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Abstract

The neuropathological abnormalities of human immunodeficiency virus (HIV)-1 patients abusing illicit drugs suggest
extensive interactions between the two agents, thereby leading to increased rate of progression to neurodegeneration. The
role of HIV-1 transactivating protein, Tat has been elucidated in mediating neuronal damage via apoptosis, a hallmark of
HIV-associated dementia (HAD), however the underlying mechanisms involved in enhanced neurodegeneration by illicit
drugs remain elusive. In this study, we demonstrated that morphine enhances HIV-Tat induced toxicity in human neurons
and neuroblastoma cells. Enhanced toxicity by Tat and morphine was accompanied by increased numbers of TUNEL
positive apoptotic neurons, elevated caspase-3 levels and decreased ratio of anti- and pro-apoptotic proteins, Bcl2/Bax. Tat
and morphine together elicited high levels of reactive oxygen species that were NADPH dependent. Significant alterations
in mitochondrial membrane homeostasis were also observed with co-exposure of these agents. Extensive studies of
mitogen activated protein kinase (MAPK) signaling pathways revealed the involvement of c-Jun N-terminal kinase (JNK) and
extracellular signal-regulated kinase-1/2 (ERK1/2) pathways in enhanced toxicity of Tat and morphine. In addition to this, we
found that pre-treatment of cells with platelet derived growth factor (PDGF-BB) protected neurons from HIV-Tat and
morphine induced damage. PDGF-BB alleviated ROS production, maintained mitochondrial membrane potential, decreased
caspase-3 activation and hence protected the cells from undergoing apoptosis. PDGF-BB mediated protection against Tat
and morphine involved the phosphatidylinositol–3 kinase (PI3K) pathway, as specific inhibitor of PI3K abrogated the
protection conferred by PDGF-BB. This study demonstrates the mechanism of enhanced toxicity in human neurons
subjected to co-exposure of HIV protein Tat and morphine, thus implying its importance in HIV positive drug abusers, where
damage to the brain is reported to be more severe than non-drug abusers. We have also showed for the first time that
PDGF-BB can protect against simultaneous exposure of Tat and morphine, strengthening its role as a neuroprotective agent
that could be considered for therapeutic intervention.
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Introduction

Neurological dysfunction in human immunodeficiency virus

(HIV)/acquired immunodeficiency syndrome (AIDS) patients

results either due to the presence of the virus in the nervous

system itself or indirectly by immune cell depletion and occurrence

of opportunistic infections and neoplasms. The neuropathological

abnormalities resulting from either the direct effects of virus in the

brain [1–3] or due to virotoxins (viral proteins/inflammatory

mediators) released from infected cells in the central nervous

system (CNS) [4,5] are collectively termed as HIV-associated

neurocognitive disorders (HAND). HAND comprises of a series of

neurological impairments ranging from asymptomatic neurocog-

nitive impairment (ANI), to minor neurocognitive disorder

(MND), to the most severe manifestation of HAND, HIV-

associated dementia (HAD) [6]. Though there is no evidence of

infection of neurons by HIV, neuronal damage associated with

HAD has most commonly been observed in the basal ganglia,

hippocampus, deep white matter and frontal cortex leading to

motor, cognitive and behavioral abnormalities [7].

Severe neuropathological changes leading to higher neurocog-

nitive impairment have sometimes been linked to advanced

immunosuppression either due to co-morbidity with other viral

infections such as hepatitis C virus (HCV) [8,9] or due to illicit

drug abuse [10–12]. Immunosuppression by opiates, particularly

morphine, has been very well studied and is mediated via

alterations in peripheral lymphocyte activity [13] and suppression

of major histocompatibility complex-II (MHC-II) expression [14].

Morphine renders the brain more susceptible to HIV infection by

enhancing macrophage infiltration by inducing MCP-1 expression
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from activated astrocytes and resident microglia [15]. Morphine

and cocaine mediated changes in expression of various tight

junction proteins leads to altered blood-brain barrier permeability,

thereby facilitating virus entry into the brain [16,17]. Enhance-

ment of simian/human immunodeficiency virus (SHIV) replica-

tion in cerebral compartments of chronic morphine exposed

rhesus macaques [18] also provides evidence for greater

neuropathological changes seen in HIV/AIDS patients abusing

illicit substances. However, the molecular mechanisms underlying

opioid mediated enhancement of HIV neuropathogenesis are still

unknown and warrant extensive explorations.

The widespread use of highly active anti-retroviral therapy

(HAART) has altered the spectrum of neurocognitive impairments

categorized in HAND. Although the incidence of HAD, the most

severe manifestation of HAND, has decreased significantly, the

overall prevalence of HAND is still reported in 40-50% of HIV/

AIDS patients [6,19,20]. The persistence of milder forms of

HAND in HIV/AIDS patients undergoing HAART has been

partly attributed to the longer life expectancy of the patients [21].

Problems arising due to resistance to HAART drugs and toxicities

associated with their long-term exposure has also complicated the

later stages of the lives of HIV/AIDS patients [22,23]. CNS

inflammation resulting from aberrant immune activation following

HAART is also a matter of serious consideration [24]. These

complications have led to extensive search for neuroprotectants

with potential to be used as adjuncts to the current HAART.

Falling in this category are drugs that can target the suspected

pathways of neuronal injury, which include anti-inflammatory

compounds, anti-oxidants, N-methyl-D-aspartate receptor

(NMDAR) antagonists and calcium channel blockers [25,26].

Neurotrophic factors such as brain derived neurotrophic factor

(BDNF), nerve growth factor (NGF) and glial cell line-derived

growth factor (GDNF) have already been helpful in protection

against various neurotoxins [27–29] and are being speculated for

their possible use as neuroprotective-adjuncts for HAART. Some

studies have focused on platelet derived growth factor-BB (PDGF-

BB) mediated neuroprotection against HIV proteins Tat [30] and

gp120 [31] making it a prime candidate for further explorations.

However for cases involving combined HIV/AIDS and drug

exposure, that have a more devastating effect on the brain,

detailed studies are lacking and therefore extensive investigations

are warranted in this area.

We thus investigated the molecular mechanisms involved in

morphine-induced exacerbation of HIV-Tat toxicity in human

neurons and human neuroblastoma cells and further explored

whether a neurotrophic factor, such as PDGF-BB could rescue

neurons from the combined damage inflicted by these toxic agents.

We demonstrated the involvement of mitogen-activated protein

kinase (MAPK) extracellular signal-regulated kinase-1/2 (ERK1/

2) and c-Jun N-terminal kinase (JNK) pathways in mediating the

toxicity induced by Tat and morphine and also observed

significant neuroprotective effects of PDGF-BB against HIV-Tat

and morphine mediated combined toxicity. In addition to this, we

found that this protection was mediated by phosphatidylinositol–3

kinase (PI3K)/Akt pathway.

Results

Morphine enhances HIV-Tat induced toxicity in primary
human neurons and neuroblastoma cells

To assess the toxicity induced by Tat and morphine, human

neurons were exposed to 100 ng/ml Tat and/or 100 nM

morphine for 24 hours and apoptosis was detected by TUNEL

assay (Figure 1A). Untreated neurons exhibited 4.24% apoptosis as

indicated by red TUNEL positive cells that appear pink in the

figure composite due to co-localization with DAPI stained blue

nuclei of the cells. Whereas Tat exposure by itself resulted in

28.63% apoptotic neurons, in combination with morphine,

apoptosis was significantly enhanced to 42.88% (Figure 1B).

Neurons treated only with morphine exhibited 25.97% apoptosis.

Similar results were obtained when human neuroblastoma cells

were treated with Tat and/or morphine (Figure 2B and 2C).

Morphine is known to act primarily via mu opioid receptors

(MOR) [32], although its effect on delta and kappa opioid

receptors cannot be ignored. We first examined the expression of

mu opioid receptors on human primary neurons and neuroblas-

toma cells and observed that MOR are present on them. To

confirm that morphine-induced toxicity was mediated via opioid

receptors, we pre-treated human neurons with naloxone, which is

a general opioid receptor antagonist. As shown in Figure 1C and

1D, pre-treatment with naloxone significantly reduced morphine-

induced toxicity in human neurons, indicating that morphine’s

effect is mediated via opioid receptors. Similar effects of naloxone

were also observed in human neuroblastoma cells (data not

presented).

PDGF-BB protects neurons against Tat and morphine
induced apoptosis

PDGF-BB exerts neuroprotective effects against HIV proteins

gp120 and Tat [30,31]. However it is not known if PDGF-BB can

protect neurons against the combined Tat and morphine induced

toxicity as drug abuse is quite common in HIV/AIDS patients. To

determine this, we pre-treated differentiated human neurons with

40 ng/ml PDGF-BB for 30 minutes prior to addition of Tat and

morphine. As shown in Figure 2A, neurons treated with both Tat

and morphine together resulted in 39.73% TUNEL positive cells

and PDGF-BB pre-treatment offered a significant protection

against these two agents, decreasing TUNEL positive apoptotic

cells to 8.64%. We also observed a significant decrease in apoptosis

induced by either of these agents independently with the addition

of PDGF-BB (Figure 2A). Similar experiments were performed

with human neuroblastoma cells and it was observed that PDGF-

BB was also able to abrogate Tat and morphine induced damage

to these cells (Figure 2B and 2C). To further explore if PDGF-BB

mediated protection is specific to Tat and morphine induced

toxicity, we exposed human neurons to etoposide (10 mM), which

is known to induce apoptosis via DNA damage [33], with or

without pre-treatment with PDGF-BB. After 24 hours of treat-

ment, etoposide treated cells showed more than 4 fold increase in

apoptosis over control (untreated) cells, as was determined by

TUNEL assay (Etoposide treated neurons showed 43.69%

TUNEL positive cells over DAPI, whereas the same was 9.48%

in control neurons). PDGF-BB pre-treatment given to neurons

before exposing them to etoposide did not block the apoptosis

induced by the agent (39.28% TUNEL positive cells over DAPI),

hence confirming the specificity of PDGF-BB against Tat and

morphine toxicity.

