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Abstract
HIV-associated dementia, like several other neurodegenerative diseases, is characterized by selective
degeneration of neurons amidst survival of glial cells like, astroglia. The molecular basis of such
selective susceptibility within the same milieu remains largely unknown. Neurons are rarely infected
by the virus. However, they are vulnerable to viral products, like HIV-1 coat protein gp120.
Interestingly, gp120 induced oxidative stress in neurons, but not in astroglia. This led us to postulate
that astroglia were armed with a more efficient anti-oxidant system than neurons. Here, we report
that constitutive level of MnSOD (SOD2), the major cellular anti-oxidant enzyme, is significantly
higher in astroglia than in neurons. Furthermore, gp120 treatment enhanced MnSOD level in astroglia
but decreased the same in neurons. This increase in astroglial MnSOD was dependent on NF-κB, the
crucial transcription factor required for sod2 gene transcription. Blocking NF-κB with p65-antisense,
p65-si-RNA or a specific inhibitor, NBD peptide, led to reduced MnSOD level and enhanced
vulnerability of astroglia to gp120. Additionally, neurons were found to have a lower constitutive
level of NF-κB p65 than astrocytes. Over-expression of p65 increased the level of MnSOD in neurons.
This, in turn, elicited greater neuronal resistance to gp120. Taken together, our study suggests that
astroglia manifest higher threshold for gp120-induced lethality than neurons due to greater MnSOD
availability, which it is able to demonstrate due to greater level of NF-κB p65.

Keywords
Oxidative stress; MnSOD; NF-κB-p65; Neurons; Glia

Introduction
Reactive oxygen species (ROS) are highly unstable oxygen species with reactive unpaired
electrons. Cellular ROS, including superoxide radical anion (O2

•−), hydrogen peroxide
(H2O2), and hydroxyl radical (HO•), are generated during endogenous aerobic metabolism and
in response to exogenous toxic challenges [1]. When generated in excess of physiological
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limits, they pose serious threat to cellular homeostasis by oxidizing and damaging cellular
macromolecules. Such oxidative stress, manifested by oxidized protein and DNA, peroxidized
lipids and peroxynitrite generation, is well recognized as a major cause behind several forms
of neurodegeneration [1–4].

Among many other neurodegenerative diseases, HIV-associated dementia (HAD) is also
triggered and modulated by oxidative stress [5–7]. Still considered a major crisis in the highly
active anti-retroviral therapy (HAART) era [8,9], HAD includes a spectrum of clinical events
ranging from mild neurocognitive deficits (cognitive-motor disorders) to severe and
debilitating AIDS dementia complex [10]. These clinical manifestations result due to loss of
normal neuronal functionality during HAD when neurons undergo dendritic pruning, loss of
synapse, and cell death [9–11].

Interestingly, neurons themselves are rarely infected by the virus. Thus the theory of ‘indirect
killing’ has been forwarded by several groups [9,10] to explain neurodegeneration during
HAD. According to this theory, toxins generated by the virus and activated immune-profile in
the brain are held responsible for neuronal loss. Among several potential neurotoxic HIV-1
proteins, the structural protein gp120 is considered a major etiological reagent of HAD. The
viral gp120 is shed from infected cells in the HAD brain and causes cell death in various
neuronal populations, including midbrain dopaminergic neurons, hippocampal neurons,
cortical neurons, and cerebellar granule neurons in picomolar concentration range [12] even
in absence of glia [13].

One unique feature of HAD, like several neurodegenerative disorders, is selective demise of
neurons among all brain cells. While neurons die, astroglia, the other CNS cell type of
neuroectodermal origin, endure the neurotoxic microenvironment and undergo astrogliosis
[10,11]. Considering the central role of oxidative stress in HAD pathogenesis, it is interesting
to note that neurons, but not astroglia, experience elevated oxidative stress in response to
several HIV-1 proteins like, gp120 and Tat [11]. This disparity in endurance of brain cells to
oxidative stress within the same niche in brain suggests difference in adeptness of these cells
to eliminate ROS and prevent oxidative damage.

