % PFA and
rinsed with TBS with 0.5 % Triton-X. Cells were immuno-
stained using anti-beta-III tubulin (mouse, 1:1,000; Promega)
followed by incubation with the secondary antibody (anti-
mouse Alexa Flour 594, 1: 400; Invitrogen). Cells were
counterstained with DAPI, mounted in standard mounting me-
dia and imaged by a fluorescence microscope (model AMF-
4302, Advanced Microscopy Group, Bothell, WA, USA).
Dendritic length of neuronal images was analyzed with NIH
Imagel. All analyses were performed in a blind fashion.

Results

Effect of exercise and detraining on NPC proliferation
in the hippocampal dentate gyrus

We first determined whether the effect of exercise on NPC
proliferation in hippocampal dentate gyrus was time-
dependent, and whether this effect could be maintained after
cessation of exercise. Eight-week-old wild-type and gp120
transgenic mice were provided running wheels for 3, 10, or
20 days. Another group was provided running wheels for
10 days, the wheels were then removed, and the mice were
housed for another 10 days (Fig. 1a). To assess NPC prolifer-
ation, a single dose of 200 mg/kg of BrdU was administered
and the mice were killed 24 h later (Fig. 1a).

There was no difference in activity level of the wild-type
compared with gp120 transgenic mice. The cumulative running
distance at 3, 10, and 20 days groups was similar for the wild-
type and gp120 transgenic mice. The average running distance
during a 20-day period was 8.1+£0.9 and 7.9+0.8 km/day in the
wild-type and gp120 transgenic mice, respectively (Fig. 1b).
Quantitative analysis of BrdU-positive cells resulted in a bell-
shaped curve with an initial increase and a subsequent decrease
in the wild-type mice. For the wild-type mice, running increased
the number of BrdU-positive cells by 60 % within 3 days and
100 % by day 10, yet continuous exercise for 20 days resulted in
a return of the number of BrdU-positive cells back to baseline
(Fig. 1c, d). The gp120 transgenic mice also showed an increase
in BrdU-positive cells at days 3 and 10 and a decrease at day 20

by running. However, there were also important differences
between the two groups. At baseline, the number of BrdU-
positive cells was lower in the gp120 transgenic mice and the
effects of exercise were more pronounced (Fig. 1c, d). At days 3
and 10, the total number of BrdU-positive cells reached levels
comparable to the wild-type mice, and did not return back to
baseline by day 20 (Fig. lc, d). Interestingly, detraining, i.e.,
running followed by sedentary activity, completely reversed the
effect of exercise on NPC proliferation in both the wild-type and
gp120 transgenic mice. In the wild-type mice, detraining led to a
much greater drop in the number of BrdU-positive cells com-
pared with the control sedentary group. By contrast, in the
gp120 group, BrdU-positive cell levels returned to that of the
control sedentary group after detraining (Fig. 1c, d). We con-
firmed these observations on the effect of exercise on NPC
proliferation by EdU cell proliferation assays (Fig. le). There
was a positive correlation between the number of BrdU-positive
cells and running distance (Fig. 1f).

Effect of exercise on the survival rate of newly generated cells

To determine whether exercise regulates the survival rate of
newborn cells in the adult hippocampus of the wild-type and
gp120 transgenic mice, BrdU (50 mg/kg) was injected i.p. at 2-
h intervals for 6 h. The mice were then killed either 1 or 21 days
after the initial BrdU injection, and the number of BrdU-
positive cells was compared between the two groups (Fig. 2a).

The total number of BrdU-positive cells decreased over
time in both the wild-type and gpl120 transgenic mice,
reflecting a loss of newly generated cells (Fig. 2b, c). There
was no difference in the survival rate of newborn cells be-
tween the wild-type (32 %) and gpl20 transgenic mice
(26 %); 85 and 79 % of newborn NPCs in the wild-type or
gp120 transgenic mice, respectively, survived at 21 days of
running, showing significant increases compared with the
sedentary groups. Conversely, the group that was sedentary
for a period of 10 days and then subjected to 10 days of
running, as well as the group that initially ran for 10 days
and then remained sedentary for 10 days, provided partial
protection to the newly generated cells. There was no signif-
icant difference in the survival rate between the wild-type and
gp120 transgenic mice (Fig. 2c).

