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Despite the introduction of highly active antiretroviral therapy, dementia caused by human immunodeficiency virus-1 (HIV-1) infection
remains a devastating and common neurological disorder. Although the mechanisms governing neurodegeneration during HIV-1 infec-
tion remain uncertain, the HIV-1 accessory protein, viral protein R (Vpr), has been proposed as a neurotoxic protein. Herein, we report
that Vpr protein and transcript were present in the brains of HIV-infected persons. Moreover, soluble Vpr caused neuronal apoptosis,
involving cytochrome c extravasation, p53 induction, and activation of caspase-9 while exerting a depressive effect on whole-cell currents
in neurons ( p � 0.05), which was inhibited by iberiotoxin. Vpr-activated glial cells secreted neurotoxins in a concentration-dependent
manner ( p � 0.001). Transgenic (Tg) mice expressing Vpr in brain monocytoid cells displayed the transgene principally in the basal
ganglia ( p � 0.05) and cerebral cortex ( p � 0.01) compared with hindbrain expression. Vpr was released from cultured transgenic
macrophages, which was cytotoxic to neurons and was blocked by anti-Vpr antibody ( p � 0.05). Neuronal injury was observed in Tg
animals compared with wild-type littermates, chiefly affecting GAD65 ( p � 0.01) and vesicular acetylcholine transferase ( p � 0.001)
immunopositive neuronal populations in the basal ganglia. There was also a loss of subcortical synaptophysin ( p � 0.001) immunore-
activity as well as an increase in activated caspase-3, which was accompanied by a hyperexcitable neurobehavioral phenotype ( p � 0.05).
Thus, HIV-1 Vpr caused neuronal death through convergent pathogenic mechanisms with ensuing in vivo neurodegeneration, yielding
new insights into the mechanisms by which HIV-1 injures the nervous system.
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Introduction
Human immunodeficiency virus-1 (HIV-1)-associated demen-
tia (HAD) is a subcortical dementia, defined by motor, behav-
ioral, and cognitive abnormalities arising because of neuronal
damage and death (McArthur et al., 2005). HIV-1 enters the CNS
early in the course of disease (Resnick et al., 1988; Spector et al.,
1993) and establishes productive infection in the brain, detect-
able in perivascular macrophages and microglia. Despite the ab-
sence of productive infection of neurons, HIV-1 infection is as-
sociated with neuronal loss in distinct regions of the brain,
including the frontal cortex, substantia nigra, cerebellum, and
striatum (Everall et al., 1993). Although necrosis of neurons has
been demonstrated, it has been reported that the neuronal loss

observed in HIV-1-infected patients is also attributable to apo-
ptosis (Adle-Biassette et al., 1995; Gelbard et al., 1995; An et al.,
1996). The underlying mechanisms of HIV-induced neuro-
pathogenesis remain uncertain, but it is clear that both HIV-1
encoded proteins and neurotoxic host molecules secreted by ac-
tivated glia in response to HIV-1 infection or activation contrib-
ute to neuronal cell death (for review, see Jones and Power, 2006).

The HIV-1 accessory protein viral protein R (Vpr) is synthe-
sized late in the HIV-1 life cycle, packaged into the virion, and is
essential for HIV-1 replication in macrophages (Emerman, 1996;
Subbramanian et al., 1998). In addition, studies from numerous
groups have demonstrated that HIV-1 Vpr mediates multiple
cellular functions, including nuclear import of the HIV-1 prein-
tegration complex (Popov et al., 1998), G2 cell cycle arrest (He et
al., 1995; Emerman, 1996), transactivation of both viral replica-
tion and host genes (Cohen et al., 1990; Yao et al., 1998), and
induction of cellular apoptosis (Yao et al., 1998; Stewart et al.,
2000). Indeed, soluble HIV-1 Vpr protein is detected in the CSF
and serum of HIV-1-infected patients with neurological disor-
ders (Levy et al., 1994). Furthermore, several lines of evidence
suggest that HIV-1 Vpr might be a potential toxic molecule me-
diating neuronal cell death during HIV-1 infection, albeit at high
concentrations (�2 �M) (Piller et al., 1998; Sabbah and Roques,
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2005). In vitro studies of cultured rat hippocampal neurons
(Piller et al., 1998; Huang et al., 2000), rat cortical and striatal
neurons (Sabbah and Roques, 2005), or human neuronal cell
lines (Patel et al., 2000, 2002) have revealed that HIV-1 Vpr might
cause neuronal apoptosis. Given the uncertainty regarding the
neuropathogenic properties of HIV-1 Vpr and moreover its in
vivo effects, we investigated the mechanisms by which HIV-1 Vpr
influenced neuronal viability using both in vitro and in vivo
models.

Materials and Methods
Vpr preparation. The procedure for producing full-length recombinant
HIV-1 Vpr protein derived from pNL4-3 has been described previously
(Levy et al., 1994). Briefly, Vpr was produced after infection of high five
insect cells (2 � 10 9 cells per liter of culture infected at a multiplicity of
infection of 5–10) with recombinant baculovirus encoding the HIV-1
NL4-3 vpr open-reading frame fused to a His-tag at the N terminus. The
Vpr baculovirus vector was kindly provided by Dr. Ned Landau (The Salk
Institute for Biological Studies, La Jolla, CA). Vpr preparations that were
over 90% pure were routinely obtained. Fractions containing Vpr were
dialyzed against three changes of 100 volumes of PBS, aliquoted, and
store at �80°C. The yield of recombinant Vpr obtained by this method
was 1 mg per liter of high five cell culture.

