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The prevalence of central nervous system (CNS) neurologic dysfunction associated with human
immunodeficiency virus (HIV) infection continues to increase, despite the use of antiretroviral therapy.
Previous work has focused on the deleterious effects of HIV on mature neurons and on development of
neuroprotective strategies, which have consistently failed to show ameaningful clinical benefit. It is nowwell
established that new neurons are continuously generated in discrete regions in the adult mammalian brain,
and accumulating evidence supports important roles for these neurons in specific cognitive functions. In a
transgenic mouse model of HIV neurologic disease with glial expression of the HIV envelope protein gp120,
we demonstrate a significant reduction in proliferation of hippocampal neural progenitors in the dentate
gyrus of adult animals, resulting in a dramatic decrease in the number of newborn neurons in the adult brain.
We identify amplifying neural progenitor cells (ANPs) as the first class of progenitors affected by gp120, and
we also demonstrate that newly generated neurons exhibit aberrant dendritic development. Furthermore,
voluntary exercise and treatment with a selective serotonin reuptake inhibitor increase the ANP population
and rescue the observed deficits in gp120 transgenic mice. Thus, during HIV infection, the envelope protein
gp120 may potently inhibit adult hippocampal neurogenesis, and neurorestorative approaches may be
effective in ameliorating these effects. Our study has significant implications for the development of novel
therapeutic approaches for HIV-infected individuals with neurologic dysfunction and may be applicable to
other neurodegenerative diseases in which hippocampal neurogenesis is impaired.
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Introduction

Soon after the discovery of the human immunodeficiency virus
(HIV) it was realized that the virus may cause a dementing illnesss
(Navia et al., 1986) and that it may enter the brain early in the course of
infection. With the availability of combination antiretroviral therapies,
the severity of neurocognitive impairment has become milder but the
prevalence continues to increase (Sacktor, 2002). In recent years closer
attention has been paid to the asymptomatic and milder forms of
neurologic impairment. In a recent study, the prevalence of HIV
associated neurocognitive disorders (HAND) in aviremic patients was
84% among patients with cognitive complaints and 64% among non-
complainers (Simioni et al., 2010). While it is widely accepted that
neuroprotective strategies are needed to treat HAND, to date this
approach has shown little or no effect (McArthur et al., 2005), in part
because the underlying substrate mediating neurologic dysfunction
remains poorly understood. While much attention has previously
focused on frontostriatal dysfunction in HIV infection (Chang et al.,
2001; Ernst et al., 2002), the hippocampus is increasingly recognized as
an important target of HIV-mediated neurotoxicity. The presence of
atrophy, high viral loads, neuronal cell loss, and functional MRI
abnormalities in the hippocampus of HIV-infected patients suggests
that the hippocampus may be a target of HAND (Archibald et al., 2004;
Castelo et al., 2006; Sa et al., 2004; Wiley et al., 1998).

Within the dentate gyrus of the adult hippocampus, new granule
cells are continuously generated throughout life in all mammals
studied, including humans (Johnson et al., 2009; Lledo et al., 2006;
Ming and Song, 2005a; Zhao et al., 2008). Neurogenesis involves a
coordinated series of steps including proliferation, survival and
differentiation of neural progenitor cells (NPC) and maturation of
newly generated neurons (Duan et al., 2008; Johnson et al., 2009;
Lledo et al., 2006; Zhao et al., 2008). While the exact functions of adult
neurogenesis are still elusive, rapidly accumulating evidence from
behavioral analyses supports a contribution of new neurons in the
adult brain to learning, memory and cognition (Kempermann et al.,
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2004; Kitabatake et al., 2007). At the cellular level, adult-generated
dentate granule cells exhibit a high degree of synaptic plasticity
within a critical period (Ge et al., 2007), and are preferentially
incorporated over pre-existing granule cells into spatial memory
networks (Kee et al., 2007). In addition, pathogenic processes that
decrease neurogenesis interfere with hippocampal-dependent mem-
ory formation (Haughey et al., 2002; Monje et al., 2003). How adult
hippocampal neurogenesis may be affected by HIV infection is largely
unknown (Venkatesan et al., 2007). An autopsy study demonstrated
fewer proliferating NPCs in the dentate gyrus of patients with HAND
(Krathwohl and Kaiser, 2004). In another study, injection of HIV-
infected monocyte derived macrophages into the brains of adult mice
led to a decrease in hippocampal neurogenesis (Poluektova et al.,
2005). More recently, the HIV envelope protein gp120, an important
mediator of HAND (Mattson et al., 2005), was found to decrease adult
hippocampal neural precursor cell proliferation via activation of the
p38 mitogen-activated protein kinase (MAPK) cascade with subse-
quent arrest at the G1 phase of the cell cycle (Okamoto et al., 2007).
Importantly, gp120 immunoreactivity has been demonstrated
throughout the brains of individuals infected with HIV, including
the hippocampus (Jones et al., 2000).

