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ABSTRACT Successful treatment of HIV-infected patients with combinational
antiretroviral therapies (cART) can now prolong patients’ lives to nearly normal
life spans. However, the new challenge faced by many of those HIV-infected
patients is chronic neuroinflammation and neurotoxicity that often leads to HIV-
associated neurocognitive disorders (HAND). However, the mechanism of neuro-
pathogenesis underlying HAND, especially in those who are under cART, is not
well understood. HAND is typically characterized by HIV-mediated glial neuroin-
flammation and neurotoxicity. However, the severity of HAND does not always
correlate with HIV-1 viral load but, rather, with the extent of glial activation,
suggesting that other HIV-associated factors might contribute to HAND. HIV-1
viral protein R (Vpr) could be one of those viral factors because of its associa-
tion with neuroinflammation and neurotoxicity. The objective of this study was
to delineate the specific roles of HIV-1 infection and Vpr in the activation of
neuroinflammation and neurotoxicity, and the possible relationships with the
Sur1-Trpm4 channel that contributes to neuroinflammation and neuronal death.
Here, we show that HIV-1 expression correlates with activation of proinflamma-
tory markers (TLR4, TNF-a, and NF-κB) and the Sur1-Trpm4 channel in astrocytes
of HIV-infected postmortem human and transgenic Tg26 mouse brain tissues.
We further show that Vpr alone activates the same set of proinflammatory
markers and Sur1 in a glioblastoma SNB19 cell line that is accompanied by apo-
ptosis. The Sur1 inhibitor glibenclamide significantly reduced Vpr-induced apo-
ptosis. Together, our data suggest that HIV-1 Vpr-induced proinflammatory
response and apoptosis are mediated at least in part through the Sur1-Trpm4
channel in astrocytes.

IMPORTANCE Effective antiretroviral therapies can now prolong patients’ lives to nearly
normal life span. The current challenge faced by many HIV-infected patients is chronic
neuroinflammation and neurotoxicity that contributes to HIV-associated neurocognitive
disorders (HAND). We show here that the expression of HIV-1 infection and Vpr corre-
lates with the activation of proinflammatory markers (Toll-like receptor 4 [TLR4], tumor
necrosis factor alpha [TNF-a], and NF-κB) and the sulfonylurea receptor 1 (Sur1)-transient
receptor potential melastatin 4 (Trpm4) channel in astrocytes of brain tissues. We further
show that an FDA-approved Sur1 inhibitory drug called glibenclamide significantly amel-
iorates apoptotic astrocytic cell death caused by HIV-1 Vpr, which could potentially
open the possibility of repurposing glibenclamide for treating HAND.
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There are about 38 million people currently living with HIV/AIDS worldwide.
Successful treatment with combinational antiretroviral therapies (cART) can elimi-

nate active replicating viruses and prolong patients’ lives to nearly normal lifespans.
However, the new challenge faced by many patients, especially aging patients, is chronic
neuroinflammation and neurotoxicity involving the central nervous system (CNS), leading
to various HIV-associated neurocognitive disorders (HAND). More than 50% of HIV-infected
individuals are afflicted with HAND. While severe and progressive HAND has decreased sig-
nificantly due to cART, mild-to-moderate neurocognitive impairment often persists and
contributes to increased prevalence of delirium, dementia, and depression, all of which
can contribute to increased rates of suicide among HIV-infected patients (1). Indeed, the
risk of suicide in HIV-infected persons is significantly higher than in HIV-non-infected coun-
terparts (2, 3). Nevertheless, the mechanism of neuropathogenesis underlying HAND is not
well understood. Glial cells such as microglia or astrocytes are thought to be the primary
host innate immune effectors in HIV CNS infection, which triggers proinflammatory
responses and activates neurotoxic astrocytes to kill neurons (4). Thus, glia play a vital role
in chronic neuroinflammation and neurotoxicity that is responsible for various manifesta-
tion of HAND, which includes not only progressive neurocognitive disorders, but also re-
sidual neurological impairment (5). Chronic HAND is characterized by glial activation, cyto-
kine/chemokine dysregulation, and neuronal damage and loss. Interestingly, the severity
of some HAND types is not directly correlated with the level of HIV replication or viral load,
but rather with the level of glial activation (6), suggesting other HIV-associated factors, not
the whole virus per se, contribute to those HAND symptoms.