Cells prevent oxidative damage by utilizing several anti-oxidant systems present in them,
which negate oxidative adversity by eliminating ROS. They include anti-oxidant enzymes like,
superoxide dismutase (SOD), glutathione peroxidase and catalase. The SOD system, which
converts O2

•− to H2O2 and molecular oxygen, constitutes the primary line of anti-ROS defense
for cells. Currently, three different isoforms constitute this system [14]. Utilizing Cu or Zn as
their prosthetic group, SOD1 (Cu/Zn-SOD) is localized in cytosolic compartments while SOD3
(Ec-SOD) is found in extracellular spaces. On the contrary, SOD2 uses Mn at its active site
(MnSOD), and is strictly localized in the mitochondrion [14]. The critical relevance of MnSOD
as an anti-oxidant enzyme in CNS is revealed by studies in sod2 (−/−) and sod2 (−/+) animals.
Complete knockout of MnSOD results in perinatal lethality with CNS irregularities like
mitochondrial vacuolization and deposition of oxidized lipids [15], while sod2 (−/+) animals
were more susceptible to seizures and kainite-induced neurodegeneration than wild type
counterparts [16]. Additionally, strong induction of MnSOD in surviving neurons of
Huntington’s disease brain [17] suggests a role of this enzyme in evading neurodegeneration.
Not surprisingly therefore, overexpression of MnSOD can protect neurons from lethal
consequences of oxidative damage both in vitro and in vivo[18].

During HAD, significant mitochondrial stress is generated in neurons by HIV-derived
products, like Tat and gp120 [19]. Because, neurons, not astroglia, are subjected to oxidative
stress during HAD, and because overexpression of MnSOD can protect neurons from oxidative
damage [18], we hypothesized that neuron may have insufficient level of MnSOD in
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comparison to astroglia. This hypothesis was tested in the current project. We hereby report
that, in terms of MnSOD functionality and elimination of oxidative stress, neurons are less
furnished than astroglia on two fronts. Firstly, they posses lower constitutive level of MnSOD.
Secondly, they also have comparatively lower level of NF-κB p65, the key molecule required
for MnSOD upregulation in the face of ROS [20,21].

Materials and methods
Reagents

HIV-1 gp120 protein, expressed in insect CHO cells (strain: HIV-1 MN), was obtained from
US Biologicals. Anti-p65, anti-MAP-2, anti-GFAP, and anti-Actin were from SantaCruz
Biotechnology, anti-MnSOD was from Abcam, anti-NeuN was from Chemicon, and anti-
cleaved Caspase3 was from Cell Signaling. Vectors expressing wild type p65 was kindly
provided by Dr. Sankar Ghosh of Yale University. Wild type and mutated NBD peptides were
procured from Biomol. All si-RNAs were purchased from Ambion.

Isolation of rat cerebellar granule cells (CGC neurons)
Rat CGC neurons were prepared as described previously [22] with some modifications. In
brief, cerebella of 7-day-postnatal Sprague-Drawly rats were dissociated in Versene solution
(1:5000, Invitrogen) and were plated in Poly-D-Lysine (Sigma) coated plates or dishes for five
minutes after which, the non-adherent cell suspension was removed and used for preparing
glial cells. Adherent cells were maintained in MEM (Mediatech) supplemented with heat-
inactivated 10% fetal bovine serum (FBS, Atlas Biologicals), 25 mM KCl, 3gm/500 ml glucose
(Sigma), and 1% antibiotic-antimycotic solution (Sigma). Cytosine-D-arabinoside (10 μM
Ara-C, Sigma) was added to cultures 24 hrs after plating to block the proliferation of non-
neuronal cells. Neurons were routinely used during 9–12 days in vitro (DIV).

Isolation of human primary neurons
Human neurons were prepared from second trimester fetal brain (Human Embryology
Laboratory, University of Washington, Seattle; approved by institutional review board, IRB
number 224-01-FB) as described previously [7]. Both post-natal rat CGC and pre-natal human
neuronal cultures were found to be more than 98% immunopositive to the neuronal marker
microtubule-associated protein-2 (MAP-2).

Isolation of rat and human astrocytes
Rat astroglia was obtained from the non-adherent cell suspension after plating of neurons as
described earlier [23]. This fraction was then plated in poly-D-lysine coated flasks or dishes
and kept overnight. Human astroglia was isolated from non-adherent cell suspension as
described earlier [24].