PDGF-BB maintains the fine balance between pro-
apoptotic and anti-apoptotic proteins in human neurons
exposed to Tat and morphine

Bcl2 family members are the major regulators of mitochondrial

integrity and control mitochondria-initiated cytochrome c and

caspase activation [34,35]. The Bcl2 family includes anti-apoptotic

proteins such as Bcl2 and Bcl-XL and pro-apoptotic proteins such

as Bax, Bak, Bim etc. Thus levels of these anti- and pro-apoptotic

proteins were analyzed in human neurons exposed to Tat and
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morphine. As shown in Figure 3A and 3B, after 12 hours of

treatment, there was a significant decrease in the expression of

Bcl2 in neurons treated with both Tat and morphine as opposed to

cells treated with only one toxic agent, which decreased the Bcl2/

Bax ratio indicating that cells were progressing towards apoptosis

(Figure 3B). PDGF-BB pre-treatment prevented this tilting of cell’s

balance towards apoptosis by promoting Bcl2 and inhibiting Bax

expression. Beta tubulin expression was probed to ensure equal

loading of samples and served as an input control.

PDGF-BB prevents caspase-3 activation induced by Tat
and morphine in neuroblastoma cells

To substantiate the findings that Tat and morphine induced

toxicity to neuroblastoma cells involved apoptotic pathways, we

next studied caspase-3, a protease that is essential for neuronal

apoptosis [36]. Human neuroblastoma cells were treated with

100 ng/ml Tat and/or 100 nM morphine with or without pre-

treatment with 40 ng/ml PDGF-BB. As shown in Figure 3C,

immunocytochemical analysis for caspase-3 indicated that

12 hours post-treatment Tat and morphine together resulted in

35.88% of cells positive for cleaved caspase-3, whereas Tat and

morphine alone exhibited only 22.97% and 19.63% cleaved

caspase-3 positive cells respectively. PDGF-BB pre-treatment

significantly attenuated caspase-3 activation, reducing cleaved

caspase-3 positive cells to 7.98% in Tat alone, 7.53% in morphine

alone and 8.98% when both these agents were present together

(Figure 3C).

Caspase-3 involvement was further confirmed by a colorimet-

ric caspase-3 activity assay (Figure 3D) which showed a

substantial 2.3 fold increase in caspase-3 activity by Tat and

morphine together, whereas Tat and morphine alone exhibited

Figure 1. Morphine enhances HIV-Tat induced toxicity in human neurons: Involvement of opioid receptors. (A) Neurons differentiated
from human neural precursor cells were treated with 100 ng/ml Tat and/or 100 nM morphine for 24 hours and apoptosis was detected by TUNEL
assay. Neuronal cultures were also immunostained for b-III tubulin, a neuronal marker, and labeled with FITC conjugated secondary antibody (green).
(B) Represents quantitative assessment of the apoptosis induced by Tat and/or morphine in neurons as shown in (A). Morphine significantly increased
Tat induced damage to human neurons as depicted by a higher number of TUNEL positive (red/pink) apoptotic cells than when either of the agents
was present independently. (C) To determine opioid receptor involvement in morphine-induced toxicity, human neurons were pre-treated with 1 mM
naloxone, a general opioid receptor antagonist, prior to the addition of 100 nM morphine. After 24 hours, apoptosis was detected by TUNEL assay.
(D) Represents quantitative assessment of human neurons treated with morphine in presence or absence of naloxone as shown in (C). Naloxone
significantly inhibited morphine induced toxicity indicating opioid receptor involvement. Data represents mean 6 standard deviation from 3
independent experiments. * 2 p,0.05. Scale bar denotes 100 mm.
doi:10.1371/journal.pone.0018116.g001
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Figure 2. PDGF-BB protects neurons against Tat and morphine induced apoptosis. (A) Human neurons were exposed to 100 ng/ml Tat
and/or 100 nM morphine with or without prior treatment with 40 ng/ml PDGF-BB. After 12 hours, apoptosis was detected by TUNEL assay.
Quantitative assessment of TUNEL positive (red) apoptotic cells indicates that Tat and morphine together elicited far greater toxicity than either of
these agents alone, as previously observed. With the addition of PDGF-BB, Tat and morphine induced toxicity was completely reversed as seen by
lesser number of TUNEL positive cells. Also, PDGF-BB abrogated the toxicity subjected by either of the two agents alone. (B) Similar experiments were
performed in human neuroblastoma cells and PDGF-BB was found to be protective against the toxicity elicited by Tat and morphine in these cells as
well. (C) Represents quantitative assessment of the images shown in (B) for the PDGF-BB mediated protection against Tat and morphine in human
neuroblastoma cells. Data represents mean 6 standard deviation from 4 independent experiments. * 2 p,0.05, ** 2 p,0.005. Scale bar denotes
50 mm.
doi:10.1371/journal.pone.0018116.g002
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only 1.36 and 1.33 fold increase in caspase-3 activity respectively.

As expected, PDGF-BB abrogated caspase-3 activation in all the

treatment groups. Thus, PDGF-BB protects human neuroblasto-

ma cells by preventing Tat and morphine induced caspase-3

activation.

PDGF-BB averts Tat and morphine induced oxidative
stress in human neuroblastoma cells

Reactive oxygen species (ROS) have been suggested as possible

mediators of cell damage in response to HIV-Tat [37]. Chronic

morphine is also a well-known inducer of ROS in SHSY5Y cells

[38]. To determine the levels of oxidative stress induced by the

combined exposure of both these toxic agents, human neuroblas-

toma cells were subjected to Tat and/or morphine for 3 hours

with or without pre-treatment with PDGF-BB. As shown in

Figure 4A, Tat and morphine in combination showed more than 2

fold increase in ROS production, which was significantly higher

than both these agents alone. Interestingly, pre-treatment with

PDGF-BB prevented ROS generation due to Tat alone and also

when Tat is in combination with morphine (Figure 4A).

NADPH oxidase is a membrane protein that has been shown to

regulate oxidative changes in the cell in response to various extra

cellular stimuli [39,40]. To determine whether ROS generation by

Tat and morphine involved NADPH oxidase, we pre-treated

human neuroblastoma cells with 250 mM apocynin for 1 hour prior

to exposing them to Tat and morphine. As shown in Figure 4B,

inhibition of NADPH oxidase by apocynin resulted in significant

abrogation of ROS induced by Tat and morphine. Since reactive

oxygen species have been shown to regulate early steps of neuronal

apoptosis [41], we next sought to determine if alleviating ROS

production could rescue the cells from Tat and morphine induced

toxicity. Interestingly, we observed that one-hour pre-treatment

with apocynin followed by exposure to Tat and morphine

significantly inhibited the toxicity induced by these agents,

suggesting NADPH mediated ROS production as a possible

mediator of Tat and morphine induced toxicity (Figure 4C).

Figure 3. PDGF-BB maintains Bcl2/Bax ratio and decreases caspase-3 activation induced by Tat and morphine. (A) Human neurons
were treated with 100 ng/ml Tat and/or 100 nM morphine for 12 hours with or without pre-treatment with 40 ng/ml PDGF-BB. Proteins were
isolated and levels of key anti-apoptotic and pro-apoptotic proteins, Bcl2 and Bax, respectively were determined by Western blotting.
(B) Densitometric analysis of the blots shown in (A). Tat and morphine together resulted in a significantly decreased ratio of Bcl2/Bax, indicating cell’s
progress towards apoptosis. PDGF-BB pre-treatment, however, resulted in maintenance of the Bcl2/Bax ratio, inhibiting apoptotic changes in the cells
and rescuing them from Tat and morphine induced toxicity. (C) Human neuroblastoma cells were treated with 100 ng/ml Tat and/or 100 nM
morphine for 12 hours and caspase-3 activity was studied using Immunocytochemistry for cleaved caspase-3. Quantitative assessment of the images
captured from at least five random fields/experimental group demonstrates that Tat and morphine together resulted in a significantly more number
of cells positive for cleaved caspase-3 (green) than independently with either Tat or morphine. Also, PDGF-BB pre-treatment was able to rescue cells
from the toxicity induced by either Tat or morphine alone, or in combination, as fewer number of cells positive for cleaved caspase-3 were observed.
(D) Caspase activation was also studied using a colorimetric assay for caspase-3 activity. Quantitative assessment reveals more than 2 fold increase in
caspase-3 activity in cells treated with both Tat and morphine, which was significantly higher than either of the agents alone. PDGF-BB pre-treatment
resulted in abrogation of the Tat and morphine induced activation of caspase-3, thereby protecting the cells from apoptotic death. Data represents
mean 6 standard deviation from 3 independent experiments. * 2 p,0.05; ** 2 p,0.005.
doi:10.1371/journal.pone.0018116.g003
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PDGF-BB prevents mitochondrial membrane
depolarization in human neurons exposed to Tat and
morphine

Apoptotic stimuli are known to cause changes in the inner

mitochondrial membrane leading to opening of the mitochondrial

permeability transition (MPT) pores and loss of the mitochondrial

trans-membrane potential [42–44]. Tat and other viral proteins

are also known to cause mitochondrial membrane depolarization

[45–47]. To determine if morphine mediated aggravation of Tat

toxicity also involved mitochondrial membrane disruptions, we

treated human neurons with both these agents in combination and

independently with or without pre-treatment with PDGF-BB

(Figure 5A). As shown in Figure 5B, quantitative assessment of the

mitochondrial membrane depolarization after 12 hours of treat-

ment indicated a significant depolarization of the neuronal

mitochondrial membrane by Tat and morphine as indicated by

presence of green JC-1 monomers and this depolarization was

significantly greater than what was induced by either of these

agents independently. Mitochondrial membrane integrity was

maintained in neurons treated with PDGF-BB prior to exposure of

Tat and morphine as indicated by the presence of red JC-1

aggregates (Figure 5A and 5B). PDGF-BB was also able to

conserve mitochondrial integrity with either of the toxic agents

alone. Similar results were obtained when human neuroblastoma

cells were treated with Tat and/or morphine with or without pre-

treatment with PDGF-BB (Figure 5C).