HIV-1 viral protein R (Vpr) might be one of those HIV-1 proteins contributing to
HAND, because: (i) in the absence of active HIV-1 viral replication under cART, Vpr can
still be detected in the circulation as a soluble and free protein (7); (ii) Vpr is a transduc-
ing protein that can be taken up by glia and neurons (8); (iii) Vpr is a neurotoxin that
induces neuronal apoptosis (9); (iv) Vpr binds to the HIV-1 LTR promoter and triggers
viral transcription in latently infected cells (10); and (v) effects of Vpr are linked to vari-
ous types of HAND (11, 12). Despite these lines of evidence indicating a prominent role
of Vpr in HAND, how exactly Vpr contributes to HAND remains elusive. The objective of
this study was to delineate the specific role of HIV-1 infection and Vpr in triggering
host innate proinflammatory responses and their consequences. Specifically, we were
interested in testing activation of neuroinflammation and neurotoxicity and, in particu-
lar, their possible association with the Sur1-Trpm4 channel that contributes to neuroin-
flammation and neurotoxicity (13, 14).

The Sur1 (sulfonylurea receptor 1) and Trpm4 (transient receptor potential melastatin
4) are two subunits of the Sur1-Trpm4 cation channel. The regulatory subunit Sur1,
encoded by the Abcc8 gene, is a member of the ATP-binding cassette protein superfamily,
while the pore-forming subunit Trpm4 is encoded by the Trpm4 gene. Sur1 and Trpm4 as-
sociate to form heterodimers and a functional Sur1-Trpm4 channel antagonizes calcium
influx mediated by receptor-operated calcium entry (ROCE) cation channels (15). This
Sur1-Trpm4 ion channel is not expressed constitutively but is transcriptionally upregulated
in microglia and astrocytes (16) in responsive to various neuroinflammatory brain condi-
tions, including traumatic brain injury (TBI) (17), subarachnoid hemorrhage (SAH) (18, 19),
and neuroinflammatory conditions such as multiple sclerosis (MS)/experimental autoim-
mune encephalomyelitis (EAE) (13, 20). Thus, the Sur1-Trpm4 channel is a key neuroregula-
tor involved in various neurological disorders, including brain injuries and neurodegenera-
tion (4, 21). In this study, possible involvement of the Sur1-Trpm4 channel in HIV-1
expression and/or HIV-1 Vpr-mediated neuroinflammation and neurotoxicity was tested in
postmortem brain tissue from HIV-infected subjects, brain tissues from HIV-1 transgenic 26
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(Tg26) mice, and in a human glioblastoma cell line SNB19. The Tg26 mice (22) were used
here because their pathological presentation resembles HAND in many respects (23) and
they have clinical relevance to cART and continuous stress posed by HIV-1 and viral pro-
teins (24).

RESULTS
HIV-1 infection increases expression of inflammatory markers (TLR4, TNF-a,

and NF-κB) and upregulates Sur1 and Trpm4 in astrocytes of Tg26 mouse brain
tissues. The goal of this experiment was to evaluate the impact of HIV-1 infection on
neuroinflammation in the brains of Tg26 mice, which represent a cART-relevant HIV
mouse model whose pathological presentation resembles many aspects of HAND
(22–24). Immunohistochemistry (IHC) was used to detect host innate immune proinflam-
matory responses and the expression of the Sur1-Trpm4 channel. As shown in Fig. 1,
expression of three proinflammatory regulators (TLR4, NF-κB, and TNF-a) was significantly
higher (*, P, 0.05; ***, P, 0.001) in the hippocampus of the Tg26 (TG) mice than in the
wild-type (WT) control mice. Increased expression of TLR4, NF-κB, and TNF-a was accom-
panied by upregulation of glial fibrillary acidic protein (GFAP), a biomarker of astrocytes.
GFAP is also an indicator of reactive astrogliosis near areas of active HIV-1 replication in
microglial nodules (6, 25). Interestingly, expression of both Sur1 and Trpm4 proteins, which
together form the Sur1-Trpm4 channel that regulates proinflammatory responses (20, 21),
was also highly elevated (***, P, 0.001).

To determine whether upregulation of proinflammatory markers TLR4, TNF-a, NF-
κB, and Sur1 in the hippocampi of the Tg26 mice was the result of higher levels of
gene transcription, reverse transcriptase quantitative PCR (RT-qPCR) was used for
mRNA transcriptional analyses of the same mouse brain tissues. As expected, gag and
the vpr gene transcripts were detected in the hippocampi of the TG mice but not in
the hippocampi of WT mice (Fig. 2, inset). Additional testing showed that the gag/vpr
expression was accompanied by overexpression of the genes that encode TLR4, TNF-a,
and NF-κB, as well as the Abcc8 gene that encodes Sur1 (Fig. 2). Note that early studies
on Tg26 mice show that the abundance of HIV-1 proteins is low in tissues (24, 26).
Thus, we decided to use RT-qPCR analysis here instead of Western blot analysis
because HIV-1 gag and vpr genes are transcribed in Tg26 mice (26).