Transfection
Primary neurons were transfected with Lipofectamine PLUS® (Invitrogen) and Nupherin-
neuron (Biomol) as per manufacturer’s protocol. Briefly, each well of 12-well plate was
transfected with 0.25 μg of DNA complexed with Neupherin peptide and Lipofectamine
PLUS®. Transfection efficiency for neurons was about 20 ± 2.89 % (Fig. 7a). Astrocytes were
transfected with si-RNA using the NeoFX-siPORT transfection reagent from Ambion.

Immunoblotting assays
Cells were lysed in RIPA buffer [1X PBS, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS with
freshly added 0.5% protease inhibitor cocktail (PIC, Sigma)] in ice. Protein content was
estimated by Protein assay dye reagent concentrate (Bio-Rad) using manufacturer’s protocol,
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and immunoblotting was performed as described previously [24]. Immuno-blots were probed
either by chemiluminescence (PerkinElmer) or by fluorescence detection in Odyssey infrared
imaging system (LI-COR Biosciences).

Immuno-fluorescence assays
Cells on coverslips were fixed with methanol at −20°C for 5 minutes and washed twice with
PBS. Paraffin embedded brain sections were obtained from aged rats after thorough perfusion
and subsequent tissue fixation by gradient dehydration. Cells or de-paffinized tissue sections
were blocked with 3% BSA-PBS for 1 hour at RT followed by incubation with primary
antibodies in 1% BSA-PBS for 3 hours in a thermal rocker at 37°C. Subsequently samples
were washed thrice with PBS-Tween solution, incubated with Cy2, Cy3, or Cy5 tagged
secondary antibodies (Jackson ImmunoResearch), mounted, and observed under a BioRad
MRC1024ES confocal laser-scanning microscope. Negative controls were obtained by treating
a set of samples similarly without incubating them with primary antibodies.

Fragment end labeling of DNA (TUNEL)
Fragmented DNA was detected in situ by the terminal deoxynucleotidyl transferase (TdT)-
mediated binding of 3′-OH ends of DNA fragments generated in response to apoptotic signals,
using a commercially available kit (TdT FragEL) from Calbiochem.

MTT assay
Mitochondrial activity (a measure of cellular viability) was measured with the 3-(4,5-
dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium (MTT) assay (Sigma) as per manufacturer’s
protocol as described previously [7].

Superoxide dismutase activity assay
Using the superoxide dismutase activity assay kit (Chemicon, CA), activity of MnSOD was
measured as per manufacturer’s protocol. Briefly, cell lysate was obtained by using
manufacturer’s recommended harvesting buffer. Total-SOD or MnSOD activity was estimated
with a Xanthine/Xanthine oxidase system. For estimation of MnSOD, activity of SOD1 was
inhibited by incubation of samples with 5mM KCN for 5 minutes in room temperature.

Native gel superoxide activity assay
Cells were sonicated to obtain protein extracts. Equivalent amount of protein extracts from
each cell type was separated on native 8% Tris-Hcl gel. After brief washing, the gels were
soaked in Riboflavin-Nitro Blue Tetrazolium (NBT) solution (0.1 mg/mL Riboflavin and 0.25
mg/mL NBT) for 15 minutes in complete darkness. After a brief wash, the gels were then
soaked in 0.1% TEMED solution for another 15 minutes in the dark. Gels were then washed
and exposed to illumination with shaking until sufficient contrast between clear areas and the
purple background was obtained. Gels were subsequently photographed.

Superoxide assay
Superoxide level was detected by LumiMax Superoxide Anion Detection kit (Stratagene)
following the manufacturer’s protocol as described previously [7]. Samples were treated with
recombinant SOD (2.5 U/mL) to obtain negative controls. Light emission was recorded at
regular intervals in a TD-20/20 Luminometer (Turner Designs).

Statistics
TUNEL and p65-positive brain cells were counted by three unrelated investigators from a
minimum of ten randomized observations from three independent trials for experiments in
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figures 5, 7 and 8. Student’s t-test and ANOVA statistics were performed using the software
SAS.