Involvement of MAPK pathways in Tat and morphine
induced toxicity in human neuroblastoma cells

To determine the molecular pathways involved in Tat and

morphine induced toxicity in human neuroblastoma cells, a

detailed investigation of MAPK pathways was done. Exposure of

Tat and morphine resulted in a rapid and time-dependent increase

in phosphorylation of extracellular signal-regulated kinase-1/2

(ERK1/2) as assessed by pERK/ERK (Figure 6A and 6B). To

further probe into the individual roles of Tat and morphine in

inducing ERK1/2 activation, SHSY5Y cells were treated

independently with the two agents for the indicated times (Figure

S1). Whereas Tat alone caused a robust activation of ERK1/2,

exposure to morphine resulted in a lesser activation, which was

observed only at 5 min post-treatment (Figure S1A). The ERK1/2

activation with morphine was blocked by using opioid receptor

antagonist, naloxone, confirming their involvement (Figure S1B).

The role of ERK1/2 in mediating Tat and morphine induced

toxicity was further confirmed by using MEK1/2 inhibitor,

U0126. Inhibition of ERK1/2 phosphorylation by specific

MEK1/2 inhibitor, U0126 partially rescued the cells from the

damage inflicted by Tat and morphine as assessed by MTT assay

(Figure 6C).

Tat and morphine exposure also resulted in a time dependent

activation of c-Jun N-terminal Kinase (JNK) as assessed by pJNK/

JNK levels (Figure 6D and 6E). As shown in Figure S1C, Tat and

morphine independently resulted in distinct activation patterns

for JNK. Whereas Tat caused rapid phosphorylation of JNK,

morphine caused a more delayed but sustained JNK activation

(Figure S1C). Furthermore we found that the JNK activation

in the Tat and morphine group was significantly higher in

comparison to the untreated control at all time points. The Tat

and morphine group was also significantly higher in comparison to

the Tat alone group at 30 min and the morphine alone group at

10 min post-treatment (Figure S1C). Morphine induced JNK

activation was also found to be opioid receptor mediated as opioid

receptor antagonist, naloxone, significantly blocked the morphine

induced JNK activation (Figure S1D). Inhibition of JNK signaling

by specific JNK inhibitor SP600125 prior to exposing SHSY5Y

cells to Tat and morphine, resulted in amelioration of Tat and

morphine induced toxicity as assessed by MTT assay (Figure 6F).

However, investigation of the p38-MAPK pathway did not

show any increase in phosphorylation of p38 in our system (data

not shown). To confirm this, Tat and morphine induced toxicity to

human neuroblastoma cells was analyzed after inhibiting the p38

pathway by using a specific p38 inhibitor, SB203580. Inhibition of

the p38 pathway did not lead to any significant abrogation of Tat

and morphine induced toxicity, thus negating its involvement in

the process (data not shown). Therefore, ERK1/2 and JNK, but

Figure 4. PDGF-BB averts Tat and morphine induced reactive
oxygen species generation in human neuroblastoma cells.
(A) Human neuroblastoma cells were exposed to 100 ng/ml Tat and/or
100 nM morphine with or without pre-treatment with 40 ng/ml PDGF-
BB. After 3 hours, oxidative stress in the cells was determined by DCFDA
oxidation assay. Quantitative assessment indicates significant elevation
in oxidative stress levels in cells treated with Tat and morphine as
compared to cells treated with either of the agents alone. No such
oxidative stress was observed in the cells pre-treated with PDGF-BB
prior to Tat and morphine exposure. (B) Inhibition of NADPH oxidase by
pre-treatment of cells with 250 mM apocynin before exposing to Tat
and morphine resulted in significant abrogation of reactive oxygen
species generation, indicating the involvement of NADPH oxidase in
ROS generation. (C) Tat and morphine induced toxicity in human
neuroblastoma cells was mediated by oxidative stress as inhibition of
ROS generation by NADPH oxidase inhibitor, apocynin, resulted in
significant abrogation of this toxicity. Data represents mean 6 standard
deviation from 4 independent experiments. * 2 p,0.05; ** 2 p,0.005.
doi:10.1371/journal.pone.0018116.g004
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Figure 5. PDGF-BB prevents Tat and morphine induced mitochondrial membrane depolarization in human neurons and
neuroblastoma cells. (A) Human neurons were treated with 100 ng/ml Tat and/or 100 nM morphine with or without pre-treatment with 40 ng/ml
PDGF-BB. After 12 hours, mitochondrial membrane depolarization was studied by JC-1 dye assay. Significant depolarization of the mitochondrial
membrane was observed in neurons treated with both Tat and morphine as seen by presence of green JC-1 monomers. PDGF-BB maintained the
mitochondrial integrity as indicated by the presence of red JC-1 aggregates in PGDF-BB pre-treated Tat and morphine exposed cells (B) From parallel
experiments, quantitative assessment of mitochondrial membrane depolarization in human neurons was done and the ratio of JC-1 aggregates/
monomers was calculated and represented. (C) Represents quantitative assessment of mitochondrial membrane depolarization in human
neuroblastoma cells treated with Tat and morphine with or without PDGF-BB pre-treatment. Data represents mean 6 standard deviation from 3
independent experiments. * 2 p,0.05; ** 2 p,0.005.
doi:10.1371/journal.pone.0018116.g005

PDGF Protects against Tat & Morphine Co-Morbidity
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not p38 were found to be involved in mediating Tat and morphine

induced toxicity in human neuroblastoma cells.

PDGF-BB mediated protection against Tat and morphine
involves PI3K pathway

PDGF-BB has been shown to regulate cell survival, proliferation

and differentiation via its diverse effects on both PI3K/Akt and

MAPK/ERK pathways [48,49]. Some recent studies have also

implicated an important role of PI3K/Akt in PDGF-BB-mediated

protection against HIV protein, gp120 [50]. We thus investigated

the role of Akt, which is downstream of PI3K in PDGF-BB

induced signaling in human neuroblastoma cells. As shown in

Figure 7A and 7B, PDGF-BB treatment caused a robust activation

(more than 8 fold) of Akt as determined by pAkt/Akt levels in

human neuroblastoma cells and this effect lasted for at least 60

minutes. To assess the role of PI3K in PDGF-BB mediated

protection against Tat and morphine, we also used a specific PI3K

inhibitor, LY294002. As shown in Figure 7C, inhibition of PI3K

signaling by LY294002 led to loss of PDGF-BB mediated

abrogation of toxicity induced by Tat and morphine, confirming

that PI3K is a key player in PDGF-BB mediated protection against

Tat and morphine. The role of Akt in PDGF-BB mediated

neuroprotection was further strengthened as LY294002 mediated

inhibition of PI3K pathway led to amelioration of PDGF-BB

induced Akt activation in neuroblastoma cells (Figure 7G and 7H).

To confirm this, SHSY5Y cells were infected with adenoviral

constructs containing wild-type (WT-Akt) or dominant-negative

Akt (DN-Akt) and subsequently treated with PDGF-BB. As shown

in Figure 7I, neuroblastoma cells containing DN-Akt showed

substantial reduction in PDGF-BB induced Akt activation, hence

confirming the role of Akt in PDGF-BB mediated enhancement of

cell survival.

Analysis of the MAPK/ERK pathway revealed that PDGF-BB

exposure also led to a sustained (.2 fold) increase in ERK1/2

activity as determined by pERK/ERK (Figure 7D and 7E).

However, pre-treatment of cells with a specific MEK1/2 inhibitor,

U0126, followed by exposure to PDGF-BB and Tat-morphine did

not lead to inhibition of PDGF-BB mediated protection against

these two agents (Figure 7F), which suggests that PDGF-BB

mediated abrogation of Tat and morphine induced toxicity was

perhaps not mediated via the MAPK/ERK pathway.

Discussion

In spite of ample evidence suggesting increased rate of

progression and severity of HAD with opioid abuse, the exact

stages of interaction between HIV and drugs of abuse are still not

Figure 6. Involvement of c-Jun N-terminal kinase in Tat & morphine induced toxicity in human neuroblastoma cells. Human
neuroblastoma cells were exposed to 100 ng/ml Tat and 100 nM morphine for the indicated times and activation of MAPK pathways was studied by
Western blotting. (A) Tat and morphine induced a rapid and time-dependent increase in phosphorylation of ERK1/2 as shown by representative blots.
(B) Densitometric analysis of the blots represented in (A) for activation of ERK1/2 as assessed by pERK/ERK. (C) Cell viability analysis (MTT) of human
neuroblastoma cells pre-treated with MEK1/2 inhibitor, U0126, for 1 hour followed by exposure to Tat and morphine for another 12 hours led to
significant abrogation of toxicity induced by these agents. (D) Phosphorylation of JNK following exposure to 100 ng/ml Tat and 100 nM morphine
was studied by Western blotting for the times indicated as shown by the representative blots. (E) Densitometric analysis of the blots represented in
(D) for phosphorylation of JNK as assessed by pJNK/JNK. (F) Inhibition of JNK activity by specific inhibitor, SP600125, led to the inhibition of Tat and
morphine induced toxicity as shown by MTT assay. Data represents mean 6 standard deviation from 3 independent experiments. * 2 p,0.05;
** 2 p,0.005.
doi:10.1371/journal.pone.0018116.g006
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well understood. One of the major obstacles in delineating the

cellular and molecular pathways for the enhanced neurodegener-

ation in drug abusing HIV/AIDS patients is the unavailability of

good animal models for studying HIV neuropathogenesis [51].