Effect of exercise on neurogenesis

It has been shown that DCX expression levels in adult brain
tissue reflect neurogenesis (Couillard-Despres et al. 2005). To
determine whether exercise enhances adult hippocampal
neurogenesis, we analyzed DCX-positive cells in the dentate
gyrus of the hippocampus of sedentary animals, after 10 or
20 days of running, and following detraining. Twenty days of
running resulted in a marked increase in the total number of
DCX-positive cells in both the wild-type and gp120 transgenic
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Fig. 1 Exercise stimulated NPC proliferation in the hippocampal dentate
gyrus which was reversed by detraining. a Experimental design: 8-week-
old wild-type and gp120 transgenic mice were provided running wheels
for 3, 10, or 20 days. Another group was provided running wheels for
10 days, and the wheels were then removed and the mice were housed for
another 10 days. To assess NPC proliferation, a single dose of 200 mg/kg
of BrdU was given and the mice were killed 24 h later. b Cumulative and
average daily distance that mice ran for 3, 10, and 20 days showed no
difference in wild-type versus gp120 transgenic mice. ¢ Representative
photomicrographs demonstrate immunostaining for BrdU-positive
(green) newborn cells in dentate gyrus. SGZ subgranular zone, H hilus,
GCL granular cell layer. Scale bar=100 pm. d Quantitative analysis of

mice. Ten days of running also showed increased DCX-positive
cells in both wild-type and gp120 transgenic animals to com-
parable levels. Interestingly, 10 days of running when followed
by sedentary activity for 10 days resulted in a decreased number
of DCX-positive cells, consistent with a decrease in NPC
proliferation (Fig. 3a, b).
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BrdU-positive cells illustrates that numbers of newborn cells in dentate
gyrus were increased by running while running followed by sedentary
activity decreased the numbers. Values represent mean+SEM (n=4 or 5
animals in each group; *p<0.05; **p<0.01; ***p<0.001, one-way
analysis of variance (ANOVA) followed by Duncan's test). e Quantitative
analysis of EdU-positive cells showed that the numbers of newborn cells
in dentate gyrus were increased by running, whereas running followed by
sedentary activity decreased the numbers. Values represent mean+SEM
(n=5 animals in each group; *p <0.05; **p<0.01; NS not significant,
one-way ANOVA followed by Duncan's test). f Correlation analysis
shows that there was a positive correlation between the number of
BrdU-positive cells and running distance

Effect of exercise on dendritic development of newborn
neurons

We next examined the role of gp120 in the dendritic develop-
ment of newborn neurons. Retroviruses expressing GFP were
stereotaxically injected into the dentate gyrus of adult wild-type
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Fig. 2 Exercise increased the survival rate of newly generated cells. a
Experimental design. To study the survival of NPCs, 50 mg/kg injections
of BrdU were given at 2-h intervals for 6 h and then the mice were killed
either 1 or 21 days after the initial BrdU injection. b Representative
confocal images demonstrate immunostaining of BrdU-positive (green)
newborn cells in dentate gyrus of sedentary control and 20-day running
group in gp120 transgenic mice. Antibody to NeuN was used to stain the

and gp120 transgenic mice to label proliferating NPCs and their
progeny (Ge et al. 2006). The mice were provided access to
running wheels for 14 days following retroviral injection, and
then analyzed. Quantitative analysis demonstrated markedly
elaborated dendritic trees in the gp120 transgenic mice as
compared with wild-type mice. Dendritic length was increased
in the gp120 transgenic mice (mean+SEM=569.0+48.0 um)
compared with the wild-type mice (mean+SEM=332.7+
59.6 wm). Dendritic lengths were similar in exercised the
gpl20 transgenic mice (mean=SEM=356.0+49.9 um) as
compared with the exercised wild-type littermates (mean+
SEM=393.94+44.3 um). In addition, dendritic length was sim-
ilar in exercised gp120 transgenic mice, when compared with
sedentary wild-type mice (Fig. 4a, b). Thus, voluntary exercise
normalized dendritic development in the gp120 transgenic
mice.