Cell cultures. LAN-2 (human cholinergic neuroblastoma), U-937 (hu-
man monocytoid), and U373 (human astrocytic) cell lines were cultured
as described previously (Zhang et al., 2003). Before use, LAN-2 cells were
differentiated for 3 d in L-15 medium (Sigma-Aldrich, Oakville, Ontario,
Canada) containing 10% FBS and 1 mM dibutyryl-cAMP, whereas U-937
cells were differentiated for 2 d with 50 ng/ml phorbol 12-myristate 13
acetate (PMA; Sigma-Aldrich). Mouse bone-marrow derived macro-
phages were isolated from the pelvis and femurs of mice using culture
methods described previously (Tsutsui et al., 2004). Rat fetal neurons
(RFNs) were isolated from the septum of 17- and 18-d-old Sprague Daw-
ley rat fetuses (Charles River, Saint-Constant, Quebec, Canada) by meth-
ods described previously (Jhamandas and MacTavish, 2004) following
approved protocols set out by the local Health Sciences Animal Policy
and Welfare Committee. Human fetal neurons (HFNs) were isolated
from 15- to 19-week-old aborted fetuses and cultured by methods de-
scribed previously (Power et al., 1998), supported by local ethics
committees.

Immunohistochemistry and immunofluorescence. Paraffin-embedded 5
�m brain sections from HIV-1 seropositive and seronegative patients
and mice after neurobehavioral studies were immunostained with anti-
bodies to HIV-1 Vpr [diluted 1:200; rabbit polyclonal raised against bac-
terially expressed recombinant Vpr (Lavallee et al., 1994)], CD45 (di-
luted 1:25; Zymed, San Francisco, CA), Iba-1 (diluted 1:100; Wako
Chemicals, Neuss, Germany), and F4/80 (1:100; Serotec, Indianapolis,
IN) for macrophage and microglia detection, neuronal-specific nuclear
protein (NeuN) (diluted 1:200; Chemicon, Temecula, CA) for neuron
detection, and cleaved caspase-3 for detection of activated caspase-3 (1:
100; Cell Signaling Technology, Beverly, MA). Immunostaining proto-
cols for single and double labeling were performed, as reported previ-
ously (Tsutsui et al., 2004). For immunohistochemical staining, sections
were stained with DAB and 5-bromo-4-chlor-indolyl-phosphate (BCIP)
while immunofluorescent sections were stained with goat anti-mouse
and goat anti-rabbit Alexa Fluor 488 (Invitrogen, Eugene, OR), goat
anti-rat FITC (Serotec), and goat anti-rabbit Cy3 (Jackson ImmunoRe-
search, West Grove, PA) secondary antibody followed by washing and
mounting in gelvatol and acrytol for immunofluorescence and immuno-
histochemistry, respectively.

Direct and indirect neurotoxicity assays. For the direct neurotoxicity
assay, differentiated LAN-2 cells or RFNs were cultured in 96-well flat
bottom plates in serum-free AIM-V media (Sigma-Aldrich) with and
without different concentrations of HIV-1 Vpr for up to 48 h. In some
experiments, HIV-1 Vpr-specific antibodies (1:100 dilution) were in-
cluded in the culture. After the culture period, cells were fixed with 4%
formalin, washed in PBS containing 0.1% Triton X-100 (Sigma-Aldrich),
and blocked for 90 min at 4°C with LI-COR Odyssey Blocking Buffer

(LI-COR, Lincoln, NE). After removal of the blocking reagent, the cells
were incubated overnight at 4°C with mouse anti-�-tubulin (1:600 dilu-
tion; Sigma-Aldrich) and either rabbit anti-cleaved caspase-3 (C-Casp-3,
1:100 dilution; Cell Signaling Technology) or rabbit anti-p53 (1:100 di-
lution; Santa Cruz Biotechnology, Santa Cruz, CA). After primary anti-
body application, the cells were washed in PBS containing 0.1% Tween
20 and incubated with either goat anti-mouse Alexa Flour 680 (1:200
dilution; Invitrogen) or goat anti-rabbit IRDye 800CW (1:800 dilution;
Rockland Immunochemicals) secondary antibodies. All antibody dilu-
tions were made with LI-COR Odyssey Blocking Buffer. After removal of
the secondary antibodies, the cells were washed in PBS/0.1% Tween 20
and left to dry in the dark before quantification of �-tubulin, active
caspase-3, and p53 immunoreactivity using the Odyssey Infrared Imag-
ing System (LI-COR). Active caspase-3 and p53 immunoreactivity were
normalized to the �-tubulin expression and then expressed relative to
controls. For the indirect neurotoxicity assay, U373 cells and PMA-
differentiated U-937 cells were cultured in serum-free AIM-V media
with and without HIV-1 Vpr (0.1, 1.0, 10.0, and 100.0 nM) for 48 h, after
which cell culture supernatants were harvested and cleared of cellular
debris by low-speed centrifugation. In addition, supernatants were also
removed from mouse macrophage cultures. These conditioned media
(CM) were then applied in the presence or absence of HIV-1 Vpr-specific
antibodies (1:100 dilution) to differentiated LAN-2 cells or RFNs as de-
scribed previously (Zhang et al., 2003). After 48 h of exposure, neuronal
viability was quantified by �-tubulin immunoreactivity (as described
above).

Human brain samples. Autopsied frozen and fixed brain tissue (frontal
lobe) from HIV-1 B clade seropositive (all were acquired immunodefi-
ciency syndrome-defined) and seronegative individuals, collected with
consent and stored in the Laboratory for Neurological Infection and
Immunity Brain Bank were used for RNA extraction for real-time PCR
and immunohistochemistry, respectively, as described previously
(Johnston et al., 2000; Tsutsui et al., 2004).

Neurophysiology studies. Whole-cell recordings were obtained from
acutely dissociated neurons of rat septal nucleus, the diagonal band of
Broca, as described previously (Jassar et al., 1997; Jhamandas et al., 2001).
Briefly, whole-cell currents were activated by voltage steps or ramp pro-
tocol from a holding potential of �80 mV. All drugs including Vpr were
applied via bath perfusion. Ca 2�-dependent K � conductance was iso-
lated using the BK channel-specific blocker iberiotoxin. Biophysical sep-
aration of IA (transient outward K � currents) from IK (delayed rectifier
K � currents) were achieved by adding hyperpolarizing prepulse voltage
step protocols that activate IA and IK, whereas activation of IK alone was
achieved by voltage steps from �40 mV to more depolarized levels. Thus,
subtraction of the two protocols yielded IA.