Few in vivo models have been tried but with limited success

[52–55]. Though in vivo studies accurately mimic the biological

response to a pathogen, in vitro studies have their own advantage,

being an extensively explorative tool to delineate the molecular

mechanisms behind every aspect of cellular response to a stimulus

and are extensively used for neuroAIDS studies [56].

To study the co-morbid effects of Tat and morphine, we used

an in vitro model system of human neurons differentiated from

human neural precursor cells isolated from fetal brains. In addition

to human neurons, we relied on human neuroblastoma cells,

SHSY5Y, for studies related to elucidation of molecular pathways,

as obtaining human neurons in large numbers is quite difficult. We

Figure 7. Involvement of PI3K/Akt in PDGF-BB mediated protection against Tat and morphine. (A) Human neuroblastoma cells were
exposed to 40 ng/ml PDGF-BB for the indicated times and activation of Akt was studied by Western blotting. (B) Densitometric analysis of the blots
represented in (A) for activation of Akt, as indicated by pAkt/Akt. (C) Cell viability analysis (MTT) of human neuroblastoma cells pre-treated with PI3K
inhibitor, LY294002, for 1 hour followed by exposure to PDGF-BB and Tat-morphine led to significant abrogation of PDGF-BB mediated protection
against Tat and morphine. (D) ERK1/2 phosphorylation following exposure to 40 ng/ml PDGF-BB was studied by Western blotting for the time-points
indicated and an increase in ERK1/2 activation was noted. (E) Densitometric analysis of the blots represented in (D) for phosphorylation of ERK1/2 as
indicated by pERK/ERK. (F) Inhibition of MEK1/2 activity by specific inhibitor, U0126, did not lead to reversal of PDGF-BB mediated protection against
Tat and morphine as shown by MTT assay. (G) Inhibition of the PI3K pathway by LY294002 led to abrogation of PDGF-BB mediated activation of Akt in
neuroblastoma cells, confirming its role in PDGF-BB mediated protection. (H) Densitometric analysis of the blots represented in (G) for Akt activation
as represented by pAkt/Akt. (I) Role of Akt was further confirmed when SHSY5Y cells infected with DN-Akt showed reduced activation of Akt with
PDGF-BB exposure. For normalization, the same blot was re-probed for beta-actin. Data represents mean 6 standard deviation from 3 independent
experiments. * 2 p,0.05; ** 2 p,0.005.
doi:10.1371/journal.pone.0018116.g007
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used 100 ng/ml Tat and 100 nM morphine for our studies and

obtained identical results in both the cell types. The doses of Tat,

morphine and PDGF-BB used in the study were in concordance

with the current literature on the subject [31,57,58]. Our study

clearly demonstrated the role of morphine in enhancing Tat

induced toxicity in human neurons as well as in human

neuroblastoma cells, signifying their co-morbid effects and possibly

intercommunication at multiple steps. We thoroughly examined

the underlying mechanisms at cellular and molecular levels and

obtained several interesting results that we have presented in this

paper.

In accordance with the previous literature demonstrating the

enhanced toxicity of HIV proteins in the presence of opioids,

particularly morphine [59,60], we also observed a significant

increase in Tat toxicity in the presence of morphine, in human

neurons. Following 24 hours of treatment, Tat and morphine

independently induced apoptosis in human neurons as assessed by

TUNEL assay, the toxicity however, was further increased when

both these agents were present together as observed by increased

number of TUNEL positive apoptotic neurons. Similar results

depicting morphine-induced exacerbation of Tat toxicity were also

obtained when human neuroblastoma cells were exposed to Tat

and/or morphine for 12 hours. We used different time-points for

assessment of apoptosis in the two cell types since 24-hour

treatment of SHSY5Y cells led to detachment of cells from the

surface. We observed approximately 3 to 5 fold increase in toxicity

in these cells with morphine exposure, which was surprising, but

the same was consistent across a number of experiments repeated

throughout the study. Some groups have reported such toxicities

but with chronic treatments [61–63].

Although the effects of morphine are generally thought to be

mediated via mu opioid receptors, involvement of delta and kappa

opioid receptors at higher concentrations of morphine cannot be

ruled out. We therefore examined and confirmed by immunocy-

tochemistry that these cells expressed the opioid receptors.

Furthermore, we also observed that morphine-mediated apoptosis

in human neurons and SHSY5Y cells was mediated through

opioid receptors since pre-treatment of these cells with naloxone, a

general opioid receptor antagonist, abrogated the morphine-

induced toxicity.

Several studies have reported neurotrophic factor mediated

protection against HIV proteins Tat and gp120 [27,28], however

there are no available reports where protection against co-

morbidity, particularly drug enhanced toxicity of HIV proteins has

been analyzed. PDGF-BB has been shown to protect SHSY5Y

cells against Tat by modulating extracellular glutamate and

intracellular calcium levels [30]. Among its different isoforms,

PDGF-BB has been shown to be the most effective in promoting

neuronal survival [64,65]. We next wanted to explore whether

PDGF-BB could also rescue human neurons and SHSY5Y cells

from the enhanced toxicity induced by Tat and morphine

together. PDGF-BB pre-treatment resulted in a significant

reduction in apoptotic death induced by simultaneous exposure

of Tat and morphine when assessed by TUNEL assay. We also

found complete abrogation of the toxicity induced by either of

these agents independently with the addition of PDGF-BB. Our

study thus provides convincing evidence that PDGF-BB extends its

protective effect against both Tat and morphine induced toxicity.

Interestingly, PDGF-BB was not able to protect against the

apoptotic death caused by etoposide exposure in neurons,

implying the specificity of PDGF-BB against Tat and morphine

induced toxicity.

Apoptotic events in the cells are governed by levels of anti-

apoptotic (Bcl-XL family) and pro-apoptotic proteins (Bax, Bak).

Decreased Bcl2/Bax ratio leads to the formation of mitochondrial

membrane permeability transition pores and subsequent release of

various apoptosis mediators such as cytochrome c, an activator of

the caspase cascade [34,35]. To corroborate the findings of

apoptotic rescue by PDGF-BB against Tat and morphine toxicity,

we next analyzed the relative levels of anti- and pro-apoptotic

proteins, Bcl2 and Bax, respectively. Significant reduction in Bcl2/

Bax ratio was observed in human neurons treated with Tat and

morphine, indicating the involvement of apoptotic pathway. The

decrease in Bcl2/Bax ratio in neurons exposed to both Tat and

morphine was greater than what was induced by either agent

alone. Furthermore, the alterations in the Bcl2/Bax ratio were

abrogated with pre-treatment of cells with PDGF-BB, indicating

the maintenance of levels of anti- and pro-apoptotic proteins in the

cells favoring neuroprotection. Subsequent analysis of mitochon-

drial membrane integrity by fluorescent JC-1 dye revealed

extensive depolarization of the mitochondrial membrane in

human neurons exposed to Tat and morphine. PDGF-BB pre-

treatment of neurons resulted in the maintenance of mitochondrial

membrane potential even in the presence of Tat and morphine as

indicated by JC-1 aggregates that appeared red. Thus PDGF-BB

was able to preserve mitochondrial membrane integrity in human

neurons subjected to Tat and morphine exposure. Similar results

were obtained when SHSY5Y cells were treated with Tat and

morphine. Finally involvement of caspase-3 in Tat and morphine

induced apoptosis was studied in SHSY5Y cells since caspases

have been recognized as prime mediators of neuronal apoptosis in

developmental and neuropathological conditions [66]. Using a

colorimetric caspase-3 activity assay and immunostaining for

cleaved caspase-3, we observed a concomitant increase in caspase-

3 activity in cells exposed to both the toxic agents, which was

significantly higher than the caspase-3 activation with either agent

alone, substantiating our previous data of enhanced apoptosis in

the cells subjected to co-exposure of Tat and morphine. To

confirm that the effect was caspase-3 specific, we also included an

irreversible caspase-3 inhibitor, Z-VAD-FMK, in our study along

with Tat and morphine. Interestingly, PDGF-BB pre-treatment

was able to prevent caspase-3 activation in response to Tat and

morphine and hence rescued the cells from apoptosis. This is in

agreement with a previous study where PDGF-BB has been shown

to inhibit caspase-3 activity in SHSY5Y cells [31].

Several reports have shown that Tat induced cell damage

involves reactive oxygen species (ROS) generation [37]. Excessive

production of ROS leads to a state of oxidative stress in the cells that

can also initiate programmed cell death [67]. Combined exposure

of Tat and morphine in SHSY5Y cells led to a dramatic increase in

ROS generation, which was significantly higher than the ROS

levels generated by either agent alone. ROS generation was found

to be NADPH dependent in SHSY5Y cells since apocynin, an

inhibitor of NADPH oxidase, blocked Tat and morphine induced

elevations in ROS levels. This was further confirmed as inhibition

of NADPH oxidase led to abrogation of Tat and morphine induced

toxicity and improved the viability of SHSY5Y cells. Also, pre-

treatment with PDGF-BB resulted in complete abrogation of ROS

production by Tat and morphine. These findings are in agreement

with previous reports showing NADPH mediated ROS production

in SHSY5Y cells in response to HIV proteins [68]. Moreover,

certain host genetic factors like apolipoprotein E4 have also been

shown to influence oxidative stress and neurotoxicity levels in

response to Tat and opioid co-exposure [69]. Thus further

explorations for factors that could affect HIV/HIV protein’s

pathology should be extensively undertaken.