Expression of HIV-1 and Vpr is accompanied by upregulation of Sur1-Trpm4
and host innate proinflammatory signaling in astrocytes of postmortem brain
tissues of HIV-infected patients. We next used the same IHC method to examine
whether the same inflammatory markers are also elevated in astrocytes of HIV-infected
human brains. Postmortem brain tissues from two HIV-infected and three noninfected
control subjects in regions of hippocampus and cerebellum were immunolabeled with
the respective antibodies. Consistent with the results from the Tg26 mice, expression
of Sur1 was significantly elevated (**, P, 0.01) in hippocampus astrocytes from HIV-
infected patients (Fig. 3A, b and c) compared to noninfected patients (Fig. 3A, a), as
shown by quantifying cells double labeled for Sur1 and S100B, a Ca21-binding peptide
mainly found in astroglial cells. Furthermore, the Sur1 protein colocalized with Trpm4
(Fig. 3A, d), consistent with upregulation of the Sur1-Trpm4 channel (Fig. 3A, e). In
agreement with the HIV-positive status of these brain tissues, HIV-1 Vpr protein was
highly expressed in astrocytes (Fig. 3B), which also overexpressed TLR4, NF-κB (p65)
(Fig. 3C), and TNF-a (Fig. 3D). Note that although the level of NF-κB (p65) increased,
the difference between control (CTR) and NF-κB (p65) did not reach statistical signifi-
cance. Together, these results indicated that expression of Vpr was colocalized with up-
regulated expression of TLR4, TNF-a, NF-κB, and Sur1-Trpm4 in astrocytes of brain tis-
sue from HIV-infected patients.

Expression of HIV-1 vpr increases expression of the same set of proinflammatory
markers and Sur1 in human glioblastoma SNB19 cells. To evaluate the contribution
of HIV-1 Vpr protein to the observed upregulation of proinflammatory markers and
Sur1-Trpm4 in astroglial cells, we delivered the vpr gene using an adenoviral (Adv) sys-
tem to a glioblastoma SNB19 cell line (RRID:CVCL_0535 from NCI) with increasing
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multiplicity of infection (MOI). Note that the SNB19 cell line we used here is not the ini-
tial and misidentified cell line from ATCC but a confirmed cell line from NCI (27). A
mock control, an Adv control, or Adv-Vpr-transduced cells were harvested at 24 h post-
infection (hpi). RNA was isolated and subjected to RT-qPCR for mRNA transcriptional
analysis. As shown in Fig. 4, Vpr increased, in an MOI-dependent manner, the tran-
scription of genes encoding TLR4, TNF-a, and the Sur1-encoding Abcc8 gene.
Transcriptional expression of the gene encoding NF-κB was also increased with the
increase of Vpr concentration; however, due to high experimental variability, the
MOI-response relationship did not reach statistical significance. Note that the mock

FIG 1 Correlation of HIV-1 expression with proinflammatory markers in the hippocampi of Tg26
mice. Each panel shows immunohistochemical staining of the hippocampal sections from the wild-
type (WT) mice and Tg26 (TG) mice with protein-specific antibodies. Bar graphs show quantification
of the number of immune-positive cells in hippocampal sections of the WT and TG mice. Graphs and
error bars represent mean and SD, respectively, of results obtained from 2 to 3 mice/group. The total
numbers of immune-positive cells counted (WT, TG) for each antibody were TLR4 (265, 1,405), NF-κB
(223, 558), TNF-a (25, 480), Sur1 (1,042, 378), Trpm4 (303, 515), and GFAP (138, 332), respectively. All
images are 40� magnification. Two-tailed and paired t test were used for statistical comparison
analysis: *, P, 0.05; **, P, 0.01; ***, P, 0.001.
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control was used as a calibrator to establish the baseline for comparisons. Since
there were little or no significant differences between the mock control and the
Adv control, only the mock control is shown in Fig. 4.

Inhibition of Vpr-induced apoptosis by the Sur1 inhibitor glibenclamide in
SNB19 cells.We next tested whether Vpr confers neurotoxicity in the human glioblas-
toma SNB19 cell line that has a glial cell origin. Cells were transduced by Adv-Vpr with
increasing MOIs, and cell viability was determined by 5 days postinfection (dpi) (Fig. 5).
While the increase of MOI of the Adv control did not cause significant cell death, a clear
concentration-dependent cell killing was shown as indicated by the trypan blue assay
(Fig. 5A), which was accompanied by a concentration-dependent decrease of cell via-
bility by the MTT (3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2H-tetrazolium bromide)
assay (Fig. 5B) and a concentration-dependent increase of altered and deleterious cell