Mitochondrial membrane potential, cytochrome c release, and caspase-9
studies. Mitochondrial membrane potentials in HIV-1 Vpr-treated
LAN-2 cells were analyzed using the MitoProbe DiIC1(5) Assay kit for
Flow Cytometry (Invitrogen) following the manufacturer protocol.
DiIC1(5) staining was quantified using a FACScan flow cytometer (BD
Biosciences, Franklin Lakes, NJ), where loss of mitochondrial membrane
permeability was accompanied by a reduction in the intensity of
DiIC1(5) staining, and the results are expressed as the percentage of
LAN-2 cells showing diminished DiIC1(5) staining. Cytochrome c release
in HIV-1 Vpr-treated LAN-2 cells was analyzed with the Cytochrome c
Releasing Apoptosis Assay kit (BioVision Research Products, Mountain
View, CA) following the manufacturer protocol. Protein (10 �g) from
LAN-2 cell cytosolic and mitochondrial fractions was separated by 12%
SDS-PAGE, transferred onto nitrocellulose membranes, and probed
with mouse anti-cytochrome c (1:200 dilution; BioVision Research Prod-
ucts). Goat anti-mouse secondary antibody conjugated to HRP (1:2000
dilution; Chemicon) was used to detect the primary antibody bound to
the protein using chemiluminescence (Roche Diagnostics, Laval, Que-
bec, Canada). Caspase-9 activity in HIV-1 Vpr-treated LAN-2 cells was
quantified with the Caspase-9/Mch6 Colorimetric Assay kit (BioVision
Research Products) following the manufacturer protocol.

Western blotting. Differentiated LAN-2 cells were cultured with or
without HIV-1 Vpr for up to 6 h, after which cells were lysed in lysis
buffer [20 mM Tris, 1% NP-40, 50 mM NaCl, protease inhibitors (1:1000;
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Protease Inhibitor cocktail set III; Calbiochem, La Jolla, CA), serine
phosphatase inhibitor, 1 �M okadaic acid (Chemicon), and 0.5 mM

EDTA]. Protein lysates were also prepared from the brains of Vpr trans-
genic (Tg) and wild-type (Wt) animals. Protein lysates were separated by
10% SDS-PAGE, and the membrane was blotted for phosphorylated Akt
(1:1000; Cell Signaling Technology), total Akt (1:000; Cell Signaling
Technology), phosphatidyl inositol 3-kinase (PI3K) (1:500; Cell Signal-
ing Technology), GAD65 (1:1000; Chemicon), synaptophysin (1:1000;
Santa Cruz Biotechnology), vesicular acetylcholine transferase (VAChT)
(1:1000; Sigma), C-Casp-3 (1:250; Cell Signaling Technology), and
�-actin (1:1000; Santa Cruz Biotechnology). Ratios of Western blot im-
munoreactivity in wild-type and Vpr-Tg mice relative to �-actin were
quantified by densitometry using Scion (Frederick, MD) imaging
software.

Real-time reverse transcription-PCR. Six hours after HIV-1 Vpr stimu-
lation, U373 cells and U-937 cells were washed with PBS and lysed in
TRIzol (Invitrogen, Gaithersburg, MD), and genomic RNA was isolated
in accordance with the manufacturer guidelines, as was the RNA from
Vpr-Tg and Wt brains. Genomic RNA was dissolved in DEPC-treated
water and used for the synthesis of cDNA. The primers used in the
real-time PCR were as follows: glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH); human interleukin (IL)-1�, forward primer 5�-CCA
AAG AAG AAG ATG GAA AAG CG-3� and reverse primer 5�-GGT GCT
GAT GTA CCA GTT GGG-3� [melting temperature (Tm), 58]; human
IL-6 (Jones et al., 2005); mouse tumor necrosis factor-� (TNF-�) (Over-
bergh et al., 1999), mouse IL-1�, forward primer 5�-CAA CCA ACA AGT
GAT ATT CTC CAT G-3� and reverse primer 5�-GAT CCA CAC TCT

CCA GCT GCA-3� (Tm, 60°C); mouse IL-6,
forward primer 5�-caa cca cgg cct tcc cta ct-3�
and reverse primer 5�-tca ttt cca cga ttt ccc aga
g-3� (Tm, 54); mouse F4/80, forward primer
5�-gcc acc tgc act gac acc-3� and reverse primer
5�-gct gca ctt ggc tct cc-3� (Tm, 54); mouse
GFAP, forward primer 5�-gga cat cga gat cgc cac
cta cag-3� and reverse primer 5�-ctc acc atc ccg
cat ctc cac agt-3� (Tm, 58), HIV-Vpr NL43
outer forward primer 5�-aga gga cag atg gaa caa
gcc-3� and outer reverse primer 5�-cta gtc tag
gat cta ctg gct cc-3� (Tm, 60), and HIV-Vpr
NL43 inner forward primer 5�-gac act aga gct
ttt aga gg-3� and inner reverse primer 5�-gga taa
aca gca gtt gtt gca g-3� (TM, 57). Semiquantita-
tive analysis was performed by monitoring in
real time the increase in the fluorescence of the
SYBR-green dye (Invitrogen) on a Bio-Rad
(Hercules, CA) i-Cycler. Real-time fluores-
cence measurements were performed, and a
threshold cycle value for each gene of interest
was determined as reported previously (Power
et al., 2003). All data were normalized against
the GAPDH mRNA level and expressed as rel-
ative fold change to the unstimulated control.

In vivo mouse model. Vpr transgenic mice
were generated as described previously (Dickie
et al., 2004) in which vpr was under the control
of the c-fms (M-CSF receptor) promoter, per-
mitting expression chiefly in monocytoid
cells. Four-month-old Vpr transgenic and
littermate wild-type mice were subjected to
three behavioral tests: the inverted screen test
at 20 and 40 cm and the horizontal bar test as
described previously (Guenther et al., 2001).
The Z-score and mean deficit score was mea-
sured for each animal and averaged using
previously described calculations (Heseltine
et al., 1998). Brains from these animals were
then harvested and stored for immunohisto-
chemistry, reverse transcription (RT)-PCR,
and Western blot studies.