Effect of exercise on hippocampal BDNF levels

To determine whether gp120 alters the level of BDNF in the
adult mouse brain, we performed a Western blot analysis.
BDNF expression was downregulated in the entire brain, but
more so in the hippocampus of the gp120 transgenic mice (25
and 45 %, respectively; p<0.05, Fig. 5a, b). Additionally,
proBDNF expression was increased by approximately 10 %
in the hippocampus of the gp120 transgenic mice (Fig. Sla, b).
We next determined whether exercise could restore the alter-
ation of hippocmapal BDNF levels in the gpl120 transgenic
mice. Hippocampal BDNF levels in the gp120 transgenic mice
were increased by 56 % after running for 10 days, but were still
lower than those in the wild-type mice (p <0.05) (Fig. 5c, d). By
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nuclei of the neurons (red). ¢ Quantitative analysis of BrdU-positive cells
demonstrated that in both wild-type and gp120 transgenic mice 80 % of
newborn NPCs survived after 20 days of running, compared with 30 % in
the sedentary group. Partial protection was seen following 10 days of
exercise. Values represent mean+SEM (n =5 animals in each group; **p

<0.01; ***p <0.001; NS, not significant, one-way ANOVA followed by
Duncan's test)

contrast, although BDNF levels in the wild-type mice also
tended to increase with running, this change was not statistically
different (Fig. 5d). Ten days after cessation of exercise, hippo-
campal BDNF levels were no longer significantly elevated in
the gp120 transgenic mice (Fig. 5e). There was a positive
correlation between the expression level of hippocampal
BDNF and running distance (Fig. 5f).

Effect of exercise on CdkS hyperactivity in the gp120
transgenic mice

To determine whether CdkS5 is activated in the gp120 trans-
genic mice, we performed a kinase activity assay following
immunoprecipitation of Cdk3, using histone H1 as a substrate.
CdkS kinase activity in the gp120 transgenic mice was 38 %
higher than in the wild-type controls (Fig. 6a). As CdkS5
hyperactivity is regulated by p25, we determined levels of
p25 and its precursor p35. The amount of p35 in the hippo-
campus as determined by Western blot analysis was 22 %
lower in the gp120 transgenic mice compared with the wild-
type controls. The corresponding levels of p25 in the gp120
transgenic mice increased by 25 % (Fig. 6b, c).

We next determined whether the hyperactivation of Cdk5
observed in the gp120 transgenic mice could be reversed by
voluntary exercise. The mice were provided access to running
wheels for 20 days. CdkS kinase activities were similar in the
exercised gpl120 transgenic mice (mean+SEM=11,832.5+
1,670.2 counts/min) as compared with the exercised wild-
type littermates (mean+SEM=11,211.0+£1,302.3 counts/
min; mean wild-type runner) (Fig. 6d). Thus, exercise normal-
ized the CdkS kinase activity in the gp120 transgenic mice.
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Fig. 3 Exercise enhanced
neurogenesis. a Representative
photomicrographs demonstrate
the expression of DCX-positive
immature neurons (red) in
sedentary control, 20-, 10-, and
10-day running followed by 10-
day sedentary groups. Nuclei
were stained with DAPI (blue).
SGZ subgranular zone, GCL
granular cell layer, ML molecular
layer. Scale bar=50 pm. b DCX-
positive immature neurons in the
dentate gyrus were increased by
running while running following
sedentary activity decreased the
number of these cells. Values
represent mean+SEM (n=5
animals in each group; *p <0.05; B
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Effect of BDNF treatment on aberrant neurite outgrowth
in gp120-treated fNPCs