FIG 2 Correlation of HIV and Vpr with host innate immune proinflammatory response in astrocytes
of HIV-infected postmortem human brain tissues. (A) Elevation of Sur1, where Trpm4 localizes in HIV-
infected astrocytes in control (CTR) (a) HIV-infected (b) cells. Panel (c) gives an enlarged view of (b).
S100B (red, left panel) shows where astrocytes are located (50), while Sur1 (green) is shown in the
middle panel. Panel (d) shows colocalization of Sur1 with Trpm4. GM, gray matter; WM, white matter.
(B) Vpr (red) is highly expressed in astrocytes (S100B-labeled cells, green) compared with CTR. (C):
Elevation of TLR4 (a and b, red) and nuclear NF-κB (p65) (c and d, red) in HIV-infected astrocytes
(S100B-labeled cells, green) compared with CTR. DAPI (blue). (D): Elevated TNF-a (red) in astrocytes
(green). Graphs shown in A (e), B (d), and D (d) are astrocyte-specific expression. The S100B signals
were used as the region of interest (ROI), and signals for Sur1, Vpr, and TNF-a are presented as the
percentage of ROI. Note that the difference between CTR with NF-κB (p65) did not reach statistical
significance. Data were quantified from brain tissues imaged from 3 HIV-negative controls and 2 HIV-
positive cases (two cortical areas were used for each case). Two-tailed and unpaired t tests were
used; **, P, 0.01.
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morphologic changes (data not shown). Western blot analysis of Adv-Vpr-transfected
cell cultures suggested proper production of Vpr proteins (Fig. 5C). A RealTime Annex
V assay (Promega) was used to elucidate whether Vpr-induced cell death had an apo-
ptotic component. As shown in Fig. 5D, positive-control digitonin indicated proper
induction of apoptosis. In mock- or Adv-infected cultures that were not exposed to Vpr
or any apoptosis-inducing stimulus, there was no significant cell death. In contrast,
Adv-Vpr-transduced cells showed a dose-dependent increase in apoptosis that was sig-
nificantly higher than the controls.

Since Vpr increases the expression of Sur1 (Fig. 4), we tested whether a Sur1-specific
inhibitor, glibenclamide, could suppress the Vpr effect. Vpr-induced apoptosis was
measured the same way as shown in Fig. 5D, except that glibenclamide was added at
increasing concentrations from 10 to 30 to 90mM. A concentration-dependent inhibi-
tion of Vpr-induced apoptosis by glibenclamide was observed at 2, 4, and 6 hpi

FIG 4 HIV-1 Vpr activates concentration-dependent gene transcription of TLR4, TNF-a, NF-κB, and Abcc8
(Sur1) in human glioblastoma SNB19 cells. Adv-Vpr, adenoviral Vpr. Mock or Adv-Vpr transduced cells
with MOIs of 10, 100, and 300 were collected at 24 h postinfection (hpi) when no significant death was
observed. RT-qPCR was used to measure gene transcription. To avoid any potential biases caused by
possible residual Vpr-induced cytotoxicity, gene transcription was measured based on equal input mRNA.
The inset shows HIV-1 vpr gene transcription in mock- and Adv-Vpr-transduced cells. Graph and error
bars represent mean and SD, respectively. One-way ANOVA followed by Tukey test was used for
statistical comparison analysis; **, P, 0.01; ***, P, 0.001. Note that although the expression of NF-κB also
showed Vpr dose-dependent increase, due to the high experimental variability, the concentration-
response relationship did not reach statistical significance. Also note that both mock control and an
adenovirus control were used in this experiment. The mock control was used as a calibrator to establish
the baseline for comparisons. Since there were little or no significant differences between the mock
control and the Adv control, only the mock control is shown in this figure.

FIG 3 Correlation of HIV with host innate proinflammatory response in the brain tissues of Tg26
mice as measured by mRNA transcriptional analysis. Transgenic HIV-1 gene expression was confirmed
by detecting the gag and the vpr gene transcription in the Tg26 mice (TG) but not in normal WT
mice (inset). Graph and error bars of TLR4, TNF-a, NF-κB, and Abcc8/Sur1 represent mean and SD of
mRNA transcripts. Data were analyzed by two-tailed and heteroscedatic t test: *, P, 0.05; **, P, 0.01;
***, P, 0.001.
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(Fig. 5E). Statistical analysis shows these Vpr concentration-dependent decreases were
significant. RT-qPCR analysis indicated that the vpr gene was properly expressed
(Fig. 5F). Together, these data suggest that Vpr induces neurotoxicity via apoptosis in
SNB19 cell cultures, which can be alleviated at least in part by the Sur1 inhibitor gliben-
clamide in a concentration-dependent manner.