Results
HIV-1 Vpr modulates neuronal membrane responses
Previous studies showed that higher concentrations of Vpr ex-
erted variable electrophysiological effects on neurons (Piller et
al., 1998). To define the precise pathophysiological actions of Vpr
on neuronal membrane activity, we examined the current–volt-
age relationship in dissociated rat septal neurons, indicating that
Vpr (10 nM) caused a reduction in outward whole-cell currents in
the voltage range from �30 to �3 mV (Fig. 1A). Indeed, a Vpr
concentration-dependent effect was observed in terms of a re-
duction in whole-cell currents in dissociated neurons (Fig. 1B).
When the high-conductance Ca 2�-activated K� channels (BK
channels) were inhibited with iberiotoxin (25 nM), the Vpr-
induced reduction in current was significantly blocked (Fig. 1C,
inset represents results from five cells). Vpr (10 nM) also caused a
reduction in the delayed rectifier (IK) potassium current (Fig. 1D,
top panel) but not the transient outward (IA) potassium current
(Fig. 1D, bottom panel). Thus, Vpr was found to induce rapid
changes in neuronal membrane currents involving an inhibition
of voltage-dependent potassium channels.

HIV-1 Vpr in vivo expression and neurotoxicity
Although Vpr is known to exert neuropathogenic actions and has
been observed in the brain (Piller et al., 1998; Huang et al., 2000;

Figure 1. HIV-1 Vpr modulates neuronal membrane responses. A, Whole-cell currents were reduced in acutely dissociated rat
basal forebrain neurons (n � 9 cells) after treatment with soluble HIV-1 Vpr (10 nM). B, Concentration–response relationship for
HIV-1 Vpr showing a reduction of whole-cell currents (n � 4 –9 cells at each concentration). C, HIV-1 Vpr-mediated reduction in
whole-cell current was blocked in the presence of 25 nM iberiotoxin (histograms in inset represents 5 cells). D, HIV-1 Vpr (10 nM)
reduced the delayed rectifier (IK) potassium current (top) but not the transient outward (IA) potassium current (bottom). Insets
show voltage protocols used to identify IK and IA. IA obtained from subtracting currents derived with the two voltage protocols is
shown (*p � 0.01). Ctrl, Control.
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Patel et al., 2000, 2002; Sabbah and Roques, 2005; Wheeler et al.,
2006), the extent of Vpr detection in the brain is unknown.
Hence, we examined Vpr expression in brains from HIV-1-
infected and uninfected persons using a polyclonal antibody,
which specifically recognized HIV-1 Vpr (Fig. 2Ai, inset). Vpr
immunoreactivity was not present in sections from HIV-1 unin-
fected brains (Fig. 2Ai). However, in brain sections from HIV-1-
infected patients, Vpr immunoreactivity was detectable in
perivascular and parenchymal cells that resembled monocytoid

cells (Fig. 2Aii). Furthermore, at higher magnification, we ob-
served that Vpr immunoreactivity was colocalized with CD45
immunoreactivity showing brown and purple immunostaining,
respectively, in brain sections from HIV-1 infected brains (Fig.
2Aii, inset). Moreover, we also examined the presence of Vpr
transcripts in the brains of HIV-1-infected patients (n � 35) by a
nested RT-PCR protocol, which indicated that Vpr encoding
RNA was present in 42% of brains analyzed (data not shown).
Hence, Vpr was expressed in the brains of patients with HIV-1
infection, chiefly in monocytoid cells.

Given that Vpr is a secreted protein, detected in both serum
and CSF (Levy et al., 1994), we next investigated its effects on a
human cholinergic neuronal cell line (LAN-2) as well as primary
human and rat fetal neurons. Soluble Vpr was neurotoxic in a
concentration-dependent manner, as indicated by loss of
�-tubulin expression (Fig. 2B) with the extent of neurotoxicity
hinging on the individual cell type. The LAN-2 and HFN cells
exhibited greater vulnerability to Vpr-mediated neurotoxicity at
100 nM compared with RFN, where there was evident neuronal
injury occurring at 500 nM (Fig. 2B). Importantly, the neurotoxic
effects of Vpr were reduced by immunoabsorption of Vpr with an
anti-Vpr polyclonal antibody in both Vpr treated (100 nM) and
untreated (Fig. 2C). HIV-1 Vpr neurotoxicity in LAN-2 cells was
also confirmed using a trypan blue exclusion assay to assess cell
membrane integrity, indicating that increased neuronal death
was observed at both 10 nM (14%) and 100 nM (39%) normalized
to PBS-treated (control) cells (data not shown). To pursue the
mechanism by which neurons were injured by Vpr, we assayed
activated or C-Casp-3 expression (normalized to �-tubulin ex-
pression), revealing augmented expression in Vpr-treated neu-
rons (Fig. 2D). Complementing these latter findings, neuronal
p53 expression was also elevated in neurons after Vpr treatment,
suggesting that apoptosis was the underlying process that caused
neuronal damage (Fig. 2D).

HIV-1 Vpr mediates neuronal apoptosis through
activated caspase-9
Because activation of BK channels and caspase-3 are involved in
the apoptosis signaling pathway (Liang et al., 2005), we next in-
vestigated the effects of HIV-1 Vpr on the “upstream” events,
eventually leading to caspase-3 activation. Because increased
cleaved caspase-3 expression was only observed in neuronal cells
treated with 100 nM HIV-1 Vpr (Fig. 1D), we used this “neuro-
toxic” concentration in the next series of experiments. It is well
established that p53 can mediate the “intrinsic” apoptosis path-
way (for review, see Giaccia and Kastan, 1998), and thus we ex-
amined whether Vpr-induced neuronal cell death was mediated
through this pathway. Mitochondrial membrane permeability
was assessed with the cyanine dye DiIC1(5), which accumulates in
mitochondria with active membrane potentials (Shapiro et al.,
1979). In contrast to the controls, DiIC1(5) staining intensity
diminished when neuronal cells were treated with cyanide
3-chlorophenylhydrazone (CCCP), a reagent that disrupts the
mitochondrial membrane potential, resulting in an increased
percentage of LAN-2 cells with low DiIC1(5) staining (Fig. 3A).
Exposure of neuronal cells to low concentrations of Vpr (0.1–10
nM) had no effect on the mitochondrial membrane potential (Fig.
3A,B). However, after 4 h of exposure to a neurotoxic concen-
tration of Vpr (100 nM), there was an approximate sixfold in-
crease in the percentage of neuronal cells showing diminished
DiIC1(5) staining compared with untreated cells (Fig. 3A,C).
Indeed, the proportion of neuronal cells showing diminished
DiIC1(5) staining after Vpr exposure approached that of the pos-