MAPK signaling pathways have been shown to exert diverse

effects on cell survival and death [70]. Activation of JNK, p38 and
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ERK MAPK pathways have been documented in mediation of

various cell death signals from a wide variety of stimuli

[38,68,71,72]. Chronic high-dose morphine has been shown to

decrease SHSY5Y cell viability via activation of JNK signaling

[38]. Our experiments in the current study on MAPK pathways

revealed the involvement of JNK and ERK1/2 pathway in Tat

and morphine induced toxicity in SHSY5Y cells, since inhibition

of these pathways by specific inhibitors led to abrogation of Tat

and morphine mediated toxicity. Individual analysis of the effects

of Tat and morphine on MAPK pathways revealed that there

were not much significant changes in ERK1/2 activation when

neuroblastoma cells were exposed to Tat in presence or absence of

morphine, although co-exposure of morphine along-with Tat

significantly enhanced duration of JNK activation. Also, mor-

phine’s effect was mostly mediated via the JNK pathway rather

than the ERK1/2 pathway. Furthermore, morphine-induced

activations in JNK and ERK1/2 pathways were completely

blocked by naloxone, thereby indicating opioid receptor involve-

ment. Interestingly when it comes to p38-MAPK signaling, HIV-

Tat and morphine have been shown to exert opposing effects. For

example, in U87 astrocytes Tat has been shown to activate p38

signaling [73], where-as SHSY5Y cells exposed to morphine do

not show any p38 activation [38]. In our study, we also did not

find any p38 activation in SHSY5Y cells following Tat and

morphine exposure. This was also confirmed when a specific

inhibitor of p38, SB203580, failed to rescue SHSY5Y cells from

damage inflicted by Tat and morphine together.

Our experimental data also suggests that PDGF-BB mediated

protection against Tat and morphine was mediated by the PI3K

pathway since PDGF-BB caused significant activation of pro-

survival signal Akt, the prime mediator of the PI3K pathway. This

was further substantiated as specific PI3K inhibitor, LY294002,

abrogated PDGF-BB mediated Akt activation and also led to loss

of protection against Tat and morphine. Role of Akt was further

substantiated when SHSY5Y cells infected with DN-Akt showed a

marked reduction in PDGF-BB induced Akt activation. This is in

agreement with a recent study which documented the involvement

of PI3K/Akt in PDGF-BB mediated signaling [50]. Finally, we

observed that ERK1/2 activation occurred after SHSY5Y cells

were exposed to PDGF-BB, which was puzzling as inhibition of

the ERK1/2 phosphorylation by specific MEK1/2 inhibitor did

not alter PDGF-BB mediated protection against Tat and

morphine, thus neglecting its role in PDGF-BB signaling. Similar

observation of ERK1/2 activation in SHSY5Y cells upon PDGF-

BB exposure but its lack of involvement in PDGF-BB mediated

neuroprotection has been reported in a recent study [31]. Hence it

was concluded that PDGF-BB mediated protection of SHSY5Y

against Tat and morphine involved the PI3K pathway but not the

ERK1/2 pathway.

In conclusion we believe this study provides new insights into

the mechanism of morphine induced enhancement of Tat toxicity

in human neurons and neuroblastoma cells and highlights the role

of PDGF-BB as a neuroprotective agent, which could be

considered for therapeutic interventions in HIV/AIDS-drug abuse

cases. Further investigations on similar lines with in vivo models as

well as post mortem human brain samples from drug abusing

HIV/AIDS population are warranted.

Materials and Methods

Materials
Human neuroblastoma cells (SHSY5Y) were a kind gift from

Dr. Anirban Basu (NBRC). Human recombinant PDGF-BB,

PDGF-AB, BDNF, basic fibroblast growth factor (bFGF),

epidermal growth factor (EGF), poly-D-lysine (PDL), Dulbecco’s

modified Eagle’s medium (DMEM), morphine sulphate, specific

PI3K inhibitor LY294002, etoposide and naloxone hydrochloride

were all purchased from Sigma Aldrich (St. Louis, MO, USA).

Neural survival factor-1 (NSF) was purchased from Cambrex

(Charles City, IA, USA). Neurobasal and N2 supplement were

purchased from Invitrogen (San Diego, CA, USA). The specific

MAPK/ERK kinase-1/2 (MEK1/2) inhibitor U0126, p38

inhibitor SB203580, JNK inhibitor SP600125 and NADPH

oxidase inhibitor apocynin were obtained from Calbiochem (San

Diego, CA, USA). All other cell-culture reagents were purchased

from Sigma Aldrich (St. Louis, MO, USA). Antibodies for pERK,

ERK, pAkt, Akt, pJNK, JNK, Bax, Bcl2 and cleaved caspase-3

were all purchased from Cell Signaling (Danvers, MA, USA).

Horseradish peroxidase conjugated secondary antibody and

fluorescein isothiocyanate (FITC)-conjugated secondary antibody

were purchased from Vector Laboratories (Burlingame, CA,

USA).

Methods
Ethics Statement. The National Brain Research Centre

(NBRC) human ethics committee approved the project involving

use of Human Fetal Brain Derived Neural Stem Cells as a Model

for Studying Neurodegenerative Diseases. Fetal brain tissue was

obtained from the aborted fetus after obtaining mother’s written

consent and the samples were processed as per the protocols

approved by the NBRC Human Ethics Committee in compliance

with the recommendations of the Indian Council of Medical

Research, India.

Cell cultures and treatments. Human neurons were

differentiated from primary human neural precursor cells

isolated from 8- to 12- week-old fetus obtained from elective

medical termination of first-trimester pregnancies performed at

the local hospitals as described previously [58]. The handling of

the aborted fetus for brain tissue was done after obtaining mother’s

written consent following protocols approved by the National

Brain Research Centre (NBRC) Human Ethics Committee.

Briefly, human neural precursor cells were isolated from the sub-

ventricular zone of telencephalic region of the aborted fetuses and

cultured in PDL coated flasks (Nunc, Kamstrupvej, Denmark) in

neurobasal media supplemented with EGF, bFGF, NSF and N2

supplement. Neural precursor cells were then differentiated into

neuronal lineage using neuronal media where the mitogenic

factors, bFGF and EGF were replaced with BDNF and PDGF-AB,

the rest of the contents remained same, as described earlier [74].

Media was half-replaced every alternate day and after three weeks

cell purity was determined by immunocytochemistry using anti-

beta-3 tubulin antibody (Covance, Berkeley, CA, USA) and were

.98% pure. Human neurons were pre-treated with PDGF-BB

(40 ng/ml) for 30 min followed by exposure to HIV-1B Tat

(100 ng/ml) and/or morphine sulphate (100 nM) for 24 hours for

assessment of apoptosis. Analysis of anti- and pro-apoptotic

proteins (Bcl2 and Bax) and mitochondrial membrane integrity

was done after exposing human neurons to Tat and morphine for

12 hours with or without pre-treatment with PDGF-BB for 30

minutes. All experiments with human neurons were done in

complete neuronal media containing trophic factors (PDGF-AB

and BDNF), as their withdrawal affected the viability of untreated

human neurons.

Human neuroblastoma cells, SHSY5Y were cultured in DMEM

supplemented with heat-inactivated fetal bovine serum (10% v/v)

and 2 mM glutamine at 37uC in 5% CO2. SHSY5Y cells were

serum-starved for 2 hours prior to treatment with PDGF-BB

(40 ng/ml) for 30 min followed by exposure to HIV-1B Tat
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(100 ng/ml) and/or morphine sulphate (100 nM). Assessment of

apoptotic death by TUNEL and measurement of cell viability by

MTT assay was done after 12 hours of exposure to Tat and

morphine with or without pre-treatment with PDGF-BB for 30

minutes. In the cell viability assays involving pharmacological

inhibitors, cells were pre-cultured with the corresponding inhibitor

for 1 hour prior to the treatment with PDGF-BB and/or HIV-Tat

and morphine sulphate. In the WWestern blotting experiments

involving pharmacological inhibitors, SHSY5Y cells were pre-

treated either with LY294002 for 2 hours before addition of

PDGF-BB (Figure 7G,H) or with naloxone for 1 hour before

addition of morphine for the given treatment duration (Figure S1).

Reactive oxygen species measurements were done after treating

SHSY5Y cells with Tat and morphine for 3 hours with or without

pre-treatment with PDGF-BB for 30 minutes.

Expression and purification of HIV-1 Tat. A mammalian

expression vector of subtype B-Tat was prepared from the HIV-1

molecular clone YU-2, derived from brain of a HIV-1 AIDS

dementia patient (GenBank Accession number M93258). The full-

length (1–101 amino acid) recombinant Tat B protein was

expressed in mammalian expression vector pET with His-Tag,

using the E. coli strain BL 21 (DE3) and was purified using Ni-

NTA and SP-Sepharose chromatography as described previously

[75].

Terminal deoxynucleotidyl transferase–mediated dUTP

nick end labeling (TUNEL) assay. To assess the apoptosis

induced by HIV-1 Tat and/or morphine in human neurons,

26104 cells/well were plated in PDL coated 8-well chambered

slides (Nunc, Kamstrupvej, Denmark) in complete neuronal media

and treated with HIV-1 Tat and/or morphine sulphate for

24 hours with or without pre-treatment with PDGF-BB. In

parallel, SHSY5Y cells were serum-starved for 2 hours before

treatment with HIV-1 Tat and/or morphine sulphate for 12 hours

with or without pre-treatment with PDGF-BB. To confirm

whether the effects of morphine are mediated via opioid

receptors, human neurons and SHSY5Y cells were treated with

opioid receptor antagonist, naloxone hydrochloride dihydrate

(1 mM), before the addition of morphine. After the treatments,

cells were washed with phosphate buffered saline (PBS) and fixed

with 4% paraformaldehyde for 20 minutes at room temperature.