DISCUSSION

Results of this study show the correlation between HIV-1 expression and activation
of the proinflammatory markers TLR4, TNF-a, and NF-κB in astrocytes of HIV-transgenic
Tg26 mouse (Fig. 1 and 2) and HIV-infected postmortem human brain tissues (Fig. 3).
These data suggest that HIV-1 infection triggers proinflammatory responses of the
CNS. In addition, the activation effect of HIV-infection is at least partly due to the pres-
ence of the HIV-1 Vpr protein, as expression of Vpr alone activates the same set of
proinflammatory markers in human glial cells and Tg26 mouse brain tissues (Fig. 4).
Furthermore, the production of Adv-Vpr induces apoptosis in SNB19 cells (Fig. 5), con-
sistent with Vpr inducing neurotoxicity via apoptosis. Importantly, HIV-1 infection or
Vpr production was also correlated with the upregulation of the Sur1-Trpm4 channel
(Fig. 1 to 4), and a Sur1 inhibitor glibenclamide inhibited Vpr-induced apoptosis in a

FIG 5 Inhibition of HIV-1 Vpr-induced apoptosis by Sur1 inhibitor glibenclamide in human glial
SNB19 cells. HIV-1 Vpr-induced cell death and apoptosis were measured with different MOIs at 5 dpi.
(A) Cell death assessed by trypan blue straining. (B) Cell viability assessed using the MTT assay. (C)
Vpr protein production confirmed by Western blotting. Note that it was difficult to detect Vpr protein
at low MOI. (D) Titer-dependent induction of Vpr-induced early apoptosis, which was measured by a
RealTime Annex V assay (Promega) at 6 hpi. Mock, nothing added; Adv, adenovirus control, MOI,
1,000; Digtonin, an apoptosis-inducing agent as a positive control. Graph and error bars represent
mean and SD, respectively, of results from at least three independent cultures. One-way ANOVA
followed by Tukey multigroup comparison were used. Treatment: P, 0.001; versus mock: ***, P, 0.001;
versus Adv: ###, P, 0.001; versus Vpr-500, †††, P, 0.001. (E) Concentration-dependent inhibition of Vpr-
induced apoptosis by glibenclamide (10, 30, and 90mM) at 2, 4, and 6 hpi. Two-way ANOVA followed by
Tukey multigroup comparison were used. Treatment: P, 0.001; Time: P, 0.001; Treatment � Time:
P, 0.001; versus Vpr: *, P, 0.05, ***, P, 0.001; versus 30mM glibenclamide: #, P, 0.05; versus 10mM
glibenclamide: †††, P, 0.001. An MOI of 1,000 was used for both the Adv control and Adv-Vpr. (F) The
vpr gene transcription measured by RT-PCR at 6 hpi. Lanes: 1, DNA ladder; 2, Adv control; 3, Adv-Vpr; 4,
Adv-Vpr 1 glibenclamide; 5, An Adv-Vpr positive control. SNB19 cells were infected with Adv-Vpr in a 96-
well microtiter plate with an MOI of 1,000 for both the Adv control and Adv-Vpr. Graph and error bars
represent mean and SD, respectively, of results from at least three independent cultures.
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concentration-dependent manner in SNB19 cells (Fig. 5). Together, these data suggest
that HIV-1 Vpr-induced proinflammatory response and apoptotic cell death are medi-
ated, at least in part, through the Sur1-Trpm4 channel in astrocytes. This is the first
study to demonstrate that, via a Sur1-Trmp4-dependent mechanism, HIV-1 Vpr contrib-
utes to the increased expression of the inflammatory markers TLR4, TNF-a, and NF-κB
detected in hippocampal astrocytes of HIV-transgenic Tg26 mouse and in brain tissues
from HIV-infected patients.

HAND includes a range of neurological disorders of various severity caused by HIV-
1. HIV-1 infects the CNS as early as 8 h after initial infection (28). In the human brain,
HIV targets primarily the subcortical areas, including hippocampus and cerebellum,
where it infects glial cells, including astrocytes, which represent the most abundant
type of glial cells, and microglia, which are resident macrophage-like cells in the CNS.
HIV-1 infection of glial cells triggers host proinflammatory immune responses by stimu-
lating reactive astrocytes that release cytokines/chemokines and neurotoxic factors, all
of which contribute to neurodegeneration, compromise neuronal function, and induce
neurocognitive impairment (29). While cART is effective in eliminating active replicat-
ing viruses, it has little or no effect on HIV-1 proviruses that reside in quiescent astro-
cytes, which therefore become latent reservoirs in patients who otherwise have no de-
tectable or residual HIV-1 under cART (30). In the absence of active viral replication,
chronic HIV infection caused by low levels of viral activities or secretion of neurotoxins
of both host and viral origins continue to cause persistent neuroinflammation with
neurotoxicity, leading to chronic HAND (4). Consequently, the severity of some HAND
does not always directly correlate with the level of HIV replication or viral load, but
rather with lasting glial activation (6), suggesting that other HIV-associated factors but
not the whole virus per se contribute to those cases of HAND. Results of this study pro-
vide strong support that HIV-1 Vpr is one of those HIV-associated proteins contributing
to HAND, at least in part through the Sur1-Trpm4 channel.