To determine the effect of gp120 and hyperactivated Cdk5 on
neurite outgrowth, human fetal-derived neural precursor cells
(fNPCs) were transfected with a GFP expression plasmid or co-
transfected with p25 and CdkS5. The transfected cells were then
exposed to recombinant gp120 protein (30 pM) for 24, 48 or
96 h. gpl20 exposure resulted in an increase in neurite out-
growth in a time-dependent manner with significant effects at>
24 h. The average neurite lengths were (mean+SEM) 88.8+
3.2 um in untreated controls, 105.4+4.5 um after 24-h treatment
with gp120, 117.94+4.8 pum after 48-h treatment with gp120 and
127.946.8 pm after 96-hour treatment with gp120, respectively.
In fNPCs co-transfected with p25 and Cdk5, the average neurite
length (mean+=SEM=116.3+3.4 um) was increased by a similar
extent compared with that in the gp120-treated cells. We next
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determined whether gp120-induced aberrant neurite outgrowth
could be reversed by BDNF which is a factor upregulated by
exercise (Neeper et al. 1996). Recombinant BDNF (100 ng/mL)
with the gp120-treated fNPCs were treated for 24, 48, or 96 h.
BDNF treatment completely abolished the gpl120-induced
neurite outgrowth. The average neurite lengths were (mean+
SEM) 104.5+2.8 pm after 24-h treatment with BDNF, 79.0+
2.1 pm after 48-h treatment with BDNF, and 75.5+2.1 pm after
96-h treatment with BDNF, respectively (Fig. 7a, b).

Rolipram failed to reinforce NPC proliferation and survival
effect of exercise on newly generated cells

We determined whether the administration of rolipram, which
exerts effects specifically upon the activation of the cyclic
adenosine 3',5-monophosphate (CAMP) cascade and has been
reported to increase blood flow and promote recovery from
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Fig.4 Exercise normalized dendritic outgrowth of neurons. a Shown are
samples of projected trajectories of Z-series confocal images of GFP-
positive new neurons in the dentate gyrus. GFP-positive neurons with
retrovirus-mediated genetic manipulation were examined at 14 days post-
injection (dpi). Scale bar=20 pm. b Analysis of total dendritic length of

spinal cord trauma (Costa et al. 2013), led to a restoration of the
defects in NPC proliferation and survival in the gp120 transgen-
ic mice subjected to 10 days of running followed by 10 days of a
sedentary period; 3 mg/kg of rolipram was given intra-
peritonially once a day for either 10 or 20 days. To study the
effect on NPC proliferation, the mice were administered a single
dose of BrdU and killed 24 h later (Fig. S2a). We found that
rolipram treatment after 10 days of running failed to counteract
the effect of detraining on NPC proliferation (Fig. S2b).

Another group of animals was given 50 mg/kg of BrdU at 2-h
intervals for 6 h to study the effect of rolipram on the survival of
NPCs. The mice in the control group were killed 1 day after the
initial BrdU injection. The other three groups were either seden-
tary for 20 days, running for 10 days and sedentary for 10 days,
or running for 10 days and received rolipram (3 mg/kg/day
intraperitoneally) for 10 days while they were sedentary. All
mice were killed on day 21 (Fig. S2¢). Approximately 30 % of
newborn cells survived 20 days after proliferation both in the
wild-type and gp120 transgenic mice. The survival rate was
increased by 85 % in the wild-type and 79 % in the gp120
transgenic mice with 20 days of running. A 10-day period of
running protected 53 and 74 % of newborn cells in the wild-type
and gp120 transgenic mice, respectively. These proportions were
not affected by rolipram treatment after 10 days of running
(Fig. S2d). Taken together, we demonstrate that the rolipram
treatment did not reinforce the proliferative and survival effect
of the 10-day running on newborn cells.