Figure 2. HIV-1 Vpr is expressed in brains of HIV-1-infected patients and induces neuronal
cell death. A, Detection of recombinant HIV-1 Vpr using an anti-Vpr polyclonal antibody on
Western blot (Ai, inset). HIV-1 Vpr immunoreactivity was absent in brain sections from HIV-1
uninfected controls (Ai). Conversely, Vpr was detectable in brain sections from HIV-1-infected
patients in perivascular and parenchymal cells (Aii, arrow) (magnification, 40�). These cells
resembled monocytoid cells and coexpressed CD45, whereby Vpr was stained brown (DAB) and
CD45 was stained purple (BCIP) (Aii, inset) (magnification, 100�). (BV, blood vessel). Ctrl,
Control. B, �-Tubulin expression in human neurons: LAN-2 cholinergic cell line, HFNs, and RFNs
treated with increasing concentrations of HIV-1 Vpr for 48 h, showing a concentration-
dependent reduction in neuronal viability as evidenced by reduced �-tubulin immunoreactiv-
ity. C, �-Tubulin expression in LAN-2 cells with or without HIV-1 Vpr (100 nM) treatment, with
and without anti-HIV-1 Vpr antibodies for 48 h, showing that pretreatment with the antibody
rescued neurons from Vpr-mediated neurotoxicity. D, Active caspase-3 and total p53 expression
was increased in LAN-2 cells treated with 100 nM Vpr for 24 h. Values were normalized to the
�-tubulin immunoreactivity and expressed as the percentage increase relative to control cells
(*p � 0.05; **p � 0.01).

3706 • J. Neurosci., April 4, 2007 • 27(14):3703–3711 Jones et al. • HIV-1 Vpr-Mediated Neuronal Apoptosis



itive control CCCP. In addition to increased mitochondria mem-
brane permeability, neuronal cells cultured in the presence of Vpr
demonstrated greater cytochrome c immunoreactivity in cytoso-
lic fractions compared with untreated controls (Fig. 3D).
Caspase-9 activity was significantly higher in lysates prepared
from neuronal cells, which had been cultured in the presence of
HIV-1 Vpr, compared with untreated controls (Fig. 3E). These
latter studies were supported by reduced phosphorylated Akt ex-
pression in neurons after Vpr exposure compared with induction
of phosphorylated Akt in untreated cells because of culture me-
dium change, whereas total Akt and PI3K were unaffected by Vpr
application (Fig. 3F). Together, these results suggested that in-
duction of the intrinsic apoptosis pathway, including increased
mitochondria membrane permeability, cytochrome c release,
caspase-9 activation, and reduced phosphorylated Akt, partici-
pated in Vpr-mediated neurotoxicity.

HIV-1 Vpr exerts cell type-dependent immunogenic and
neurotoxic effects
In addition to the direct neurotoxic effects of HIV-1 viral pro-
teins, neuronal apoptosis may also result indirectly because of

neurotoxic factors secreted by brain resident non-neuronal cells
in response to stimulation by viral proteins (for review, see Jones
and Power, 2006). To investigate potential indirect mechanisms
of Vpr-mediated neurotoxicity, supernatants from HIV-1 Vpr-
stimulated astrocytic cells were applied to neuronal cells. As de-
termined by �-tubulin expression, no neurotoxicity was ob-
served with supernatants from astrocytic (U373) cells stimulated
with 10 nM Vpr or less (Fig. 4A). Indeed, at these Vpr concentra-
tions, there appeared to be a modest concentration-dependent
increase in �-tubulin expression, which was abrogated in the
presence of Vpr-specific antibodies. However, conditioned me-
dia from astrocytic cells stimulated with 100 nM Vpr induced
marked neuronal cell death, which was not reversed by Vpr-
specific antibodies. Immune dysregulation within the CNS is a
cardinal feature of HIV-1 infection and is assumed to contribute
to reduced neuronal viability through the secretion of neurotoxic
molecules. Compared with unstimulated controls, IL-1� tran-
script levels were reduced in Vpr-stimulated astrocytic cells in a
concentration-dependent manner (Fig. 4B). In contrast, IL-6
was increased in Vpr-treated astrocytic cells, although this find-
ing was apparent at 100 nM only (Fig. 4C). Indirect neurotoxicity
also was evident when monocytoid cells (U-937) were stimulated
with as low as 0.1 nM Vpr, although the maximal effect was seen
when monocytoid cells were stimulated with 100 nM Vpr. Re-
gardless of the Vpr concentration used, previous treatment of
neuronal cells with Vpr-specific antibodies failed to abrogate the
neurotoxicity of Vpr-activated monocytoid cell-derived super-
natants (Fig. 4D). In monocytoid cells, soluble Vpr induced
IL-1� transcript abundance (Fig. 4E), whereas IL-6 expression
was markedly reduced in a concentration-dependent manner
(Fig. 4F). These studies suggested that soluble Vpr influenced
glial cell immune responses, which was accompanied by the se-
cretion of cellular neurotoxins depending on the individual cell
type that was stimulated by Vpr.