Vpr exerts its effects on the CNS both as an intracellular and an extracellular protein.
As an intracellular protein, it is involved in establishing and sustaining CNS infection,
as its function is required for HIV-1 replication in nondividing monocyte-derived mac-
rophages, a key lineage of cells involved in HIV-1 neuro-invasion (31). Vpr can also be
found as an extracellular and free circulating protein in blood, cerebrospinal fluid, and
CNS-associated cells (7, 12, 32–37), where Vpr reactivates HIV replication from latency
(10, 32, 33, 36) (for detailed reviews, see reference 7). Vpr triggers proinflammatory
reactions (7, 12, 35) and promotes astroglial secretion of the proinflammatory cytokine
interleukin 6 (IL-6) (38). Vpr is also a neurotoxin that induces apoptosis in astrocytes
(35), neurons (9), and other cells in the CNS (39). Consequently, Vpr causes neurode-
generation (9), synaptic loss, and neurocognitive impairment (40) that link to various
types of HAND (11, 12). Consistent with the literature, our results support a specific
role of Vpr-induced neuroinflammation and neurotoxicity in HAND.

In this study, the expression of neuroinflammatory markers and Sur1 was examined
not only in postmortem brain tissue from HIV-infected patients and noninfected
patients, but also in brain tissue from Tg26 mice. These transgenic mice lack active HIV
replication but develop HAND due to continuous stress from viral proteins and, as
such, are considered to be a relevant model of HIV-1-associated comorbidities present
in cART-treated HIV patients (22–24). In addition, the effects of Vpr on expression of
inflammatory markers and Sur1 were investigated in the astrocytic cell line SNB19 in
the presence and absence of glibenclamide. Results presented here reveal that: (i)
markers of inflammation and Sur1 are overexpressed in brain tissue of HIV-infected
patients and Tg26 mice; (ii) Vpr alone increases expression of Sur1 and inflammatory
markers in SNB19 cells; and (iii) the Sur1-Trpm4 inhibitor glibenclamide suppresses
Vpr-induced apoptosis in a Vpr concentration-dependent manner in SNB19 cultures.

One of the more significant findings of this study is that we discovered a link
between Vpr and the Sur1-Trpm4 channel. The association of Sur1 with Trpm4 gener-
ates functional Sur1-Trpm4 ion channels that act as nonselective, cation-permeable
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channels (41). These channels are unique in that they are expressed in the CNS in
response to injuries (reviewed in reference 42). Numerous studies have demonstrated
that increased expression of functional Sur1-Trpm4 channels results in excessive Na1

influx that leads to cell swelling, which, in turn, contributes to necrotic cell death and
neuroinflammation in preclinical models of TBI, SAH, and MS/EAE (reviewed in refer-
ence 16). In addition, pharmacological block of Sur1-Trpm4 with glibenclamide attenu-
ates neuroinflammation and neurodegeneration and improves cognitive functions in
those animal models. Thus, the Sur1-Trpm4 channel is a key neuro-regulator involved
in various neurological disorders, including brain injuries and neurodegeneration
(4, 21).

Furthermore, the link between Vpr and the Sur1-Trpm4 channel is functionally rele-
vant because Vpr has been shown to activate the nuclear factor of activated T cells
(NFAT) through Ca21 influx in neuronal cells (10, 12), and Sur1-Trpm4 activation has
also been shown to increase nuclear translocation of NFAT in the N9 murine microglial
cell line (21). Therefore, it is possible that Sur1-Trpm4 channel-induced neuropatholog-
ical effects are responsible for the Vpr effects, or are part of the collective induction of
Vpr-induced HAND. If confirmed, this finding would be clinically significant because
the Sur1-Trpm4 channel has shown to be a key drug target of various neuroinflamma-
tory conditions (13, 17–20), and pharmacologic inhibition of this channel by the repur-
posed and FDA-approved drug glibenclamide significantly improved clinical outcomes
of those neurologic disorders (14, 20, 43–45). Indeed, the Sur1 inhibitor glibenclamide
suppressed Vpr-induced apoptosis in a concentration-dependent manner (Fig. 5E
and F).