The effect of exercise on NPC proliferation was independent
of norepinephrine signaling

We next determined whether running increases hippocampal
NPC proliferation through enhanced norepinephrine (NE)

GFP-positive neurons demonstrated that gpl120 transgenic mice had
increased dendritic lengths at 14 dpi. Running results in normalization
of total dendritic length in gp120 transgenic mice at 14 dpi. Values
represent mean+=SEM (n=5 animals in each group; *p <0.05, one-way
ANOVA followed by Duncan's test)

neurotransmission via blockade of the NE receptors during the
animals' active period. The mice were allowed to run for 10 days
and received intraperitoneal injections of the 3-adrenergic an-
tagonist, propranolol, at 5 mg/kg for the last 3 days of a 10-day
period of exercise (Fig. S3a). Considering receptor antagonist
administration for longer than 4 days is reported to induce
receptor supersensitivity, mice were given propranolol for 3 days
and analyzed 2 h after BrdU injection. We found that running for
10 days increases proliferating NPCs both in the wild-type and
gp120 transgenic mice, but propranolol failed to block any
exercise-induced increase in NPC proliferation (Fig. S3b).

Discussion

In this study, we found that exercise reversed impaired NPC
proliferation, survival, and neurogenesis in an HIV-gp120
transgenic model, and the effect was mediated by BDNF
production and CdkS regulation.

NPC proliferation is decreased in the hippocampus
of the gp120 transgenic mice

NPCs diminished in number in the gp120 transgenic mice,
which is consistent with previous reports (Lee et al. 2011;
Okamoto et al. 2007). The mechanism by which gp120 regu-
lates NPC proliferation is not well understood, but several
possibilities exist. Previous studies showed that gp120 perturbed
intracellular signaling pathways, such as Src family kinase Lyn,
PI3K, Akt, the focal adhesion-related proline-rich tyrosine ki-
nase Pyk2, and proteins of the MAPK family which are in-
volved in gp120-induced macrophage activation and neurotox-
icity (Cheung et al. 2008; Kaul et al. 2007; Perfettini et al. 2005).
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Fig. 5 Exercise increased hippocampal BDNF expression. Shown are
sample immunoreactive bands from Western blots. Lysates from the
entire brain or the hippocampus of wild-type and gp120 transgenic mice
were subjected to Western blot analysis for brain-derived neurotrophic
factor (BDNF'; 15 kDa) and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH;; as an internal control, 35 kDa). The ratio of BDNF/GAPDH
was quantified. Values represent mean+SEM (n=3 animals in each
group; *p<0.05; **p <0.01; ***p<0.001, one-way ANOVA followed

gp120 may regulate intracellular proteins through direct interac-
tions with surface-expressed molecules on NPCs. Of these,
MAPKSs are involved in biological activities of proliferation
and differentiation (Ono and Han 2000). In fact, gp120 activated
the p38 MAPK cascade in NPCs, thereby causing arrest in cell
cycle progression of NPCs at the G1 phase, resulting in de-
creased proliferation (Okamoto et al. 2007). Stromal cell-
derived factor-1 (SDF-1) acts as a chemoattractant and a mito-
genic stimulus for NPCs. gp120 may block the effects of SDF-1
by interacting with CXCR4 receptors on NPCs (Tran and Miller
2003). Additionally, gp120 reduces levels of BDNF (Nosheny
et al. 2004), which is a tropic factor for adult neurogenesis and
neuroplasticity. We confirmed that a significant decrease in
hippocampal BDNF was also seen in the gp120 transgenic mice.
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by Duncan's test). a, b BDNF expression was downregulated in the entire
brain and the hippocampus of gp120 transgenic mice. ¢, d Hippocampal
BDNF levels were increased in gp120 transgenic mice after running for
10 days. e Hippocampal BDNF levels were increased by running for 10
or 20 days but decreased by detraining in both wild-type and gp120
transgenic mice. f There was a positive correlation between the expres-
sion level of hippocampal BDNF and running distance

Autopsy studies show that HIV can infect NPCs in the brains of
HIV-infected children (Schwartz et al. 2007). Thus, expression
of gp120 within progenitor cells could potentially impair
neurogenesis.