In vivo HIV-1 Vpr expression results in neurotoxic and
neuroimmune effects
Although soluble Vpr exerted immunogenic and neurotoxic
properties in different assays of neural function, the in vivo neu-
rotoxic effects of Vpr expression in monocytoid cells are un-
known. To investigate this question, we examined transgenic
mice expressing HIV-1 (NL4-3) Vpr under the control of the
c-fms promoter (Tg), which drives transgene expression in
monocytoid cells, together with littermate wild-type controls
(Fig. 5A). Macrophages from Tg and Wt mice showed that Vpr
transcripts were detected in Tg but not Wt animals (Fig. 5B,
inset). In fact, supernatants from Vpr Tg-derived macrophages
were highly neurotoxic to RFNs, which was prevented by pre-
treatment with the anti-Vpr antibody (Fig. 5B). Likewise, soluble
Vpr was neurotoxic to RFNs when added to supernatants from
Wt-derived macrophages but again was reversed by pretreatment
with the anti-Vpr antibody (Fig. 5B). To investigate further the
effects of Vpr in the brain, we initially examined Vpr transcript
levels, disclosing that Vpr was present in the basal ganglia (BG) of
Vpr Tg animals but not in Wt littermates (Fig. 5C, inset). Vpr
transcripts were also detected in the cortex (CTX) and hindbrain
(HB) of these animals, although higher Vpr transcript levels were
found in the BG and CTX compared with the HB (Fig. 5C). Of
note, Vpr immunoreactivity was not present on Western blot
using brain tissue from both Tg and Wt animals. Analysis of
brains from Vpr Tg and Wt animals revealed that there were no
differences in F4/80 (a marker for activated macrophages), IL-1�,
or TNF-� transcript levels (Fig. 5D). In contrast, IL-6 transcript

Figure 3. HIV-1 Vpr induces the intrinsic apoptosis pathway in neuronal cells. A–C, DiIC1(5)
staining in LAN-2 cells pretreated with Vpr. A, Percentage of LAN-2 with reduced DiIC1(5)
staining. B, C, Individual DiIC1(5) fluorescence plots are shown for LAN-2 cells treated with 0.1
nM Vpr (B) and 100 nM Vpr (C) (solid line represents Vpr-treated cells; dotted line represents
control treated cells). M1 region represents the percentage of LAN-2 cells with reduced DiIC1(5)
expression (data summarized in A). D, Increased cytochrome c immunoreactivity was present in
the cytosolic fraction from LAN-2 cells pretreated with Vpr compared with control (Mit denotes
mitochondrial fraction; Cyt denotes cytosolic fraction). E, Enhanced caspase-9 activity was evi-
dent in lysates from LAN-2 cells treated with HIV-1 Vpr. F, Phosphorylated Akt (p-Akt), total Akt,
PI3K, and �-actin immunoreactivity in lysates prepared from LAN-2 cells cultured with or with-
out Vpr for up to 6 h, showing downregulation of p-Akt. (*p � 0.001). Ctrl, Control.
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levels were significantly lower in the BG,
CTX, and HB of Vpr Tg animals com-
pared with Wt controls. These studies in-
dicated that Vpr was expressed and se-
creted by monocytoid cells in Tg animals.
Moreover, Vpr was expressed in the brains
of Tg animals, which was accompanied by
a marked reduction in IL-6 transcript lev-
els, thereby recapitulating the effects of
soluble Vpr in monocytoid cells (Fig. 4E).

Vpr causes in vivo neurodegeneration
and neurobehavioral abnormalities
Although Vpr was expressed at the tran-
script level, it was critical to determine
whether Vpr protein was present in the
brains of the Tg mice. Hence, we investi-
gated the presence of Vpr in the brains of
Tg animals and Wt littermates, disclosing
that Vpr immunoreactivity was absent in
the brains of Wt littermate controls (Fig.
6A) but present in the brains of Tg ani-
mals (Fig. 6B). Furthermore, Vpr colocal-
ized with F4/80 immunoreactivity, sug-
gesting it was expressed principally in
activated monocytoid cells in both perivascular (Fig. 6B) and
parenchymal (Fig. 6B, inset) regions, whereas only F4/80 immu-
noreactivity was observed in the Wt sections. Analysis of Iba-1
immunoreactivity on monocytoid cells did not show substantial
differences in microglia/macrophage morphology and numbers
between Wt (Fig. 6C) and Tg animals (Fig. 6D). Conversely,
NeuN exhibited reduced immunoreactivity in the Vpr Tg ani-
mals (Fig. 6F) compared with Wt controls (Fig. 6E), particularly
in subcortical regions. Moreover, there was activated caspase-3
immunoreactivity within neurons as shown by NeuN and cleaved
caspase-3 double immunolabeling (Fig. 6F, inset). Given that we
observed reduced NeuN immunoreactivity with increased acti-
vation of caspase-3 in Vpr Tg animals, we next investigated the
expression of three representative neuronal proteins, GAD65
(GABAergic neurons), VAChT (cholinergic neurons), and syn-
aptophysin (most synapses) in the brains of Tg and Wt animals
by Western blotting, revealing that all three neuronal proteins
were reduced in the basal ganglia of Vpr Tg animals along with
increased immunoreactivity of cleaved caspase-3 relative to
�-actin, which was slightly higher in Vpr Tg BG (Fig. 6G,H).
However, the relative expression of GAD65 and VAChT was sim-
ilar in the cerebral cortices of Vpr Tg animals compared with Wt
controls (Fig. 6 I). Conversely, relative synaptophysin levels were
significantly higher in the Tg animal cortices (Fig. 6 I). Similar to
the BG, the CTX also showed an increase in immunoreactivity of
cleaved caspase-3 (Fig. 6 I). Because Vpr expression was associ-
ated with neuronal injury in vivo and in vitro, we also examined
the neurobehavioral effects of Vpr expression in the present
transgenic line. These studies revealed that Vpr Tg animals exhib-
ited abnormalities in neurobehavioral performance evidenced by
the Tg animals being significantly more hyperexcitable compared
with the Wt mice (Fig. 6 J). Thus, these studies showed that Vpr
was cytotoxic to subcortical neurons, together with exhibiting
aberrant motor activity.