Here, we focus on characterizing and rescuing defective adult
hippocampal neurogenesis in a well-established transgenic mouse
model system of HIV neurologic disease, in which HIV gp120 is
expressed within glial cells in the brain (Toggas et al., 1994). We first
demonstrate that there is a significant defect of adult hippocampal
neurogenesis in gp120-transgenic mice, resulting from a reduction of
progenitor cell proliferation. Proliferation of amplifying neural
progenitor cells (ANPs) is decreased, while quiescent neural progen-
itor cells (QNPs) are not affected by gp120 expression. In addition,
dendritic development of newly generated adult hippocampal
neurons is abnormal in gp120 transgenic mice, implying cell-stage
specific effects of gp120. We next determined whether the observed
defects in neurogenesis in gp120 transgenic mice could be rescued by
methods that increase proliferating ANPs. Both voluntary exercise and
treatment with selective serotonin receptor inhibitors (SSRIs) have
been shown to increase ANPs in some, but not all, diseasemodels (van
Praag et al., 1999, 1999; Malberg et al., 2000; Santarelli et al., 2003;
Encinas et al., 2006). We therefore sought to determine whether the
deficits in adult hippocampal neurogenesis observed in gp120
transgenic mice could be reversed by these physiological and
pharmacological measures.

Materials and methods

Transgenic mice

Eight to nine week old gp120 transgenic mice (B6xSJL strain) in
which the expression of gp120 is driven by a glial fibrillary acidic
protein (GFAP) promoter (Toggas et al., 1994) and littermatewildtype
(wt) controls were used. To confirm gp120 expression in transgenic
animals, Western blot of hippocampal lysates was performed with
gp120 antibody (Cat # 1101; 1:200; Immunodiagnostics, Woburn,
MA). The same blot was re-probed with antibodies against GAPDH as
a loading control (Cat# G8795; 1:10,000, Sigma). Blots were
developed using the ECL Plus™ kit per manufacturer's instructions
(Amersham Biosciences, Piscataway, NJ). A minimum of four animals
per group were used for each experimental condition. To assess cell
proliferation, bromodeoxyuridine (BrdU; 200 mg/kg) was injected
intraperitoneally (i.p.), and animals were euthanized 2 h later. For
studies of cell fate determination and cell survival, BrdU (50 mg/kg)
was injected i.p. daily for seven days, followed by euthanization at 14
or 28 days after the initial BrdU injection. In separate experiments to
assess the effects of exercise or paroxetine on cell fate determination,
BrdU (50 mg/kg) was injected i.p. four times at 2 h intervals, then
animals were euthanized 20 days after the BrdU injection.
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; van Praag et al., 2002). For
dendritic analysis, three-dimensional reconstruction of entire den-
dritic processes of each neuron was made from Z series stacks of
confocal images. The two-dimensional projection images were traced
with NIH ImageJ. GFP+ dentate granule 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). Mice were analyzed at either one or two
weeks following retroviral labeling. Data shown are from a minimum
of 10 individual GFP+ neurons from at least four animals in each
group.

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 cut in 40 μm thick coronal sections on a sliding
microtome. Every sixth brain section spanning the entire hippocampal
dentate gyrus was washed in Tris-Buffered Saline (TBS) prior to
incubation in blocking solution (TBS with 0.5% (v/v) Triton-X and 2.5%
(v/v) donkey serum). Primary antibodies were diluted in blocking
solution as follows: anti-bromodeoxyuridine (BrdU) (Cat#OBT0030;
1:1000; Accurate, Westbury, NY, USA), anti-NeuN (Cat# MAB377B;
1:250, Chemicon, Temecula, CA, USA), anti-doublecortin (DCX; Cat#
sc-8066;1:250; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-
GFAP (Cat#Z0334; 1:2000;Dako, Carpinteria, CA,USA), anti-Sox2 (Cat#
AB5608; 1:500; Chemicon, Temecula, CA), anti-Tbr2 (Cat#ab23345;
1:500; Abcam, Cambridge, MA, USA) or anti-gp120 (Cat# 1101; 1:200;
ImmunoDiagnostics, Woburn, MA, USA) and incubated with slices
overnight at 4 °C. For detection of BrdU, sliceswere treatedwith1 MHCl
at 37 °C for 30 min prior to application of the primary antibody. After
washing with TBS, slices were incubated with the appropriate
fluorescent conjugated secondary antisera (1:250, Jackson Immuno-
Research, West Grove, PA, USA), followed by washing and counter-
staining with 4′,6-diamidino-2-phenylindole (DAPI) to label all nuclei.
Stained slices were dried, mounted on slides, and viewed with a Zeiss
confocal laser microscope. Z-stacks (2 μm thick, spanning the entire
40 mm thickness of each slice) were constructed for each image. All
immunopositive cellswithin the subgranular zoneand granule cell layer
of every sixth slice spanning the hippocampal dentate gyrus were
counted byamodified stereologicalmethod aspreviously described (Lie
et al., 2005). Double- and triple-immunolabeling was confirmed for
each cell by orthogonal analysis using LSM 5 Image Browser. Positively
labeled cellswere expressed as cells per volumeof the granule cell layer,
as assessed by staining of the nuclei with DAPI.

Voluntary exercise

For voluntary running experiments, mice were housed in a cage
containing a running wheel. The voluntary wheel system consists 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
magnetic wireless counter (model CC-MC100W, CatEye, Boulder, CO,
USA) that is activated by wheel rotation. During the running period,
running duration and distance were recorded daily for each cage. Two
to three mice were housed per cage in all experiments. Running
distance per mouse was calculated by dividing total distance by
number of mice in each cage. For proliferation experiments, mice
were allowed access to running wheels for 10 days. For experiments
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in which BrdU+NeuN+ newly generated neurons were assessed,
mice were allowed access to running wheels for 21 days. For analysis
of the effects of exercise on initial dendritic development, exercise
was initiated 3 days after retroviral labeling, and continued until
2 weeks post injection.