Exercise induces NPC proliferation which is reversed
by detraining

We found that the ability to run was not impeded in the gp120
transgenic mice. The average running distance of the gp120
transgenic mice was similar to that of the wild-type mice. Thus,
the effect of exercise on neurogenesis could be reliably compared
in the two sets of animals. Running for 3 or 10 days increased
NPC proliferation in the adult dentate gyrus in both the wild-type
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Fig. 6 Hyperactivation of Cdk5 in gp120 transgenic mice was reversed
by exercise. a Mouse brain lysates were immunoprecipitated with anti-
Cdk5 antibody and subjected to a kinase activity assay using histone H1
as a substrate. CdkS is activated in gp120 transgenic mice. Values repre-
sent mean=SEM (n =5 animals in each group; *p <0.05, Student's ¢ test).
b, ¢ Shown are sample bands of p35 (b) and p25 (¢) from Western blot
analysis. Quantitative analysis demonstrated a downregulation of p35 and

and gp120 transgenic mice. This acute effect wore off, if exercise
was continued. In the wild-type mice, there was no further
increase in NPC proliferation under sustained physical activity,
as previously shown (Kronenberg et al. 2006). Thus, continuous
exercise kept NPCs in balance. In the gp120 transgenic mice, the
effect of exercise was more pronounced with marked increase in
NPC proliferation and a slower decline with prolonged exercise.
Interestingly, the benefits of exercise on NPC proliferation were
lost by abrupt cessation of exercise in both types of animals.
However, this was more pronounced in the wild-type animals
where the numbers of proliferating NPC were lower than animals
not subjected to exercise. These observations suggest a loss of
adaptive responses in the gpl120 transgenic animals. Thus, an
abrupt cessation of exercise may be more detrimental than
maintaining a sedentary state.

Exercise enhances neurogenesis and normalizes dendritic
outgrowth of neurons

Most newborn cells in the adult hippocampus die quickly.
Consequently, the outcome of neurogenesis is not only based

upregulation of p25 in the hippocampus of gp120 transgenic mice. Values
represent mean=SEM (n =3 animals in each group; *p <0.05; **p <0.01,
Student's t test). d Cdk5 activity in the hippocampus of gp120 transgenic
mice was normalized after running for 20 days. Values represent mean+
SEM (n=3 animals in each group; **p <0.01; NS not significant, one-
way ANOVA followed by Duncan's test)

on expansion of the precursor cell pool but also by increased
survival of newborn neurons (Lledo et al. 2006). The number
of newborn neurons decreased over time in both the wild-type
and gp120 transgenic mice. gp120 did not impair survival of
newly generated cells. Importantly, there was a steady in-
crease in survival with continued exercise. Similarly, previous
studies show a 20-35 % increase in survival of newly gener-
ated cells after a 3-week exercise period (Snyder et al. 2009;
Wu et al. 2008).

In contrast to cell proliferation, the number of newborn
neurons did not return to control values at 20 days after the
initiation of physical activity. Thus, the effect of running on
NPC proliferation is short lived and wears off over a number
of weeks. However, once the NPCs differentiate to neurons,
that effect is long lived in both the wild-type and gp120
transgenic animals.