Discussion
Herein, we report for the first time that both HIV-1 Vpr-encoded
proteins and transcripts were detectable in the brains of HIV-1

Figure 4. HIV-1 Vpr exerts cell type-dependent immunogenic and neurotoxic effects. A, D, LAN-2 cells were cultured in the
presence or absence of anti-HIV-1 Vpr antibodies for 48 h with supernatants (S/N) from HIV-1 Vpr stimulated U373 cells (A) or
U-937 cells (D). Controls represent LAN-2 cells cultured with supernatant from unstimulated U373 or U-937 cells. B, C, E, F, Relative
fold change (RFC) in mRNA expression for IL-1� (B, E) and IL-6 (C, F ) in U373 cells (B, C) and U-937 cells (E, F ), respectively, 6 h
poststimulation with soluble Vpr. Data represent mean (� SEM) from a minimum of three replicates and are expressed relative to
controls (*p � 0.05; **p � 0.01; ***p � 0.001).

Figure 5. HIV-1 Vpr expression and secretion by monocytoid cells in Tg animals. A, Sche-
matic figure of the HIV-1 Vpr transgene expressed under the control of exon 2 of the c-fms
promotor. B, Vpr transcripts were detected in macrophages from Vpr Tg animals but not in Wt
littermate controls (inset). RFNs were cultured with supernatants from either Vpr Tg macro-
phages, Wt macrophages, or Wt macrophages supplemented with soluble HIV-1 Vpr and pre-
treated with or without anti-Vpr antibodies, and �-tubulin expression was evaluated after
48 h. C, Greater levels of Vpr transcripts were detected in the BG and CTX compared with the HB
in Vpr Tg animals. The inset depicts the detection of HIV-1 Vpr-specific transcripts in the BG of
four Vpr Tg animals. D, F4/80, IL-�, IL-6, and TNF-� transcript levels in the BG, CTX, and HB did
not change between Wt and Vpr Tg animals except for IL-6 levels (*p � 0.05; **p � 0.01).
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seropositive patients, particularly in monocytoid cells. Treatment
of neurons with soluble Vpr resulted in a direct effect on ionic
conductance in neurons with rapidly ensuing changes in neuro-
nal membrane potentials, together with the induction of the in-
trinsic apoptosis pathway in neurons. In addition to this direct
Vpr-mediated neurotoxicity occurring in multiple neuronal cell
types, Vpr application to glial cells also induced the secretion of
cellular neurotoxins, which was evident for supernatants derived
from Vpr-treated glial cells (Fig. 4A,D). Furthermore, transgenic
expression of HIV-1 Vpr in mouse brain monocytoid cells, was
accompanied by abnormalities in motor tasks and neuronal in-

jury. The present observations underscore
the neuropathogenic effects exerted by
Vpr, including its ability to exert both di-
rect cytotoxic actions on neurons but also
activate glia resulting in the release of neu-
rotoxic molecules. In fact, our results in
the Vpr Tg mice recapitulate the findings
of subcortical neuronal damage and neu-
robehavioral disturbances in patients with
HAD. Hence, Vpr might serve as a puta-
tive target for future therapeutic interven-
tions in the treatment of HIV-related neu-
rological disorders.

The mechanisms underlying neuronal
injury and death in HIV-mediated neuro-
degeneration remain controversial, al-
though apoptosis is a recognized compo-
nent (for review, see Jones and Power,
2006). The present study demonstrates
that Vpr-mediated neuronal cell death is
accompanied by loss of mitochondrial
membrane permeability, enhanced cyto-
solic levels of cytochrome c, and induction
of caspase-9 activity, all hallmarks of the
intrinsic apoptosis pathway. The intrinsic
apoptosis pathway can be initiated by a
variety of external and/or internal signals
that result in mitochondrial dysfunction.
Of particular importance to neuronal sur-
vival is the maintenance of intracellular
calcium homeostasis; during cytosolic cal-
cium overload, disruption of the mito-
chondrial membrane results in the release
of pro-apoptotic factors into the cytosol
(Petersen et al., 2000). Indeed, our find-
ings involving changes in calcium-
dependent BK channels indicate a link be-
tween the calcium mobilization and
activation of caspase 9. Moreover, the
changes in BK channels complement the
observation that Vpr treatment results in
neuronal excitation (data not shown),
thereby reflecting changes in membrane
potentials induced by Vpr in previous re-
ports (Piller et al., 1998). However, it is a
delicate balance between the actions of the
pro-apoptotic and anti-apoptotic mem-
bers of the Bcl-2 family of proteins, which
regulate the induction of mitochondrial
dysfunction. Nonetheless, it is widely rec-
ognized that stabilization of the tumor
suppressor gene, p53, in response to cellu-

lar stress (e.g., DNA damage or hypoxia) results in apoptosis (for
review, see Giaccia and Kastan, 1998). This response occurs, in
part, through p53-mediated transcription of pro-apoptotic genes
(e.g., Bax, Bak, Noxa, and Puma) (Oda et al., 2000; Wei et al.,
2001; Yu et al., 2003), as well as transcriptional suppression of
anti-apoptotic genes (e.g., Bcl-2 and survivin) (Hoffman et al.,
2002). As our results demonstrated that elevated levels of neuro-
nal p53 accompanied HIV-1 Vpr-induced neurotoxicity, it is in-
teresting to speculate that this may be the initiating factor for the
disruption of mitochondrial membrane potentials, release of cy-
tochrome c, and subsequent caspase activation. However, how