The fixed cells were then blocked and permeabilized with 4%

bovine serum albumin containing 0.5% Triton X-100 and

TUNEL assay was performed using In Situ Cell Death Detection

Kit, TMR Red (Roche, Mannheim, Germany) as per the

manufacturer’s protocol. The slides were then mounted with

Vectashield mounting medium containing DAPI (4,6-diamidino-

2-phenylindole) (Vector Labs, Burlingame, CA, USA). Apoptosis

was determined by counting the number of TUNEL-positive cells

(red) and total DAPI-positive nuclei (blue) in images captured from

at least five random fields using Zeiss AxioImager.Z1 microscope

(Carl Zeiss, Heidenheim, Germany). For each experimental group,

a minimum of 1000 cells was analyzed and apoptosis was

represented as percentage TUNEL-positive cells/DAPI.

Reactive oxygen species measurements. To monitor the

levels of oxidative stress in the cells in response to HIV-Tat and/or

morphine treatment, SHSY5Y were plated at a density of 56104

cells/well in 24-well plates (Nunc, Kamstrupvej, Denmark). Cells

were serum starved for 2 hours prior to treatment with HIV-Tat

and/or morphine with or without pre-treatment with PDGF-BB

for 30 minutes. To identify the source of free radicals, cells were

treated with NADPH oxidase inhibitor, apocynin (250 mM), for

1 hour prior to addition of HIV-Tat and/or morphine. After

3 hours, cells were incubated with 5 mM DCFDA (29, 79-

dichlorodihydrofluorescein diacetate) (Sigma Aldrich, St. Louis,

MO, USA) for 1 hour at 37uC, washed twice with PBS and lysed

with lysis buffer. The protein so obtained was immediately used to

measure fluorescence at wavelengths of 485 nm for excitation and

530 nm for emission using Varioskan Flash Multimode Reader

(Thermo Scientific, USA).

Analysis of mitochondrial membrane depolarization. For

studying changes in mitochondrial membrane potential in human

neurons, differentiated cells were plated in PDL coated 24-well

plates (Nunc, Kamstrupvej, Denmark) at a density of 56104 cells/

well. Cells were treated with HIV-Tat and/or morphine for

12 hours with or without pre-treatment with PDGF-BB for 30

minutes. After treatments, cells were incubated with 1 mg/ml of

JC-1 (5,59,6,69-tetrachloro-1,19,3,39-tetraethylbenzimidazolylcarbo-

cyanine Iodide) dye (Invitrogen, San Diego, CA, USA) for 10

minutes at 37uC, washed thrice with PBS and immediately

visualized for JC-1 monomers (green filter) and JC-1 aggregates

(red filter) using Nikon Eclipse TS100 (Nikon, Japan). For quan-

titative assessment of JC-1 aggregates/monomers, after incubation

with JC-1 dye, cells were harvested using cold PBS, centrifuged at

350 X g, washed twice with PBS and read at 590 and 530 nm for

aggregates and monomers respectively, using Varioskan Flash

Multimode Reader (Thermo Scientific, USA).

Immunocytochemistry. After treatments, cells were fixed

with 4% paraformaldehyde for 20 minutes at room temperature,

washed thrice with PBS, blocked and permeabilized using 4%

bovine serum albumin containing 0.2% Triton-X for 20 minutes.

Human neurons/neuroblastoma cells were then incubated with

anti - b 3 tubulin (1:1000; Covance, Berkeley, CA, USA)/anti-

cleaved caspase-3 (1:200; Cell Signaling, Danvers, MA, USA)

for 1 hour at room temperature/overnight at 4uC, respectively.

Following washes with PBS, cells were incubated with corre-

sponding FITC-conjugated secondary antibody (1:200; Vector

Labs, Burlingame, CA, USA) and then mounted with Vectashield

mounting medium containing DAPI.

Western blot analysis. After treatments, proteins were

isolated from SHSY5Y cells using lysis buffer [1% Triton-X

100, 10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.5% Nonidet P

(NP-40), 1 mM EDTA, 0.2% EGTA, 0.2% sodium orthovanadate

and protease inhibitor cocktail (Roche, Mannheim, Germany)]

and quantitated using the bicinchoninic acid (BCA, Sigma)

method as described previously [74]. 30 mg of protein was

electrophoresed on 10% polyacrylamide gel and then transferred

onto nitrocellulose membrane (MDI, India). The membranes were

blocked with 5% skimmed milk in PBS-Tween 20 (PBST) for 1 h

and incubated overnight with the following antibodies: pERK1/2

(1:2000), ERK1/2 (1:2000), pAkt (1:1000), Akt (1:2000), pJNK

(1:1000), JNK (1:1000), Bax (1:1000), Bcl2 (1:1000). All the

antibodies were procured from Cell Signaling (Danvers, MA,

USA) and prepared in 5% skimmed milk in PBST. After extensive

washes with Tris buffered saline – Tween 20 (TBS-T) blots were

incubated with corresponding horseradish peroxidase conjugated

secondary antibodies (1:4000, Vector Labs, Burlingame, CA,

USA) for 1 hour. Blots were again washed with TBS-T and the

signal was detected using chemiluminescence reagent (Millipore,

Bedford, MA, USA). Images were captured using Chemi Genius

Bioimaging System (Syngene, Cambridge, UK) using GeneSnap

software and the images were analyzed using ImageJ software

(NIH, USA). Blots were stripped and re-probed with anti-b-

tubulin (1:5000; Sigma Aldrich, St. Louis, MO, USA) as loading

control.

Adenovirus infection. SHSY5Y cells were infected with

adenoviral constructs containing the wild-type or dominant-

interfering forms of Akt (kind gift from Dr. K Walsh) used at a

multiplicity of infection of 50. Cells infected for 48 hrs with
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adenovirus constructs were subsequently treated with PDGF-BB

followed by assessment of Akt phosphorylation by Western blot.

Briefly, treated cells were lysed using the Mammalian Cell Lysis kit

(Sigma, St. Louis, MO). Western blots were then probed with

antibodies recognizing the phosphorylated forms of Akt and b-

actin (Cell Signaling 1:500). Secondary antibodies were alkaline

phosphatase conjugated to goat anti mouse/rabbit IgG (1:5000).

Signals were detected by chemiluminescence (Pierce, Rockford,

IL). All of the Western blot experiments were repeated three

times individually and representative blots are presented in the

figure 7 I.
Caspase-3 activity assay and immunostaining. Caspase-

3 activity was analyzed using CaspACE Assay system,

Colorimetric (Promega, Madison, USA) according to the

manufacturer’s protocol. Briefly, protein was isolated from

56105 cells/treatment group using the cell lysis buffer supplied

with the kit. 100 mg of protein/treatment group was incubated in

assay buffer containing 10 mM DTT and 0.2 mM caspase

substrate, DEVD-pNA for 4 hours at 37uC. Post incubation,

caspase-3 activity was measured using Benchmark Plus Micro-

plate spectrophotometer (Bio-Rad Laboratories, CA, USA) at a

wavelength of 405 nm. For each lysate, absorbance was

normalized to the protein concentration as determined by the

BCA method. For cleaved caspase-3 immunostaining, cells were

processed as described earlier under the ‘Immunocytochemistry’

section. Protein kinase inhibitor, Staurosporine (Invitrogen, San

Diego, CA, USA), and irreversible caspase inhibitor, Z-VAD-

FMK (Promega, Madison, USA), were included in the study as

positive and negative regulators of apoptosis respectively.
Cell viability assay. Cell viability was assessed using the

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,

Sigma Aldrich, St. Louis, MO, USA) assay as described previously

[74]. Human neuroblastoma cells were plated in 96-well plates at

a density of 16104 cells/well and serum starved for 2 hours.

Specific MEK1/2 inhibitor, U0126, PI3K inhibitor, LY294002,

p38 inhibitor, SB203580 or JNK inhibitor, SP600125 were added

1 hour prior to pre-treatment with PDGF-BB or treatment with

HIV-Tat and morphine. After 12 hours of treatment, cells were

incubated with 5 mg/ml MTT for 3 hours at 37uC. Solubilization

buffer (50% dimethyl formamide, 20% sodium dodecyl sulphate)

was added to dissolve any formazan crystals that formed and after

30 minutes absorbance was measured at 570 nm using

Benchmark Plus Microplate spectrophotometer (Bio-Rad

Laboratories, CA, USA). Values were expressed as percentage

relative to those obtained in controls.

Statistical analysis. Experiments for each condition were

performed in triplicate and repeated three to five times. Results

from each set of experiment were averaged, counted as n = 1 for

statistical analysis, and presented as mean 6 standard deviation.

Statistical significance between groups was calculated using

Student’s t-test. All values of p,0.05 were taken as significant.