Both the population of proliferating cells and the number of
newborn granule neurons were decreased in gp120 transgenic
mice. Surprisingly, the dendritic trees of newborn neurons in
the gpl120 transgenic mice were longer and more complex
than those in the wild-type mice, suggesting a compensatory
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Fig. 7 BDNF treatment
normalized neurite outgrowth in
gpl120-treated fNPCs. a
Representative photomicrographs
demonstrate immunostaining of
beta-III tubulin-positive (red)
neurons in human fNPCs under
different conditions. fNPCs were
transfected with a GFP expression
plasmid or co-transfected with
plasmids encoding p25 and CdkS5.
The transfected cells were then
exposed to recombinant gp120
protein (30 pM) with or without
recombinant BDNF (100 ng/mL)
for 24, 48, or 96 h. Cells were
immunostained using anti-beta-11I
tubulin (red). Scale bar=200 um.
b Quantitative analysis of neurite
length demonstrated that gp120
exposure resulted in an increase in
neurite outgrowth in a time-
dependent manner by a similar
amount compared with that in
fNPCs co-transfected with p25
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increase in dendrite formation in remaining neurons. Similar
increases in dendritic arborization have been seen in acute
models of neuronal injury such as seizures and hypoxia
(Overstreet-Wadiche et al. 2006; Walter et al. 2007). The
morphology of the dendrites and dendritic spine appeared
normal. This is in contrast to the dendritic abnormality seen
in HIV-1-infected individuals (Ellis et al. 2007). In normal
conditions, physical and electrical activity accelerate neuronal
maturation through enhancing neuronal circuit activity by
acting directly on developing neurons (Piatti et al. 2011) or
by inducing secretion of BDNF from mature neighboring cells
(Ma et al. 2009). Consistent with these studies, we demon-
strated that running increased dendritic development in the
wild-type mice. Strikingly, exercise normalized dendritic ar-
borization in newborn neurons in the gp120 transgenic mice.
This suggests that exercise-enhanced neurogenesis may inhib-
it the compensatory increase in dendritic formation.
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Exercise restores BDNF levels which normalize dendritic
arborization

The mechanisms underlying NPC proliferation and survival
have focused on growth factors including BDNF in the adult
hippocampus of running animals (Kobilo et al. 2011; Marlatt
et al. 2012; Vivar et al. 2012). In a normal rodent's brain,
physical exercise is well known to increase BDNF expression
(Neeper et al. 1996). In this study, although BDNF levels in
the wild-type mice tended to increase with running for 10 days,
this change was not statistically significant. BDNF levels are
decreased in brains of an HIV transgenic rat model (Rao et al.
2011). Furthermore, gpl120 promotes accumulation of pro-
BDNF concomitantly with a decrease in mature BDNF. An
altered ratio of proBDNF to mature BDNF was also seen in
postmortem brain tissue of HAND subjects (Bachis et al.
2012). We confirmed these observations in the gp120
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transgenic mice. We observed a dramatic increase in BDNF
levels in the hippocampus after running and the significantly
decreased BDNF levels in the gp120 transgenic mice could be
restored by running. Consistent with other studies we found
that cessation of exercise results in decay of BDNF levels
(Berchtold et al. 2005; Hopkins et al. 2011). Interestingly, the
dendritic arborization in the dentate gyrus of gp120 transgenic
mice was abnormal. While the cells were fewer, they showed
longer processes and increased branching. These effects could
be duplicated in vitro by treatment of NPCs with gp120. We
used a subtoxic dose (30 pM) of gp120 which is not able to
trigger cell death. The higher dose of gp120 (>200 pM)
inhibited neurite outgrowth and induced apoptotic cell death
(Alirezaei et al. 2007; Hoke et al. 2009; Zhang et al. 2012).
The in vivo findings could be reversed by exercise and the
in vitro effects were blocked by BDNF.

BDNF also effects synaptic structure and function (Lu et al.
2008). Application of BDNF to hippocampal slices in culture
increases the densities of dendritic spines and synapses (Tyler
and Pozzo-Miller 2001). However, molecular mechanisms by
which dendritic arborization is altered by gp120 and rescued
upon exercise or by treatment of BDNF remain to be elucidated.