Paroxetine treatment

Chronic administration of paroxetine (Tocris Cookson, Ellisville,
MO, USA) was accomplished by subcutaneous implantation of an
osmotic mini-pump (model 2004, Alzet, Palo Alto, CA, USA) according
to manufacturer's instructions. Pumps containing either paroxetine or
saline were activated prior to implantation by overnight incubation at
37 °C as per manufacturer's instructions. Pumps were placed
subdermally in the interscapular region of mice under deep
anaesthesia, and a pump flow rate of 0.25 μl/h allowed for delivery
of paroxetine at a dose of 10 mg/kg per day for four weeks. Upon
completion of experiments, pumps were removed and residual
volume was determined, to ensure that the appropriate amount of
drug had indeed been delivered to each mouse.

Human neural progenitor cell (NPC) culture
Human NPCs were cultured from human fetal brain specimens of

7–8 weeks gestation in accordance with NIH guidelines and following
approval by the Institutional Review Board at the Johns Hopkins
University. The tissues were then dissociated after removing meninges
and blood vessels. After centrifugation at 1000 rpm for 10 min, cells
were resuspended in DMEM/F12 media [containing 8 mM glucose, 1×
N2 supplement, 1% antibiotics, 0.1% albumin (Sigma), human fibroblast
growth factor-beta (hFGFb; 20 ng/mL) and human epithelial growth
factor (hEGF) (20 ng/mL)] andplatedonpoly-D-lysine (Sigma) coatedT
25 cm2 tissue culture flasks.When cell cultures reached 60% confluence,
they were treated with 0.0125% trypsin (Sigma) and replated at a
density of 2×104 cells/ml on coverslips in 24 well plates. Media was
replaced every other day. NPC cultures were ready for experiments
4–5 days after replating and N98% of the cells expressed the neural stem
cell marker nestin while b1% of the cells expressed GFAP (a marker for
astrocytes) or beta-III tubulin (a neuronal cellmarker) as determined by
immunocytochemistry. Cells were exposed to HIV gp120 IIIB (Immu-
nodiagnostics), and heat inactivation was accomplished by heating the
protein at 90 °C for 10 min. Percentage of proliferating NPCs (BrdU+

nestin+ cells/nestin+ cells) was assessed by incubating the cells with
BrdU labeling reagent (1:100, ZYMED, San Francisco, CA) for 4 h
followed by fixation and immunostaining for BrdU and nestin. To assess
for cell death, cells were subjected to a Live/Dead Viability assay
(Invitrogen Molecular Probes, Cat # L-3224) as per manufacturer's
protocol and immediately visualized under 20× magnification. Alter-
natively, cellswere stainedwith trypanblue for 5 min,washedwith PBS,
pH 7.4 (PBS), and immediately visualized under 20× magnification.
Quantification of cells was performed in four predetermined fields per
well, and each experiment was done in triplicate wells.

Results

HIV-1 gp120 impairs adult hippocampal neurogenesis by inhibiting
proliferation of NPCs

We first determined whether gp120 was expressed in the
hippocampus of gp120-transgenic mice. Western blot analysis of
hippocampi of transgenic animals showed the HIV gp120 protein
band of approximate molecularmass 120 kDa, which was absent from
littermate control wt hippocampal lysates (Fig. 1A). Immunohisto-
chemical analysis demonstrated expression of gp120 in stellate-
shaped GFAP+ astrocytes throughout the dentate gyrus as well as in
subgranular zone GFAP+ cells that adopted a radial glial morphology.
As expected, all cells exhibiting gp120 immunoreactivity were GFAP+

(Figs. 1B and C).
We next determined whether gp120 expression affects the

proliferation of adult hippocampal NPCs in vivo. Adult mice were
administered a single dose of BrdU to label proliferating cells, and
euthanized 2 h later. Quantitative analysis showed a 40% reduction of
BrdU+ cells in the dentate gyrus of gp120 transgenic mice as
compared to their littermate wt mice (Figs. 2A and B), suggesting
that expression of gp120 inhibits proliferation of adult hippocampal
NPCs. The observed decrease in proliferation in gp120 transgenic mice
was comparable to that seen in a recent study (Okamoto et al., 2007),
inwhichmanyof theBrdU+cellswere also found toexpress themarker
PSA-NCAM, suggesting that the cells were neuronal, rather than glial,
precursor cells. To confirm that the observed reduction in proliferation
of adult hippocampal NPCs in gp120-transgenic mice results in a
decrease in newly generated neuronal cells, gp120-transgenic and
littermatewtmicewere injectedwithBrdU for 7 days, and animalswere
analyzed at four weeks after the first BrdU injection. We used
immunocytochemical markers to examine the fate of BrdU+ cells,
using NeuN for mature neurons, doublecortin (DCX) for immature
neurons, and glial fibrillary acidic protein (GFAP) for stellate-shaped
astrocytes (Fig. 2C). Triple-label immunohistochemistry and confocal
analysis (Fig. S1) showed a 45% and 55% reduction in the number of
newly generated mature neurons (BrdU+NeuN+) and immature
neurons (BrdU+DCX+NeuN−) respectively in the dentate gyrus of
gp120 mice as compared to littermate wt mice (Fig. 2D). In contrast, no
significant differences in cell fate specification of hippocampal NPCs
were observed. The percentages of BrdU+ cells that acquired pheno-
types of NeuN+ mature neurons, DCX+NeuN− immature neurons, or
GFAP+ astrocytes were similar between wt and gp120 mice (Fig. 2E).
Thus, HIV gp120 reduces generation of new neurons in the adult
hippocampus, butdoesnot appear toaffect cell fate specificationof adult
hippocampal NPCs.