In conclusion, the results presented here suggest that Vpr, acting via a Sur1-Trpm4
channel-dependent mechanism, contributes to the pathophysiology of HAND. This
finding provides a novel mechanistic framework for future studies aimed at determin-
ing whether HAND can be effectively treated with the FDA-approved Sur1 inhibitory
drug glibenclamide, which has already been shown to be an effective therapeutic
intervention for various neuroinflammatory disorders (14, 20, 43–45).

MATERIALS ANDMETHODS
Cell culture and tissues. SNB19 (RRID:CVCL_0535 from NCI), provided by H.L. Tang (27, 46), is a

human glioblastoma cell line that develops from glial cells. It was maintained in RPMI 1640 medium sup-
plemented with 10% fetal bovine serum (FBS, Invitrogen) and 100 units/ml penicillin plus 100mg/ml
streptomycin. Note that the SNB19 cell line we used in this study is not the initial and misidentified cell
line from ATCC but rather a confirmed cell line from NCI (27). Postmortem human brain tissues from two
HIV-infected and three noninfected individuals were from the University of Maryland Baltimore Brain
and Tissue Bank. Mouse brain tissues were harvested from HIV-transgenic Tg26 FVB/N mice, which con-
tain a partial pNL4-3 HIV-1 genome of 7.4-kb that encompasses most of the gag and pol genes, including
the vpr gene, as has been described previously (47). FVB/N mice were used as control animals because
this is the genetic background of the Tg26 mice. Adult (16weeks old) male and female mice were used
in this study. All animal experimental procedures were approved by the University of Maryland School
of Medicine Institutional Animal Care and Use Committee (IACUC) and were conducted in full accord-
ance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. The hippo-
campal and cortex regions of the brain sections were used for the IHC staining.

Adenoviral constructs and cell transduction. An HA-tagged Adv-Vpr construct was generated in
this laboratory (48, 49) by use of the AdEasy adenoviral vector system (catalog number 240009;
Stratagene, La Jolla, CA). The viral titer of the Adv control was 2� 109 plaque-forming unite (PFU)/ml,
and the Adv-Vpr titer was 1� 109 PFU/ml, which were determined by an enzyme-linked immunosorbent
assay (ELISA) Adeno-X Rapid Titer kit (catalog number 631028, TaKaRa) that detects the adenoviral
hexon surface antigen. For Adv transduction, SNB19 cells at the density of 1� 104/well in 96-well plates
were seeded and incubated at 37 C°/5% CO2 overnight to allow the cells to attach to the wells. The sec-
ond day, SNB19 cells were transduced with the Adv control or Adv-Vpr with the MOI as indicated in
each experiment. The Adv-transduced cells were incubated at 37°C with gentle agitation. The cells were
collected at the indicated times for analyses.

Immunostaining of brain tissues. Brains of Tg26 and WT control mice were fixed with formalin
and embedded in paraffin. Paraffin-embedded mouse and human brain blocks containing the hip-
pocampus and the cerebellar cortex regions were cut in a microtome for subsequent IHC staining
using VECTASTAIN ABC kits (Vector Laboratories, Burlingame, CA). Paraffin-embedded mouse (7mm
thickness) and human brain sections (12mm thickness) were deparaffinized and rehydrated by pass-
ing through xylene and then alcohol dilutions (100%, 95%, and 70%). After antigen retrieval, sam-
ples were incubated in blocking solution (90% Tris-buffered saline with Tween 20 [TBST] and 10%
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fetal bovine serum [FBS]) for 1 h, in primary antibody solutions for overnight, in secondary antibody
solutions for 45min, in avidin-biotin complex (ABC) for 30min, and, finally, in 3,39-diaminobenzidyne
(DAB) solution until the expected color change was seen. The antibodies used in this study for IHC
and Western blot analyses are listed in Table 1.

After the staining step, slides were examined under a light microscope at the magnification of 40�.
Two to four slides were used for cell counts in each group. Images were taken from both the cortex and
the hippocampus areas. Five images were taken from each cortex, whereas whole cells of hippocampus
were analyzed. The cells stained with the DAB substrate were taken as positive cells. Statistical Bonferroni's
multiple-comparison post test was used for one-way ANOVA using Prism software (GraphPad, San Diego,
CA). Statistical significance was accepted at the 95% confidence level (P, 0.05).