Supporting Information

Figure S1 Role of MAPK pathways following exposure
of human neuroblastoma neural cells with Tat and
morphine. Human neuroblastoma cells were exposed to

100 ng/ml Tat and 100 nM morphine independently as well as

in combination, for the times indicated and various MAPK

pathways were studied by Western blotting. (A) Densitometric

analysis of ERK1/2 activation by Tat and morphine indepen-

dently and in combination. (B) Morphine induced ERK1/2

activation was prevented by pre-treating SHSY5Y cells with

naloxone, an opioid receptor antagonist, confirming their role in

morphine induced ERK1/2 activation. (C) Densitometric analysis

of phosphorylation of JNK following exposure to Tat and

morphine in human neuroblastoma cells. (D) Inhibition of

morphine-induced JNK activation by naloxone confirmed opioid

receptor involvement. Data represents mean 6 standard deviation

from 3 independent experiments. * 2 p,0.05 as compared to

untreated control; ** – p,0.005 as compared to untreated control;

# 2 p,0.05 as compared between Tat or Morphine alone with

groups as represented with solid lines over respective bars.

(TIF)

Acknowledgments

Technical assistance from Mr. Durga Lal Meena and Mr. Naushad Alam

during the study is greatly acknowledged. Authors express their

acknowledgments to Dr. Udaykumar Ranga for providing HIV-1B Tat

protein and Tat expression vectors. Authors wish to acknowledge help of

Dr. Honghong Yao, University of Nebraska, USA with adenovirus

infection experiments. The authors would like to thank Ms. Manju Pant

for critical reading of the manuscript.

Author Contributions

Conceived and designed the experiments: PS SB SM HK. Performed the

experiments: SM HK. Analyzed the data: SM HK PS SB. Contributed

reagents/materials/analysis tools: PS. Wrote the paper: SM HK PS SB.

References

1. Nath A (1999) Pathobiology of human immunodeficiency virus dementia. Semin

Neurol 19: 113–127.

2. Kaul M, Lipton SA (1999) Chemokines and activated macrophages in HIV

gp120-induced neuronal apoptosis. Proc Natl Acad Sci U S A 96: 8212–8216.

3. Kaul M, Zheng J, Okamoto S, Gendelman HE, Lipton SA (2005) HIV-1

infection and AIDS: consequences for the central nervous system. Cell Death

Differ 12(Suppl 1): 878–892.

4. Gonzalez-Scarano F, Martin-Garcia J (2005) The neuropathogenesis of AIDS.

Nat Rev Immunol 5: 69–81.

5. Williams KC, Hickey WF (2002) Central nervous system damage, monocytes

and macrophages, and neurological disorders in AIDS. Annu Rev Neurosci 25:

537–562.

6. Antinori A, Arendt G, Becker JT, Brew BJ, Byrd DA, et al. (2007) Updated

research nosology for HIV-associated neurocognitive disorders. Neurology 69:

1789–1799.

7. Moore DJ, Masliah E, Rippeth JD, Gonzalez R, Carey CL, et al. (2006) Cortical

and subcortical neurodegeneration is associated with HIV neurocognitive

impairment. Aids 20: 879–887.

8. Cherner M, Letendre S, Heaton RK, Durelle J, Marquie-Beck J, et al. (2005)

Hepatitis C augments cognitive deficits associated with HIV infection and

methamphetamine. Neurology 64: 1343–1347.

9. Perry W, Carlson MD, Barakat F, Hilsabeck RC, Schiehser DM, et al. (2005)

Neuropsychological test performance in patients co-infected with hepatitis C

virus and HIV. Aids 19 Suppl 3: S79–84.

10. Bell JE, Brettle RP, Chiswick A, Simmonds P (1998) HIV encephalitis, proviral

load and dementia in drug users and homosexuals with AIDS. Effect of

neocortical involvement. Brain 121 (Pt 11): 2043–2052.

11. Bouwman FH, Skolasky RL, Hes D, Selnes OA, Glass JD, et al. (1998) Variable

progression of HIV-associated dementia. Neurology 50: 1814–1820.

12. Nath A, Maragos WF, Avison MJ, Schmitt FA, Berger JR (2001) Acceleration of

HIV dementia with methamphetamine and cocaine. J Neurovirol 7: 66–71.

13. Mellon RD, Bayer BM (1998) Role of central opioid receptor subtypes in

morphine-induced alterations in peripheral lymphocyte activity. Brain Res 789:

56–67.

14. Nugent AL, Houghtling RA, Bayer BM (2010) Morphine Suppresses MHC-II

Expression on Circulating B Lymphocytes via Activation of the HPA. J

Neuroimmune Pharmacol, (in press).

15. El-Hage N, Wu G, Wang J, Ambati J, Knapp PE, et al. (2006) HIV-1 Tat and

opiate-induced changes in astrocytes promote chemotaxis of microglia through

the expression of MCP-1 and alternative chemokines. Glia 53: 132–146.

16. Gandhi N, Saiyed ZM, Napuri J, Samikkannu T, Reddy PV, et al. (2010)

Interactive role of human immunodeficiency virus type 1 (HIV-1) clade-specific

PDGF Protects against Tat & Morphine Co-Morbidity

PLoS ONE | www.plosone.org 13 March 2011 | Volume 6 | Issue 3 | e18116



Tat protein and cocaine in blood-brain barrier dysfunction: implications for

HIV-1-associated neurocognitive disorder. J Neurovirol 16: 294–305.

17. Mahajan SD, Aalinkeel R, Sykes DE, Reynolds JL, Bindukumar B, et al. (2008)

Tight junction regulation by morphine and HIV-1 tat modulates blood-brain

barrier permeability. J Clin Immunol 28: 528–541.

18. Noel RJ, Jr., Marrero-Otero Z, Kumar R, Chompre-Gonzalez GS, Verma AS,

et al. (2006) Correlation between SIV Tat evolution and AIDS progression in

cerebrospinal fluid of morphine-dependent and control macaques infected with

SIV and SHIV. Virology 349: 440–452.

19. McArthur JC, McDermott MP, McClernon D, St Hillaire C, Conant K, et al.

(2004) Attenuated central nervous system infection in advanced HIV/AIDS with

combination antiretroviral therapy. Arch Neurol 61: 1687–1696.

20. Valcour VG, Shikuma CM, Watters MR, Sacktor NC (2004) Cognitive

impairment in older HIV-1-seropositive individuals: prevalence and potential

mechanisms. Aids 18 Suppl 1: S79–86.

21. Dore GJ, McDonald A, Li Y, Kaldor JM, Brew BJ (2003) Marked improvement

in survival following AIDS dementia complex in the era of highly active

antiretroviral therapy. Aids 17: 1539–1545.

22. Mallon PW (2007) Antiretroviral therapy-induced lipid alterations: in-vitro,

animal and human studies. Curr Opin HIV AIDS 2: 282–292.

23. Weber R, Sabin CA, Friis-Moller N, Reiss P, El-Sadr WM, et al. (2006) Liver-

related deaths in persons infected with the human immunodeficiency virus: the

D:A:D study. Arch Intern Med 166: 1632–1641.

24. Shelburne SA, Visnegarwala F, Darcourt J, Graviss EA, Giordano TP, et al.

(2005) Incidence and risk factors for immune reconstitution inflammatory

syndrome during highly active antiretroviral therapy. Aids 19: 399–406.

25. Schifitto G, Navia BA, Yiannoutsos CT, Marra CM, Chang L, et al. (2007)

Memantine and HIV-associated cognitive impairment: a neuropsychological

and proton magnetic resonance spectroscopy study. Aids 21: 1877–1886.

26. Sacktor NC, Skolasky RL, Lyles RH, Esposito D, Selnes OA, et al. (2000)

Improvement in HIV-associated motor slowing after antiretroviral therapy

including protease inhibitors. J Neurovirol 6: 84–88.

27. Bachis A, Mocchetti I (2005) Brain-derived neurotrophic factor is neuroprotec-

tive against human immunodeficiency virus-1 envelope proteins. Ann N Y Acad

Sci 1053: 247–257.

28. Sanders VJ, Everall IP, Johnson RW, Masliah E (2000) Fibroblast growth factor

modulates HIV coreceptor CXCR4 expression by neural cells. HNRC Group.

J Neurosci Res 59: 671–679.

29. Boscia F, Esposito CL, Di Crisci A, de Franciscis V, Annunziato L, et al. (2009)

GDNF selectively induces microglial activation and neuronal survival in CA1/

CA3 hippocampal regions exposed to NMDA insult through Ret/ERK

signalling. PLoS One 4: e6486.

30. Zhu X, Yao H, Peng F, Callen S, Buch S (2009) PDGF-mediated protection of

SH-SY5Y cells against Tat toxin involves regulation of extracellular glutamate

and intracellular calcium. Toxicol Appl Pharmacol 240: 286–291.

31. Peng F, Dhillon N, Callen S, Yao H, Bokhari S, et al. (2008) Platelet-derived

growth factor protects neurons against gp120-mediated toxicity. J Neurovirol 14:

62–72.

32. Matthes HW, Maldonado R, Simonin F, Valverde O, Slowe S, et al. (1996) Loss

of morphine-induced analgesia, reward effect and withdrawal symptoms in mice

lacking the mu-opioid-receptor gene. Nature 383: 819–823.

33. Nakajima M, Kashiwagi K, Ohta J, Furukawa S, Hayashi K, et al. (1994)

Etoposide induces programmed death in neurons cultured from the fetal rat

central nervous system. Brain Res 641: 350–352.

34. Donovan M, Cotter TG (2004) Control of mitochondrial integrity by Bcl-2

family members and caspase-independent cell death. Biochim Biophys Acta

1644: 133–147.

35. Yang J, Liu X, Bhalla K, Kim CN, Ibrado AM, et al. (1997) Prevention of

apoptosis by Bcl-2: release of cytochrome c from mitochondria blocked. Science

275: 1129–1132.

36. Wright KM, Vaughn AE, Deshmukh M (2007) Apoptosome dependent caspase-

3 activation pathway is non-redundant and necessary for apoptosis in

sympathetic neurons. Cell Death Differ 14: 625–633.