Results
HIV-1 gp120 is toxic to neurons but not to astroglia

HIV-1 envelope protein gp120 is one of the prime etiological reagents of HAD and has been
shown to induce injury and apoptosis in primary rodent and human neurons both in vitro and
in vivo [7,12,25]. Agreeably, in our experiments, gp120 induced degeneracy in rat CGC
neurons (more than 98% pure), but not astroglia, in a dose dependent fashion (Fig. 1a). As
revealed by the MTT assay, treatment with gp120 caused mitochondrial dysfunction and death
in about 30% neurons at 400pM concentration. This corroborates well with similar findings of
a previous study [13]. However, heat-denatured gp120 was unable to cause any neuronal death
(data not shown). Because 400pM gp120 showed significant neurotoxicity without altering
astroglial survival, we conducted most of our subsequent experiments with this dose.

Since gp120 has been previously reported to activate caspase cascades [26,27], we next tested
if gp120-induced mitochondrial dysfunction reflected on apoptotic onset in neurons. Consistent
with the MTT data, gp120 treatment in CGC neurons induced cleavage of Caspase-3, an
apoptotic hallmark, within 1 hour of gp120 treatment (Fig 1b). In contrast, astrocytes did not
undergo caspase cleavage after similar treatment (Fig 1b). Together, these results approve
selective sensitivity of neurons to gp120.

In light of the involvement of oxidative stress in HAD, we next investigated the ROS level in
neuron and astroglia. Since, gp120 induced caspase activation within an hour of treatment (Fig.
1b), we detected superoxide level after half of the hour. As seen in figure 1c, gp120 treatment
induced significantly greater amount of superoxide in CGC neurons in comparison to glia. This
induction was absent in similar samples treated with recombinant SOD (Fig 1c). This
discrepancy in superoxide level may serve to explain selective vulnerability of neurons to
gp120.

Differential constitutive level of MnSOD in neuron and astroglia
Discrepancy in gp120-induced superoxide level in these cells hints at differential activity of
superoxide dismutase system in these cells. Thus, we next comparatively assessed the
constitutive activity of MnSOD in unstimulated rat or human neurons and astroglia. The
Constitutive MnSOD activity in rat astroglia was 2.8 times than that in neurons (data not
shown). Similarly, we estimated MnSOD activity in human neurons and astroglia. As
represented in figure 2a, a significant difference in constitutive MnSOD activity was recorded
in these cells. MnSOD activity in human astrocytes was found to be 2.5 times more than human
neurons. To confirm further, we next assayed the MnSOD activity in gel in the presence of
5mM KCN (to confirm the presence of MnSOD). As seen in figure. 2b, extracts from rat
astrocytes showed greater superoxide scavenging ability than equivalent amount of rat neuronal
extracts. Next, we checked the constitutive protein level of MnSOD in unstimulated human
neurons and glia. In accordance with its differential constitutive activity in these cells, MnSOD
protein was found to be more abundant in astroglia than neurons (Fig. 2c). Because these are
mononuclear cells with equivalent chromatin mass per cell, we verified the loading equivalence
of our immunoblots by stripping and re-probing the membrane with anti-histone3 antibody
(Fig. 2c).

Differential effect of gp120 treatment on neuronal and astroglial MnSOD
Considering the contrasting level of MnSOD in neurons and astroglia, we next examined the
effect of gp120 on MnSOD activity and level. When treated with gp120, MnSOD activity
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decreased dose dependently in CGC neurons (Fig. 3a). To substantiate further, we tested level
of MnSOD protein by immunostaining in neurons after gp120 treatment. As seen in Figure 3b,
gp120-treated neurons were less immunoreactive to anti-MnSOD antibody in comparison to
untreated neurons suggesting a gp120-responsive loss of MnSOD in neurons. In contrast,
gp120 increased MnSOD activity in astroglia (Fig. 3c). Additionally, gp120 treatment resulted
in modest increase of MnSOD protein level in astrocytes (Fig. 3d). Taken together, such
opposite effect of gp120 on MnSOD activity and level in these cells suggest that signal-
dependent loss of MnSOD in neurons may compromise their resistance against superoxide.
On the other hand, upregulation of MnSOD in astroglia may serve to eliminate superoxide and
its deleterious consequences in these cells.