Real-time RT-qPCR. Total RNA was extracted from SNB19 cells or snap-frozen mouse brain tissue by
using TRIzol reagent (Life Technologies) according to the manufacturer’s protocol. For snap-frozen
mouse brain tissue, tissues were first homogenized by Precellys Evolution tissue homogenizer (Bertin
Technologies) and then total RNA was extracted using TRIzol reagent. The RNA pellet was resuspended
in RNase-free distilled water and stored at 280°C. Extracted RNA (500 ng) was used for real-time RT-
qPCR analysis using iTaq Universal SYBR Green one-step kit (Bio-Rad) according to the manufacturer’s
instructions. The primer sequences targeting genes of interest are listed in Table 2. Gene amplification in
a Bio-Rad CFX96 RT-PCR system involved reverse transcription reaction at 50°C for 10min, activation and
DNA denaturation at 95°C for 1min followed by 40 amplification cycles of 95°C for 15 s and 60°C for 30
s. Fold change in mRNA expression was quantified by calculating the threshold cycle (2-DDCT) value, with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA as an endogenous control.

Measurement of HIV-1 Vpr-induced apoptosis. Cellular apoptosis was measured by a RealTime-

TABLE 1 List of primary antibodies used in IHC and Western blot analyses

Name Poly/mono-clonal Vendor Catalog no. Dilution
Mouse
TLR4 Polyclonal Novus Biologicals NB100-56580 1:200
NF-κB Polyclonal Cell Signaling Technology,

Boston, MA, USA
8242 1:200

TNFa Polyclonal Santa Cruz Biotechnology,
Santa Cruz, CA, USA

52B83 1:500

Sur1 Polyclonal Custom madea NA 1:250
Trmp4 Polyclonal Sigma-Aldrich ABN418 1:200
GFAP Polyclonal EMD Millipore, Billerica,

MA, USA
AB5541 1:100

Human
Sur1 Polyclonal Custom madea NA 1:500
Trpm4 Polyclonal Custom madea NA 1:500
S100B Monoclonal Abcam Ab7852 1:200
TLR4 Monoclonal Abcam Ab7862 1:100
NF-κB (p65) Polyclonal Santa Cruz Biotechnology Sc-372 1:200
TNF-a Polyclonal Santa Cruz Biotechnology Sc-1350 1:100
HIV-1 Vpr Polyclonal NIH AIDS Reagent Program 3951 1:100
HA Monoclonal Sigma H-9658 1:1,000

aUse of these custom-made antibodies have been described previously (51); NA, not applicable.

TABLE 2 Primer sequences used in this study

Gene Species Forward primer Reverse primer
Gag HIV-1 CATGTTTTCAGCATTATCAGAAGGA TGCTTGATGTCCCCCCACT
Vpr HIV-1 GATACTTGGGCAGGAGTGGA TGGCTCCATTTCTTGCTCTC
Tlr4 Mouse AGCTTCTCCAATTTTTCAGAACTTC TGAGAGGTGGTGTAAGCCATGC
Nfkb Mouse GAAATTCCTGATCCAGACAAAAAC ATCACTTCAATGGCCTCTGTGTAG
Tnfa Mouse ATGAGCACAGAAAGCATGA AGTAGACAGAAGAGCGTGGT
Sur1 Mouse GCCAGCTCTTTGAGCATTGG AGGCCCTGAGACGGTTCTG
Trpm4 Mouse TGTTGCTCAACCTGCTCATC GCTGTGCCTTCCAGTAGAGG
Gapdh Mouse GTTGTCTCCTGCGACTTCA GGTGGTCCAGGGTTTCTTA
NF-KB Human CACTGCTCAGGTCCACTGTC CTGTCACTATCCCGGAGTTCA
TNFA Human CGAGTGACAAGCCTGTAGC GGTGTGGGTGAGGAGCACAT
TLR4 Human TGGAAGTTGAACGAATGGAATG ACCAGAACTGCTACAACAGATACT
SUR1 Human ACTGGATGGTGAGGAACCTG TGGATCTGGATCTTCCCTTG
GAPDH Human TGCACCACCAACTGCTTAG AGTAGAGGCAGGGATGATGTTC
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Glo Annexin V Apoptosis and Necrosis assay kit (Promega) according to the manufacturer’s instructions.
Briefly, 1� 104 cells/well were seeded into a 96-well plate and cultured at 37°C/5% CO2 overnight. After
viral transduction with the Adv control or Adv-Vpr, the detection reagent (which included Annexin V
NanoBiT substrate, CaCl2, Necrosis Detection Reagent, Annexin V-SmBiT, and Annexin V-LgBiT) was
added into each well of a 96-well plate. Following incubation at 37°C/5% CO2, at the indicated time
frame the luminescence (relative light units [RLU]) and fluorescence (RFU, 485nmEx/520–30nmEm) were
measured for apoptosis at different time points with a SYNERGY-H1 microplate reader. A stock solution
of glibenclamide was prepared by placing 25mg glibenclamide (number G2539; meets USP testing;
Sigma-Aldrich) into 10ml dimethyl sulfoxide (DMSO).
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