To determinewhether gp120 also regulates the survival of newborn
neurons in the adult hippocampus, another group of mice was labeled
with BrdU for 7 days followed by euthanization at 2 and 4 weeks after
thefirst BrdU injection.Quantitative comparisonwasmadebetween the
number of labeled cells at 2 and 4 weeks after initial BrdU injection. As
shown in Fig. 2F, the total number of BrdU+ cells decreased over time in
both wt and gp120 transgenic mice, reflecting loss of newly generated
cells. However, the rates of change in total BrdU+ newborn cells and
BrdU+NeuN+ newborn neurons were not significantly different
between the 2 and 4 week time-points, suggesting that gp120 does
not impair survival of newly generated cells during this period of time
(Tashiro et al., 2006). In addition, TUNEL analysis showed only rare
apoptotic cells in the hippocampal dentate gyrus of either wt or gp120
transgenic mice. Taken together, these results indicate that the
reduction in adult hippocampal neurogenesis in gp120-transgenic
mice results mainly from decreased proliferation rather than impair-
ment of either neuronal fate specification or survival of newly generated
neurons.

HIV-1 gp120 expression decreases proliferation of ANPs

To further characterize the subtypes of NPCs affected in gp120-
transgenic mice, we examined the expression of Sox2 and GFAP in the
subgranular zone (SGZ) of the hippocampus. In the SGZ, Sox2
expression occurs in both quiescent neural progenitor cells (QNPs)
and in amplifying neural progenitor cells (ANPs), while GFAP is
expressed in QNPs. Although astrocytes can also co-express Sox2 and
GFAP, these cells exhibit a stellate morphology that allows for ready
differentiation from QNPs (Komitova and Eriksson, 2004; Segi-Nishida
et al., 2008). Mice were euthanized two hours after BrdU injection, and
immunohistochemical labeling and morphologic criteria were used to
unambiguously identify ANPs and QNPs (Fig. 3A). We observed a 50%
decrease in BrdU+Sox2+GFAP− cells (proliferating ANPs) in gp120



Fig. 1. Characterization of gp120 expression in transgenic mice. A. Western blot of hippocampal lysates from wt and transgenic mice demonstrates gp120 expression in gp120
transgenic but not in wt. B. Immunohistochemistry of hippocampal sections with gp120 antibody demonstrates gp120 expression (red) in hippocampal molecular layer (ML), hilus,
granule cell layer (GCL), and subgranular zone (SGZ) in gp120 mice but not in wt. Triple-labeling immunohistochemistry of gp120 mouse hippocampal sections (red, gp120; green,
GFAP; blue, NeuN) demonstrates extensive colocalization of gp120 and GFAP (yellow), particularly in the hilus of gp120 transgenic mice, in close proximity to the neurogenic region
of the hippocampal dentate gyrus. Scale bar 100 μm. C. High powered view (40×) of hippocampal dentate gyrus in gp120 transgenic mice demonstrates that each cell that expresses
gp120 also expresses GFAP.
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mice compared to wt, while numbers of BrdU+Sox2+GFAP+ cells
(proliferating QNPs) were similar between the two groups (Figs. 3B
and C). The decrease in ANP proliferation was accompanied by a 60%
reduction in total numbers of ANPs in gp120 transgenic animals as
compared towt, while total QNPswere similar between the two groups
(Fig. 3D and E). These results demonstrate that gp120 expression
preferentially impairs proliferation of ANPs, while sparing the QNP
population.

Exercise rescues adult hippocampal neurogenesis in gp120 transgenic
mice

Exercise enhances adult hippocampal neurogenesis by increasing
proliferation of ANPs in wt rodents, but effects in disease models have
been variable (Kohl et al., 2007; Kronenberg et al., 2003; Luo et al., 2007;
Naylor et al., 2008; Redila et al., 2006; van Praag et al., 1999). Since we
observed a decrease in proliferating ANPs in gp120 transgenic mice, we
sought to determine whether voluntary exercise can rescue neurogen-
esis defects in gp120 transgenic mice. Over the course of ten days, both
wt and gp120 transgenic mice housed in cages with running wheels
averaged running approximately 4–5 km/day, consistent with previous
reports of voluntary exercise in mice. We found that running increased
NPC proliferation in hippocampi of wt mice by 56%, similar to previous
reports (van Praag et al., 1999). Importantly, the same ten day period of
voluntary runningwas sufficient to completely rescue the deficit in NPC
proliferation in the dentate gyrus of gp120 mice, increasing NPC
proliferation by over 100% to reach levels similar towt animals (Fig. 4A).
In addition, we found that ANP proliferation increased significantly in
gp120 transgenicmice upon running, and thiswas also accompanied by
an increase in total numbers of ANPs (Figs. 4B and C). To further confirm
that ANPs were rescued by exercise, we analyzed expression of Tbr2, a
marker expressed in ANPs in the adult hippocampus (Hodge et al.,
2008). Total numbers of Tbr2 cells were markedly decreased in gp120
transgenic animals compared to wt, concordant with our observations
of Sox2+GFAP−ANPs.Upon exercise, bothBrdU+Tbr2+ and total Tbr2+