Expression of astroglial MnSOD is critical for astroglial resistance
To corroborate the importance of upregulated MnSOD in astroglial resistance to gp120, we
next knocked down MnSOD by using siRNA against SOD2 (si-SOD2). As seen in figure 4a,
we obtained a significant reduction in MnSOD level after using si-SOD2 at 100nM
concentration. This concentration was used for all subsequent studies. Next, we assayed the
survival efficiency of MnSOD knocked-down astrocytes. Astrocytes transfected with either
si-C (non-targeted control siRNA) or si-SOD2 were treated with gp120 for 24 hours.
Subsequent MTT analysis demonstrated a significant reduction in survival efficiency of
astrocytes treated with si-SOD2, but not si-C (Fig. 4b). This suggests that MnSOD is an integral
part of astroglial defense against gp120.

HIV gp120-mediated upregulation of astroglial MnSOD is dependent on NF-κB
Although the signaling events for the induction of MnSOD are not completely established so
far, different stimuli induce the expression of MnSOD via NF-κB activation. The presence of
a consensus sequence in the promoter region of MnSOD for the binding of NF-κB and the
inhibition of MnSOD expression with the inhibition of NF-κB activation in various cell types
including brain cells establish an essential role of NF-κB activation in the induction of MnSOD.
HIV-1 gp120 is also known to activate NF-κB [28,29]. Therefore, we next verified if NF-κB
is required for gp120-induced upregulation of MnSOD in primary astroglia. In order to do so,
we pre-treated astroglia with various doses of NEMO-binding domain (NBD) peptides, a
specific inhibitor of NF-κB [30]. These cells were then treated with gp120 and MnSOD level
was assessed by immunoblotting. As seen in figure 4c, the gp120-induced compensatory
expression of MnSOD was lost dramatically in a dose-dependent fashion when cells were pre-
treated with wild type, but not the mutated NBD peptide.

Profiling constitutive level of NF-κB p65 in neurons and glia
Because NF-κB was found to be critical for astroglial increase in MnSOD and because neurons
were vulnerable to gp120, a possibility remained that level of NF-κB p65 was not adequate in
neurons. To test this hypothesis, we compared the constitutive level of p65 in unstimulated rat
CGC neurons and astroglia. Equivalent lysate of each cell type was immuno-probed with a
polyclonal anti-p65 antibody. Interestingly, constitutive expression of p65 was significantly
greater in astrocytes than neurons (Fig. 5a). Next we examined the constitutive level of p65 in
human primary astroglia and neurons. Immunoblots were probed with the same polyclonal
(data not shown) or a monoclonal anti-p65 antibody (Fig. 5b). It is clearly evident from figure
5b that the level of p65 was more in human astroglia than neurons. Histone-3 level was used
as loading control in these cases.

Apparently, figure 5a and 5b may suggest that p65 is absent in neurons. However, that is not
true. NF-κB p65 in neurons is in comparatively lower quantity than astrocytes, but not absent.
We could detect p65 in rat neuronal lysate, when 80 μg or more protein was loaded (Fig. 5c).
To support the immunoblot data further, comparative analysis was done by
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immunofluorescence studies. Unstimulated cultures of rat neurons and astroglia were immuno-
stained for p65 and either MAP-2 or GFAP, the cell type markers for neurons and astroglia
respectively. Under identical settings of the microscope, GFAP positive cells showed greater
overlap with p65 signals in comparison MAP-2 positive cells (Fig. 5d). This trend, in
compliance with immunoblot data, strongly suggests the presence of a higher level of NF-κB
p65 in astroglia than in neurons in vitro.