Effect of exercise on NPC proliferation is independent of NE
neurotransmission or cCAMP signaling

Animal studies have implicated increased 5-HT/NE neurotrans-
mission in exercise-induced BDNF expression (Ivy et al. 2003).
Furthermore, a major signal transduction pathway mediating 5-
HT and NE action utilizes cAMP. Herein, we administered the
[3-adrenergic antagonist, propranolol, with exercise to deter-
mine whether enhancement of NE neurotransmission is re-
quired for the increased NPC proliferation during exercise.
We also determined whether the administration of rolipram,
which activates the cAMP cascade, led to restoration of the
defects in NPC proliferation and survival. Inhibition of NE
neurotransmission did not block exercise-induced upregulation
of NPC proliferation and activation of cAMP signaling did not
facilitate the proliferative and survival effect of running on
newborn cells.

Exercise normalizes Cdk5 hyperactivation

Extensive studies have demonstrated an important role for
CdkS5 kinase in neuronal function. We observed that gp120
causes CdkS hyperactivation leading to breakdown of p35
into p25. Accordingly, Cdk5 activity and p25 protein expres-
sion levels were increased with a concomitant decrease in p35
levels in the gp120 transgenic mice. These effects were res-
cued by exercise.

Dysfunction of Cdk5 has been implicated in a number of
neurological disorders including Alzheimer's disease (Zheng
et al. 2010), Parkinson's disease (Smith et al. 2003),

Huntington's disease (Paoletti et al. 2008), amyotrophic lateral
sclerosis (Nguyen et al. 2001), and ischemia (Wang et al. 2003).
The activity of CdkS and p25 was found to be increased in
cortical cultures exposed to supernatants from HIV-infected
macrophages (Wang et al. 2007). Overexpression of Cdk5
was also present in the brains of patients with HIV encephalitis
and the gp120 transgenic mice (Patrick et al. 2011). In adults,
CdkS5 plays a role in learning and memory (Hawasli et al.
2007). Dysregulation of CdkS is implicated in neurodegenera-
tive disorders, which are accompanied by deficiencies in
neurogenesis where it regulates dendritic growth and spine
development, through modulating the cytoskeletal dynamics
(Cheung and Ip 2007). BDNF prevents the degradation of
p35 in neurons by activation of PKC delta, thus stabilizing
the Cdk5/p35 complexes (Zhao et al. 2009). Thus, the cognitive
impairments that are hallmarks of these diseases may involve
the deleterious effects that Cdk5 dysregulation may affect
hippocampal neurogenesis.

There are some limitations to our study. The gp120 trans-
genic model is based on a single HIV protein and hence may
not fully replicate effects of the virus. In fact this model does not
display inflammation in the brain hence the effects of exercise
on macrophage and glial cell activation n could not be studied.
Our study was focused on the fate of neuronal lineage. Effects
of exercise on other cell types need to be determined. All the
same, the model allows the study of the effects of gp120 and
exercise on NPC proliferation and differentiation independent
of the inflammatory pathways. Furthermore, it may be reason-
able to assume that enhanced neurogenesis will lead to im-
proved neurocognitive function (Bechara and Kelly 2013).
However, future behavioral studies may be needed to determine
if that is the case in this model system as well.

In summary, gp120 has profound effects on the adult hippo-
campus which includes decreased proliferation and differentia-
tion of NPC and aberrant neurite formation. This is mediated by
its effect on the Cdk5/p35 pathway via BDNF. These effects
can be reversed by exercise as it increases BDNF levels, but is
independent of effects of exercise on NE neurotransmission or
cAMP signaling. However, sustained exercise is necessary as
abrupt cessation of exercise not only reverses the effects of
exercise but also has a negative effect on each of these phe-
nomena. Recently, some flavonoids were shown to increase
BDNF production and had neuroprotective effects against HIV
proteins (Nath et al. 2012) and paroxetine also increases
neurogenesis (Lee et al. 2011). However, exercise has several
advantages over pharmacological approaches. It is cost effec-
tive and can be performed over the life of the individual.
Furthermore, exercise exerts its effects on neurogenesis in a
highly controlled manner where as pharmacological ap-
proaches may lead to over stimulation of receptors with unto-
ward effects. If the effects of detraining could be tempered by
pharmacological intervention, then a combination of exercise
and drug therapy could be considered as a therapeutic approach.
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