cells increased markedly in gp120 transgenic mice, again consistent
with a rescue of proliferating ANPs (Figs. 4D and E). To determine
whether this rescue of ANPs resulted in the formation of new dentate
granule neurons,we allowedmice access to runningwheels for a total of
three weeks. Voluntary running resulted in a marked increase in the
number of newly generated hippocampal neurons formed in gp120
transgenic mice, to levels in excess of that observed in wt non-running
mice (Fig. 4F). We also observed a small effect on differentiation
following exercise; running resulted in a slightly higher percentage of
BrdU+ cells that acquired a neuronal phenotype as compared to non-
runners (89% vs. 78%; data not shown), consistentwith previous reports
that exercise regulates survival and differentiation of newly generated
neurons in addition to effects on NPC proliferation (van Praag et al.,
1999). Of note, total numbers of BrdU+/NeuN+cells in this experiment
and in succeeding experiments examining neurogenesis following
paroxetine treatment (Fig. 6C) are lower than in Fig. 2, because a
different injection paradigm was used. Here, mice were given a total of
four doses of BrdU(50 mg/kg) every twohours ona single day, to ensure
that BrdU+ cells were labeled over a short time period. Overall, these
experiments demonstrate that voluntary exercise rescues neurogenesis
defects in gp120 transgenicmice by increasing the proliferation of ANPs,
leading to increased generation of newly born neurons.

Aberrant initial dendritic development of newborn neurons in gp120
transgenic mice is rescued by exercise

Since functional neurogenesis requires proper development of newly
generated neurons, we also determined whether gp120 impairs initial
dendritic development of newly generated adult hippocampal neurons.
We employed retrovirus-mediated GFP labeling (Ge et al., 2006; van
Praag et al., 2002) to mark a population of GFP+ newly born dentate



Fig. 2. gp120 mice exhibit impairment of adult hippocampal neurogenesis. A, B. Representative images (A) and quantification (B) of proliferating (BrdU+, green) hippocampal cells
in the neurogenic region of wt and gp120 transgenic mice. Tissue is counterstained with DAPI (blue). SGZ, subgranular zone. GCL, granule cell layer. Values represent mean+SEM;
n=5 per group; *pb0.01 Student's t test . Scale bar 100 μm. C. Representative images of cells triple labeled with BrdU, DCX, and NeuN to identify newly generated neurons (BrdU+
NeuN+) and neuroblasts (BrdU+DCX+NeuN−). Scale bar 100 μm. D. Quantification of data in C. *pb0.05 E. Quantification of percentages of newly generated cells that
differentiate into mature neurons (NeuN+), immature neurons (DCX+/NeuN−), and astrocytes (GFAP+) reveals no significant differences in cell fate specification between wt and
gp120 transgenic mice (corresponding p-values are N0.05 as assessed by ANOVA with Bonferroni post-test. F. Survival of newborn neurons assessed by injection of BrdU for 7 days
and analysis at 2 and 4 weeks after the initial injection. Left, BrdU+ cells decrease at a similar rate in both wt and gp120 transgenic animals (pN0.05). Right, BrdU+NeuN+ newborn
neurons decrease at a similar rate between 2 weeks and 4 weeks in both wt and gp120 transgenic animals (pN0.05). p-values are calculated from 2-way ANOVA comparisons to
detect two-factor interactions (genotype × time).
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granule neurons whose “birthdates” are within several days of each
other (Ge et al., 2006). Surprisingly, reconstructions of the dendritic
arborizations of individual GFP+ neurons by confocal microscopy
demonstrated markedly elaborated dendritic trees in gp120 transgenic
mice as compared to wt mice at 2 weeks post injection (wpi) of
retrovirus (Fig. 5A). The difference in dendritic length was observed as
early as 1wpi (Fig. 5B;meanwt length 201±20 μm,mean gp120 length
317±27 μm) and increased at 2 wpi (Fig. 5C; mean wt length 373±
24 μm;mean gp120 length 660±33 μm). Dendritic branch numberwas
also increased in gp120 transgenicmice at both 1wpi and2wpi (Figs. 5B
and C). Furthermore, Sholl analysis demonstrated greater dendritic
complexity in neurons of gp120 transgenic mice as compared to wt.
Thus, initial dendritic development appears to be aberrantly accelerated
in newly generated adult hippocampal neurons in gp120 transgenic
mice. We next asked whether the aberrant dendritic development
observed in gp120 transgenic mice could also be reversed by voluntary
exercise. Mice were provided access to running wheels following
retroviral injection, and analyzed at 2 wpi. Dendritic lengths were
similar in exercised gp120 transgenic mice as compared to exercised wt
littermates (mean gp120 runner length 381±36 μm; mean wt runner
length 426±25 μm), as was dendritic branch number and complexity
(Fig. 5D). Indeed, dendritic length, branch number, and complexitywere
also similar in exercised gp120 transgenic mice as compared to non-
running wt mice (compare Figs. 5C and D). Thus, voluntary exercise
normalized the parameters of initial dendritic development in gp120
transgenic mice.

Rescue of adult hippocampal neurogenesis in gp120 transgenic mice by
paroxetine

We next sought to determine whether SSRIs, which exert effects
specifically upon the ANP population (Encinas et al., 2006), also led to
restoration of the defects in ANP proliferation and neurogenesis in
gp120 transgenic mice. As expected, subcutaneous administration of
paroxetine for thirty days led to an increase in hippocampal NPC
proliferation in wt mice (Fig. 6A). Importantly, in gp120 transgenic
mice, paroxetine administration also increased hippocampal NPC
proliferation by over 100% (Fig. 6A). Likewise, BrdU+Tbr2+ cells were
increased by a similar extent, demonstrating that proliferating ANPs
were rescued by paroxetine (Fig. 6B). We next asked whether rescue
of the ANP population resulted in rescue of the generation of new
neurons in gp120 transgenic mice. Indeed, we found that paroxetine

image of Fig.�2


Fig. 3. Proliferating ANPs are reduced in gp120 transgenic mice. Mice were analyzed 2 h after BrdU injection. A. Triple labeling with antibodies to GFAP, Sox2, and BrdU allows
unambiguous identification of QNPs (GFAP+Sox2+; arrows) and ANPs (GFAP-Sox2+; arrowhead). In gp120 mice, proliferating ANPs (B) and total ANPs (D) are reduced compared
to wt, while numbers of proliferating and total QNPs (C,E) are similar between the two groups.
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administration in gp120 transgenic animals led to a marked increase
in BrdU+ NeuN+ cells in the dentate gyrus (Fig. 6C), to levels
comparable to wt mice. Thus, the SSRI paroxetine rescues both
proliferating NPCs and generation of new neurons in gp120 transgenic
mice.