37. Aksenov MY, Hasselrot U, Bansal AK, Wu G, Nath A, et al. (2001) Oxidative

damage induced by the injection of HIV-1 Tat protein in the rat striatum.

Neurosci Lett 305: 5–8.

38. Lin X, Wang YJ, Li Q, Hou YY, Hong MH, et al. (2009) Chronic high-dose

morphine treatment promotes SH-SY5Y cell apoptosis via c-Jun N-terminal

kinase-mediated activation of mitochondria-dependent pathway. Febs J 276:

2022–2036.

39. Basuroy S, Bhattacharya S, Leffler CW, Parfenova H (2009) Nox4 NADPH

oxidase mediates oxidative stress and apoptosis caused by TNF-alpha in cerebral

vascular endothelial cells. Am J Physiol Cell Physiol 296: C422–432.

40. Turchan-Cholewo J, Dimayuga VM, Gupta S, Gorospe RM, Keller JN, et al.

(2009) NADPH oxidase drives cytokine and neurotoxin release from microglia

and macrophages in response to HIV-Tat. Antioxid Redox Signal 11: 193–204.

41. Greenlund LJ, Deckwerth TL, Johnson EM, Jr. (1995) Superoxide dismutase

delays neuronal apoptosis: a role for reactive oxygen species in programmed

neuronal death. Neuron 14: 303–315.

42. Dussmann H, Rehm M, Kogel D, Prehn JH (2003) Outer mitochondrial

membrane permeabilization during apoptosis triggers caspase-independent

mitochondrial and caspase-dependent plasma membrane potential depolariza-

tion: a single-cell analysis. J Cell Sci 116: 525–536.

43. Brustovetsky N, Brustovetsky T, Jemmerson R, Dubinsky JM (2002) Calcium-

induced cytochrome c release from CNS mitochondria is associated with the

permeability transition and rupture of the outer membrane. J Neurochem 80:

207–218.

44. Lemasters JJ, Qian T, He L, Kim JS, Elmore SP, et al. (2002) Role of

mitochondrial inner membrane permeabilization in necrotic cell death,

apoptosis, and autophagy. Antioxid Redox Signal 4: 769–781.

45. Corasaniti MT, Russo R, Amantea D, Gliozzi M, Siviglia E, et al. (2005)

Neuroprotection by the caspase-1 inhibitor Ac-YVAD-(acyloxy)mk in experi-

mental neuroAIDS is independent from IL-1beta generation. Cell Death Differ

12(Suppl 1): 999–1001.

46. Kruman II, Nath A, Mattson MP (1998) HIV-1 protein Tat induces apoptosis of

hippocampal neurons by a mechanism involving caspase activation, calcium

overload, and oxidative stress. Exp Neurol 154: 276–288.

47. Ferri KF, Jacotot E, Blanco J, Este JA, Kroemer G (2000) Mitochondrial control

of cell death induced by HIV-1-encoded proteins. Ann N Y Acad Sci 926:

149–164.

48. Chang F, Steelman LS, Lee JT, Shelton JG, Navolanic PM, et al. (2003) Signal

transduction mediated by the Ras/Raf/MEK/ERK pathway from cytokine

receptors to transcription factors: potential targeting for therapeutic intervention.

Leukemia 17: 1263–1293.

49. Song G, Ouyang G, Bao S (2005) The activation of Akt/PKB signaling pathway

and cell survival. J Cell Mol Med 9: 59–71.

50. Peng F, Dhillon NK, Yao H, Zhu X, Williams R, et al. (2008) Mechanisms of

platelet-derived growth factor-mediated neuroprotection– –implications in HIV

dementia. Eur J Neurosci 28: 1255–1264.

51. Crews L, Lentz MR, Gonzalez RG, Fox HS, Masliah E (2008) Neuronal injury

in simian immunodeficiency virus and other animal models of neuroAIDS.

J Neurovirol 14: 327–339.

52. Williams R, Bokhari S, Silverstein P, Pinson D, Kumar A, et al. (2008)

Nonhuman primate models of NeuroAIDS. J Neurovirol 14: 292–300.

53. Persidsky Y, Gendelman HE (2002) Murine models for human immunodefi-

ciency virus type 1-associated dementia: the development of new treatment

testing paradigms. J Neurovirol 8 Suppl 2: 49–52.

54. Potash MJ, Chao W, Bentsman G, Paris N, Saini M, et al. (2005) A mouse

model for study of systemic HIV-1 infection, antiviral immune responses, and

neuroinvasiveness. Proc Natl Acad Sci U S A 102: 3760–3765.

55. Gorantla S, Sneller H, Walters L, Sharp JG, Pirruccello SJ, et al. (2007) Human

immunodeficiency virus type 1 pathobiology studied in humanized BALB/c-

Rag2-/-gammac-/- mice. J Virol 81: 2700–2712.

56. Seth P, Major EO (2005) Human brain derived cell culture models of HIV-1

infection. Neurotox Res 8: 83–89.

57. Bokhari SM, Yao H, Bethel-Brown C, Fuwang P, Williams R, et al. (2009)

Morphine enhances Tat-induced activation in murine microglia. J Neurovirol

15: 219–228.

58. Mishra M, Taneja M, Malik S, Khalique H, Seth P (2010) Human

immunodeficiency virus type 1 Tat modulates proliferation and differentiation

of human neural precursor cells: implication in NeuroAIDS. J Neurovirol 16:

355–367.

59. Gurwell JA, Nath A, Sun Q, Zhang J, Martin KM, et al. (2001) Synergistic

neurotoxicity of opioids and human immunodeficiency virus-1 Tat protein in

striatal neurons in vitro. Neuroscience 102: 555–563.

60. Hauser KF, Hahn YK, Adjan VV, Zou S, Buch SK, et al. (2009) HIV-1 Tat and

morphine have interactive effects on oligodendrocyte survival and morphology.

Glia 57: 194–206.

61. Hu S, Sheng WS, Lokensgard JR, Peterson PK (2002) Morphine induces

apoptosis of human microglia and neurons. Neuropharmacology 42: 829–836.

62. Li Y, Li H, Zhang Y, Sun X, Hanley GA, et al. (2010) Toll-like receptor 2 is

required for opioids-induced neuronal apoptosis. Biochem Biophys Res

Commun 391: 426–430.

63. Svensson AL, Bucht N, Hallberg M, Nyberg F (2008) Reversal of opiate-induced

apoptosis by human recombinant growth hormone in murine foetus primary

hippocampal neuronal cell cultures. Proc Natl Acad Sci U S A 105: 7304–7308.

64. Nikkhah G, Odin P, Smits A, Tingstrom A, Othberg A, et al. (1993) Platelet-

derived growth factor promotes survival of rat and human mesencephalic

dopaminergic neurons in culture. Exp Brain Res 92: 516–523.

65. Giacobini MM, Almstrom S, Funa K, Olson L (1993) Differential effects of

platelet-derived growth factor isoforms on dopamine neurons in vivo: -BB

supports cell survival, -AA enhances fiber formation. Neuroscience 57: 923–929.

66. Yuan J, Yankner BA (2000) Apoptosis in the nervous system. Nature 407:

802–809.

67. Chen Q, Crosby M, Almasan A (2003) Redox Regulation of Apoptosis before

and after Cytochrome C Release. Korean J Biol Sci 7: 1–9.

68. Yao H, Allen JE, Zhu X, Callen S, Buch S (2009) Cocaine and human

immunodeficiency virus type 1 gp120 mediate neurotoxicity through overlap-

ping signaling pathways. J Neurovirol 15: 164–175.

69. Turchan-Cholewo J, Liu Y, Gartner S, Reid R, Jie C, et al. (2006) Increased

vulnerability of ApoE4 neurons to HIV proteins and opiates: protection by

diosgenin and L-deprenyl. Neurobiol Dis 23: 109–119.

70. Jiao H, Zhang L, Gao F, Lou D, Zhang J, et al. (2007) Dopamine D(1) and D(3)

receptors oppositely regulate NMDA- and cocaine-induced MAPK signaling via

NMDA receptor phosphorylation. J Neurochem 103: 840–848.

PDGF Protects against Tat & Morphine Co-Morbidity

PLoS ONE | www.plosone.org 14 March 2011 | Volume 6 | Issue 3 | e18116



71. Dey S, Snow DM (2007) Cocaine exposure in vitro induces apoptosis in fetal

locus coeruleus neurons through TNF-alpha-mediated induction of Bax and
phosphorylated c-Jun NH(2)-terminal kinase. J Neurochem 103: 542–556.

72. Subramaniam S, Zirrgiebel U, von Bohlen Und Halbach O, Strelau J,

Laliberte C, et al. (2004) ERK activation promotes neuronal degeneration
predominantly through plasma membrane damage and independently of

caspase-3. J Cell Biol 165: 357–369.
73. Williams R, Yao H, Peng F, Yang Y, Bethel-Brown C, et al. (2010) Cooperative

induction of CXCL10 involves NADPH oxidase: Implications for HIV

dementia. Glia 58: 611–621.

74. Mishra M, Vetrivel S, Siddappa NB, Ranga U, Seth P (2008) Clade-specific

differences in neurotoxicity of human immunodeficiency virus-1 B and C Tat of

human neurons: significance of dicysteine C30C31 motif. Ann Neurol 63:

366–376.

75. Siddappa NB, Venkatramanan M, Venkatesh P, Janki MV, Jayasuryan N, et al.

(2006) Transactivation and signaling functions of Tat are not correlated:

biological and immunological characterization of HIV-1 subtype-C Tat protein.

Retrovirology 3: 53.

PDGF Protects against Tat & Morphine Co-Morbidity

PLoS ONE | www.plosone.org 15 March 2011 | Volume 6 | Issue 3 | e18116