Figure 6. HIV-1 Vpr expression in the brain of Vpr Tg animals is accompanied by neuronal cell loss. A, B, HIV-1 Vpr immuno-
reactivity (red) was not detected in the brains of Wt littermate controls (A) but was observed in Vpr-Tg animals that colocalized
with F4/80 immunoreactivity (green) in the perivascular cells (B) and parenchymal cells (B, inset). C, D, Iba-1 immunoreactivity in
monocytoid cells in Wt (C) and Tg (D) animals did not differ. E, F, However, NeuN immunoreactivity in neurons of the basal ganglia
of Wt littermate controls (E) was substantially greater than NeuN immunoreactivity in the BG of Vpr-Tg animals (F ) with an
increase in cleaved caspase-3 (red) colocalizing with NeuN (green; F, inset). G, GAD65, VAChT, and synaptophysin immunoreac-
tivity was reduced, whereas there was an increase in cleaved caspase-3 in the basal ganglia of Vpr Tg compared with Wt animals.
H, Graphic analysis of GAD65, VAChT, and synaptophysin immunoreactivity in the basal ganglia disclosed all proteins were
suppressed in Tg animals compared with Wt littermates, whereas cleaved caspase-3 was increased. I, Conversely, GAD65 and
VAChT expression relative to �-actin immunoreactivity did not differ between Wt and Tg animals, whereas both synaptophysin
and cleaved caspase-3 expression in the cerebral cortex was higher in Wt animals. J, Vpr Tg animals exhibited marked deficits in
neurobehavioral performance compared with Wt littermates at 14 weeks of age (*p � 0.05; **p � 0.01). Scale bars, 15 �m.
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HIV-1 Vpr leads to p53 stabilization remains to be determined.
Several possible mechanisms may exist, including the following:
(1) p53 stabilization in neurons in response to Vpr-induced cel-
lular stress; (2) induction of p53 transcription by HIV-1 Vpr; or
(3) Vpr-mediated disruption of negative regulators of p53 (e.g.,
MDM2).

In addition to p53 stabilization, HIV-1 Vpr may induce the
intrinsic apoptosis pathway via direct interactions with the mito-
chondrial membrane. Initial studies in yeast demonstrated that
HIV-1 Vpr directly interacts with mitochondria (Jacotot et al.,
2000). Furthermore, in mammalian cells and in isolated mito-
chondria, synthetic Vpr peptides directly bind to the adenine
nucleotide translocator (ANT), a component of the mitochon-
dria permeability transition pore located on the inner mitochon-
drial membrane, resulting in a decrease in mitochondria mem-
brane potential and cytochrome c release (Jacotot et al., 2001).
Although synthetic peptides spanning the C-terminal domain of
Vpr (residues 52–96 or 70 –96) induced apoptosis in cultured rat
cortical and striatal neurons, a synthetic Vpr peptide (residues
71– 82) with known toxicity to isolated mitochondria did not
induce neuronal cell death (Sabbah and Roques, 2005). Thus,
direct interactions between Vpr and ANT alone may not be suf-
ficient to induce the intrinsic apoptosis pathway specifically in
neurons.

Surprisingly, in vivo Vpr-mediated neuronal cell death oc-
curred in the absence of profound microglia activation, which is
usually a feature of HIV-1 infection of the brain (for review, see
Jones and Power, 2006); nonetheless, associated inflammation is
not usually a feature of apoptosis. The in vivo expression of Vpr in
the brains of mice failed to enhance both pro-inflammatory gene
expression and F4/80 expression (a marker of activated micro-
glia). There are conflicting published data with regard to the
effects of Vpr on the expression of inflammatory cytokines
(Ayyavoo et al., 1997; Roux et al., 2000). An anti-inflammatory
effect of Vpr is thought to be mediated in part through coactiva-
tion of the human glucocorticoid receptor II complex (GR)
(Kino et al., 1999). Indeed, Ayyavoo et al. (1997) demonstrated
that Vpr inhibited the NF-�B driven transcription of a reporter
gene, which was accompanied by increased I�B transcription.
Thus, Vpr might mimic glucocorticoid effects on suppression of
inflammation through induction of I�B transcription, depend-
ing on the individual target cell. In addition, the Vpr-GR complex
is necessary and sufficient to recruit the NF-�B coactivating pro-
tein poly(ADP-ribose) polymerase-1, thus preventing its nuclear
localization and coactivation of NF-�B (Muthumani et al., 2006).
Thus, Vpr might cause the apoptosis observed in the brains of
individuals with HAD, whereas other viral proteins (e.g., gp120,
Tat, and gp41) dictate the extent of immune activation, as sug-
gested by previous studies (for review, see Jones and Power,
2006).

Despite the variable effects of soluble Vpr on astrocytic and
monocytoid cells, transgenic expression of Vpr in monocytoid
cells resulted in neuropathogenic outcomes as evidenced by re-
duced IL-6 transcript expression and neuronal injury in vivo. It is
also plausible that the reduction in IL-6 expression might result
in the aberrant synaptic scaling, given the neurotrophic effects of
IL-6 and the recent demonstration of synaptic scaling mediated
by TNF-� (Stellwagen and Malenka, 2006). Indeed, the present
neurotoxic effects were also observed in vitro, although they
could not be blocked by prototypic neuroprotective agents, in-
cluding an adenosine A1 receptor agonist, the tetracycline, mino-
cycline, or the antioxidant, ferulic acid (data not shown). Identi-
fication of the Vpr receptor on neurons and glia awaits future

studies. Nevertheless, the present studies indicate that the neuro-
toxic effects of Vpr extend to different neuronal subpopulations,
especially in the basal ganglia in conjunction neurobehavioral
abnormalities, primarily defined by aberrant motor activity,
whereas neuronal injury was not observed in the cortex and cer-
ebellum (data not shown). In fact, synaptophysin immunoreac-
tivity was higher in the cerebral cortices of Tg animals, in keeping
with studies showing higher densities of synaptic boutons in an-
imals chronically treated with neurotoxins such as cocaine (Rob-
inson et al., 2001). Herein, Vpr expression was highest in the
cortex and basal ganglia, likely reflecting higher densities of mi-
croglia and perivascular macrophages in these regions (Lawson et
al., 1990). These latter findings recapitulate observations in hu-
mans, macaques, and cats infected with HIV-1, SIV, or FIV, re-
spectively, in which virus is principally detected in the basal gan-
glia and cerebral (frontal) cortices with accompanying neuronal
injury in these same regions (Everall et al., 1993; Fuller et al.,
2004). Thus, the present model provides a unique opportunity to
study neuronal death in vitro and in vivo in the absence of chronic
innate immune activation in specific regions of the brains, while
also offering a new model for testing therapies targeting HIV-
related neurodegeneration.
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