Extracellular gp120 reduces human NPC proliferation

We next sought to determine whether gp120 directly impairs
neurogenesis of human NPCs. Dissociated human NPC cultures were
exposed to varying concentrations of gp120, and BrdU incorporation
was assessed. Addition of extracellular gp120 decreases human NPC
proliferation in a dose-dependent manner (Fig. 7A), at concentrations
similar to that which decreased rodent NPC proliferation (Okamoto et
al., 2007). Viability of human NPCs was not affected by gp120
(Fig. 7B). Thus, we demonstrate that gp120 can directly impair
proliferation of human NPCs.

Discussion

Using a transgenic rodent model to study the effects of HIV
infection in vivo, we provide evidence that the HIV envelope protein
gp120 negatively regulates adult hippocampal neurogenesis, and we
identify strategies to rescue the observed defects in neurogenesis.
Mechanistically, the defect in NPC proliferation in gp120-transgenic
animals is due to a reduction in proliferating ANPs. Initial dendritic
development of newly generated neurons is also impaired, but NPC
differentiation and survival are largely unaffected. These findings
suggest that ANPs and newly generated neurons are particularly
vulnerable to gp120, reflecting cell stage specificity in response to this
viral protein. Importantly, the defects in neurogenesis in gp120
transgenic mice can be rescued during adulthood, by either voluntary
exercise or by treatment with the SSRI paroxetine.

A key reservoir for HIV infection is the central nervous system,
where HIV can infect infiltrating macrophages, microglia, and
astrocytes through interactions between the viral envelope protein
gp120 and cell surface receptors including CD4, CXCR4, and CCR5
(Dunfee et al., 2006). Macrophage (M)-tropic strains of HIV are
thought to gain entry into the CNS by infecting cells through the
coreceptor CCR5, while in later phases of infection a switch to T cell
tropic strains recognizing the CXCR4 coreceptor can occur (Dunfee et
al., 2006). Both M- and T-tropic viruses are cytotoxic, although they
may have distinct pathogenic effects (Bachis et al., 2010). In the
current antiretroviral era where CCR5 antagonists are increasingly
being used, it is likely that theremay be a selection for T-tropic strains.
Hence, it may be critical to better understand the role of these viral
strains in the neuropathogenesis of HIV infection. Although the
mechanisms of neurotoxicity caused by HIV infection remain poorly
understood, gp120 has emerged as an important mediator of the
pathogenesis of HIV-associated neurodegeneration and cognitive
dysfunction (Kaul et al., 2005). Gp120 can be secreted from a wide
variety of cell types (Churchill et al., 1996; Paul et al., 1993) including
astrocytic cells (Venkatesan, unpublished observations). When
released from infected glial cells, the protein can directly cause
apoptosis in mature neurons and can activate glial cells to secrete
substances toxic to mature neurons in vitro (Mattson et al., 2005; Nath
and Geiger, 1998). The importance of the pathogenic effects of gp120
in HIV-associated neurodegeneration is underscored by findings in
the gp120-transgenic mouse model, in which the gp120 IIIB protein,
derived from a T-tropic virus, is expressed within glial cells in the
brain. The spectrum of neuronal and glial changes in gp120-
transgenic mice closely resembles that seen in the brains of HIV-
infected patients (Toggas et al., 1994). In addition, gp120-transgenic
mice develop several age-related behavioral deficits, including
impairment of open field activity and spatial reference memory,
that are thought to reflect neuromotor and cognitive deficits in
patients with HAND (D'Hooge et al., 1999).

In addition to deleterious effects on mature neurons, gp120 can
also impair function of developing neurons in the adult brain. We
demonstrate a marked decrease in proliferating ANPs in gp120
transgenic mice with sparing of the QNP population, thus identifying
ANPs as the major class of NPCs to be affected by gp120 expression. In
the transgenic mice used in this study, expression of gp120 is
restricted to GFAP+ cells, including astrocytes and QNPs, and was not
detected in ANPs. Despite gp120 expression within QNPs, the
numbers of proliferating QNPs as well as the total pool of QNPs was
unchanged compared to wt animals. Therefore, the observed
reduction in proliferating and total ANPs does not result from changes
in the total QNP pool. Rather, it is likely that impairment of ANP
proliferation in the transgenic mice results from gp120 release from
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Fig. 4. Exercise rescues ANP proliferation and neurogenesis in gp120 transgenic mice.
A–E, mice were allowed free access to a running wheel for 10 days, followed by BrdU
injection (200 mg/kg) and analysis two hours later. A. Voluntary running increases
proliferating NPCs in both wt and gp120 transgenic mice. B,C. Exercise increases
proliferating and total ANPs in gp120 mice to levels comparable to wt mice. D,E.
Proliferating and total Tbr2+ cells are decreased in gp120mice compared towt, and are
increased to levels similar to wt after exercise. *pb0.05, ANOVA. F, Mice received four
injections of BrdU (50 mg/kg every 2 h) andwere allowed access to a running wheel for
21 days. Exercise markedly increases the generation of newly born neurons in gp120
mice. *pb0.05, Student's t test.
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either neighboring astrocytes or QNPs. Studies of rodent NPCs have
identified several potential mechanisms by which gp120 may
decrease NPC proliferation (Venkatesan et al., 2007). In vitro, gp120
IIIB interferes with the mitogenic effects of the stromal derived factor-
1/CXCR4 interaction on NPCs, resulting in decreased proliferation
(Tran et al., 2005). Such a mechanism may be particularly relevant in
vivo, since in the adult hippocampus SDF-1 is expressed in the granule
cell layer in close proximity to subgranular zone NPCs expressing
CXCR4 (Berger et al., 2007; Tran et al., 2007). Additionally, gp120 IIIB
may act by increasing the release of cytokines such as TNF-α (Buriani
et al., 1999) from glial cells, or by decreasing levels of growth factors
such as brain-derived neurotrophic factor, thereby affecting neigh-
boring NPC proliferation (Iosif et al., 2006; Nosheny et al., 2004).
Interestingly, recent evidence also suggests that HIV can infect human
NPCs, thereby allowing for intracellular expression of gp120 within
progenitor cells and potential impairment of neurogenesis (Schwartz
et al., 2007). Gp120 may also regulate intracellular proteins through
direct interactions with surfaced-expressed molecules on NPCs.
Extracellular gp120 IIIB stimulates the p38 MAPK cascade in NPCs,
thereby initiating withdrawal from the cell cycle and causing arrest in
G1 phase, with concomitantly decreased proliferation (Okamoto et al.,
2007). In addition, studies in neuronal cells have demonstrated that
gp120 can regulate expression and function of a number of proteins
including p53, Apaf-1, Rb, and E2F-1, in a CXCR4-dependent manner
(Khan et al., 2003; Khan et al., 2005). Such proteins affect important
aspects of cell cycle progression, survival, and differentiation, andmay
play a role in the gp120-mediated effects on NPC proliferation and
dendritic development observed here. Notably, we have found that
addition of extracellular gp120 to human NPCs in vitro directly results
in decreased proliferation, consistent with previous reports utilizing
rodent hippocampal NPCs (Okamoto et al., 2007; Tran et al., 2005) and
further supporting the relevance of gp120-induced alterations of
neurogenesis in human disease. Thus, it is likely that at least some of
the observed effects of gp120 on proliferation in vivo are accounted for
by direct, cell autonomous effects of gp120 on NPCs.

Given the accumulating evidence that impairment of adult
hippocampal neurogenesis may contribute to a decline in normal
cognitive function (Zhao et al., 2008), an important question is
whether HIV-mediated defects in neurogenesis can be rescued. In
addition to HIV infection, a growing number of other psychiatric and
neurologic conditions are characterized by impairments in adult
hippocampal neurogenesis (Eisch et al., 2008; Ming and Song, 2005a).
Interestingly, restoration of impaired neurogenesis has been demon-
strated in some, but not all, of these pathological conditions. For
example, voluntary running, which increases adult hippocampal NPC
proliferation and neurogenesis in wild type rodents (Ming and Song,
2005a; van Praag et al., 1999), rescues neurogenesis following
prenatal ethanol exposure, cranial irradiation in young mice, and
ischemia in adult mice, but does not rescue hippocampal neurogen-
esis in mouse models of Huntington's disease or in a model of
Alzheimer's disease (Kohl et al., 2007; Luo et al., 2007; Naylor et al.,
2008; Redila et al., 2006; Wolf et al., 2006). Similarly, SSRIs enhance
adult hippocampal neurogenesis in wt rodents (Encinas et al., 2006;
Malberg et al., 2000), but effects in pathological models have been
variable. Fluoxetine and sertraline, respectively, rescue adult hippo-
campal neurogenesis in a mouse model of Down's syndrome and the
R6/2 Huntington's diseasemousemodel (Clark et al., 2006; Peng et al.,
2008). However, fluoxetine did not rescue adult hippocampal
neurogenesis after ischemia (Choi et al., 2007). Such differences in
whether adult neurogenesis can be rescued likely arise both from
methodological differences between studies and from disease-specific
differences in mechanisms of impaired neurogenesis. Since we
identified ANPs as the first class of NPCs impaired in gp120 transgenic
mice, we sought to employ measures that restored this class of cells.
We found that a relatively short duration (ten days) of voluntary
running resulted in dramatic rescue of NPC proliferation in gp120
transgenic mice, such that numbers of proliferating ANPs were similar
to that seen in normal wt mice. Continued exercise over the course of
three weeks led to even more striking increases in numbers of newly
generated neurons in gp120 transgenic mice. Such a profound increase
in the generation of new neurons is consistent with previous
observations that exercise can influence several phases of neurogenesis,
including proliferation of ANPs, neuronal differentiation, and survival of
newly generated neurons in wt mice (van Praag et al., 1999).

Since running can affect several phases of neurogenesis, we also
sought to determine whether SSRIs, which exert effects specifically
upon the ANP population (Encinas et al., 2006), also led to restoration
of neurogenesis in gp120 transgenic mice. We found that the SSRI
paroxetine rescues overall NPC proliferation, proliferation of ANPs,
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Fig. 5. gp120 mice exhibit aberrant initial dendritic development of newly generated adult hippocampal neurons. A. Retroviral labeling of newly generated neurons in dentate gyrus,
followed by 3D confocal reconstruction of GFP+ dentate granule cells at 2 wpi. Shown are samples of 2D projection trajectories of 3D confocal reconstruction of dendrites of GFP+
neurons. Scale bar 20 μm. B and C, Summaries of dendrite properties at 1 wpi (B) and 2 wpi (C). Shown are cumulative distribution plots of dendrite length, graph of dendrite branch
number, and Sholl analysis of dendritic complexity. Overall, gp120 transgenic mice demonstrate increased dendritic lengths, branch number, and complexity at 1 wpi and 2 wpi . D.
Voluntary exercise results in normalization of parameters of initial dendritic development in gp120 mice at 2wpi (*pb0.05 Kolomogorov–Smirnov test for dendrite distribution;
*pb0.05 Student's t test for dendritic length and branch number).

685M.-H. Lee et al. / Neurobiology of Disease 41 (2011) 678–687
and neurogenesis in gp120 transgenic mice. The magnitude of
increased neurogenesis was less than that observed after exercise,
consistent with a more restricted action of SSRIs as compared to
exercise on NPCs. Along with recent evidence that SSRIs possess anti-
retroviral activity and may restore natural killer cell cytolytic activity
in the setting of HIV infection (Evans et al., 2008; Letendre et al.,
2007), our results suggest that SSRIs can target multiple viral and
cellular pathways that may serve to limit HAND. Overall, we
demonstrate that targeting the restoration of ANPs can dramatically
rescue the neurogenesis defect in a mouse model of HIV neurologic
disease.

Since functional neurogenesis requires proper maturation, in
addition to formation, of newly generated neurons (Ming and Song,
2005b), we also determined whether gp120 affects initial dendritic
maturation of newly generated adult hippocampal neurons. We found
that dendritic trees from newly generated neurons in gp120
transgenic mice were longer and more complex than those arising
from wt mice. Interestingly, enhanced dendritic outgrowth has also
been noted in another pathological setting, following pilocarpine-
induced seizures in mice (Overstreet-Wadiche et al., 2006). In these
mice, increased dendritic outgrowth led to accelerated functional
integration, thereby potentially contributing to epileptogenicity.
Aberrant dendritic outgrowth was also noted in a rat model of
seizures, in which kainic acid-induced status epilepticus led to
extension of hilar basal dendrites in newly generated neurons
(Jessberger et al., 2007). Since we found that voluntary exercise
resulted in a marked increase in newly generated neurons in gp120
transgenic mice, an important question was whether these newly
generated neurons also exhibited aberrant dendritic outgrowth.
Strikingly, we found that voluntary exercise resulted in normalization
of initial dendritic length, branch number, and complexity in newborn
neurons in gp120 transgenic mice compared to wt mice. Consistent
with a previous report, initial dendritic maturation of newly
generated neurons in wt mice was not significantly affected by
exercise (Zhao et al., 2006). Although the cellular and molecular
mechanisms by which dendritic arborization is altered in gp120 mice
and rescued upon exercise remain to be elucidated, we demonstrate
that voluntary running rescues both the formation and initial
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Fig. 6. Paroxetine rescues adult hippocampal neurogenesis in gp120 transgenic mice. A. Mice implanted with either saline- or paroxetine-containing pumps for 28 days were
analyzed 2 h after BrdU injection. Paroxetine administration increases NPC proliferation in gp120 transgenic mice B. BrdU+Tbr2+ cells, representing proliferating ANPs, were
quantified in wt and gp120 mice. C. Mice were administered daily injections of BrdU (50 mg/kg) for seven days, beginning 1 week after pump implantation, and analyzed 28 days
after the first BrdU injection. BrdU+NeuN+ newly generated neurons are increased in gp120 mice upon paroxetine administration *pb0.05, Student's t test.
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dendritic development of dentate granule neurons in gp120 trans-
genic mice.

The observation that hippocampal neurogenesis is impaired in vivo
by HIV gp120 has several important implications. Given the emerging
evidence suggesting a role for continuous hippocampal neurogenesis
in cognitive functioning, a gp120-induced reduction in newly
generated neurons may result in impaired maintenance of hippo-
campal-dependent learning and memory (Jessberger et al., 2009; Kee
et al., 2007; Leuner et al., 2006). Additionally, the inability to form
new brain cells may impair repair in the setting of HIV-induced
neurodegeneration, thereby potentially contributing to the brain
atrophy seen in patients with HIV infection (Ge et al., 2003). Most
importantly, however, it may in part explain why clinical trials with
neuroprotective therapies have consistently failed in patients with
HAND (Turchan et al., 2003). In addition to countering the deleterious
effects of HIV on mature neuronal cells, therapeutic strategies may
need to be directed at increasing and optimizing neurogenesis in this
patient population. Both physiological measures such as exercise and
pharmacological measures such as the use of SSRIs may be beneficial
in restoring hippocampal neurogenesis and maintaining neurocogni-
tive function in HIV-infected individuals.
Fig. 7. Extracellular HIV-1 gp120 decreases human NPC proliferation in vitro. A.
Recombinant gp120 IIIB was added to human NPC cultures for 48 h, followed by BrdU
labeling for 4 h. heat, heat-inactivated. B. Live/Dead assay reveals no increase in NPC
death upon addition of gp120 at the highest concentration used. *pb0.05 compared to
control, ANOVA with Bonferroni.
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