Many times, in vitro observations do not truly reflect situations in vivo. Therefore, we
investigated constitutive level of p65 in adult rat brain in vivo. Brain was obtained from normal
old rats of post-reproductive age and constitutive level of p65 was assessed in tissue sections
by double-labeled immunofluorescence. Astroglia were labeled with GFAP and neurons were
labeled with NeuN, which selectively stains neuronal perikarya and nuclei and is often used
to detect neurons in brain sections [31]. In our study, the differential expression pattern of p65
was distinctly observed in adult brain cells, where astroglia were more p65 positive than
neurons (Fig. 5e). Quantification of p65 positive cells by three unrelated investigators (by
counting color defined cells from several micrographs) revealed a significant difference in
immuno-reactivity of neuronal and astroglial population for p65 (Fig. 5f). Together, this
validates the difference in constitutive level of p65 also as an in vivo phenomenon.

Astrocytes are resistant to gp120 due to adequate level of NF-κB
Astroglia, when treated with NF-κB inhibitor NBD peptide, showed dramatic loss of MnSOD
(Fig. 4c). In order to correlate this MnSOD depletion with mitochondrial activity and survival
efficiency in these cells, we performed MTT assay. As revealed by the MTT assay in figure
6a, astroglia pretreated with wild type, but not the mutated NBD peptide, failed to resist gp120
challenge. This indicates an important role of gp120-induced MnSOD in mediating the
astroglial resistance to the viral protein.

Correlating contradistinctive level of p65 in neurons and astroglia and the differential gp120-
responsive survival rate of these cells, we next hypothesized that greater presence of p65
renders astroglia with additional survival advantage. In order to further explore this possibility,
we knocked down p65 level in astroglia by using p65 antisense oligonucleotides [32].
Phosphorothioate-labeled antisense oligonucleotides (ASO: 5′-GGG GAA CAG TTC GTC
CAT GGC-3′) and sense oligonucleotides (SO: 5′-GCC ATG GAC GAA CTG TTC CCC-3′),
obtained from Invitrogen, were used to treat astroglia for 48 hours. It is evident from figure 6b
that p65-ASO, but not p65-SO, reduced the constitutive expression of p65 protein. Utilizing
this antisense, we next tested the survival efficiency of p65 knocked-down astroglia. After 48
hours of treatment with either p65-ASO or p65-SO, astrocytes were challenged with gp120 for
24 hours followed by MTT assay. Although gp120 was unable to kill untreated or p65-SO-
treated astroglia, it induced significant mitochondrial dysfunction and cell death in p65-ASO-
treated astroglia (Fig. 6c). To confirm further, we knocked-down p65 level by using specific
siRNA against p65 (si-p65). After 48 hours of transfection, si-p65, but not si-C, reduced the
level of p65 in astrocytes (Fig. 6d). When these cells were assessed for survival efficiency in
response to gp120 challenge, si-p65-transfected cells exhibited greater vulnerability to the
toxin than si-C-transfected cells (Fig 6e). Taken together, these observations indicate that
astroglia are able to resist gp120 due to adequate level of NF-κB p65.

Over-expression of p65 in neurons elevates MnSOD, and renders them greater survival
efficiency

Considering that lower MnSOD level in neurons (Fig. 2) is coupled with lower level of p65 in
comparison to astroglia (Fig. 5), we next asked if neurons could generate greater level of
MnSOD if provided with additional p65. To test this hypothesis, p65 was over-expressed in
rat CGC neurons by transfecting them with wild type p65 expression plasmid utilizing the
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peptide formulation Nupherin-neuron. It has been shown that Nupherin-neuron serves as an
enhancer of plasmid transfer and their expression in lipofected post-mitotic neurons by
catalyzing the rate-limiting step of nuclear import in these cells [33]. Post-transfection, about
20% cells were detected to be p65 positive (Fig 7a). Next, MnSOD activity was assessed in
these neurons. As seen in figure 7b, neurons transfected with the empty vector exhibited similar
loss of MnSOD activity in response to gp120 treatment (Fig. 3a). However, p65-transfected
neurons showed significant restoration of MnSOD activity (Fig. 7b). Along same lines, p65-
transfected neurons showed higher MnSOD level than vector-transfected neurons (lane-1 and
lane-3 in Fig. 7c). When challenged with gp120, p65-transfected neurons did not undergo
MnSOD loss like vector-transfected neurons (lane-2 and lane-4 in Fig. 7c). To further verify
the immunoblot findings, we performed immunofluorescence studies with vector- and p65-
transfected neurons. A prominent increase in MnSOD immuno-reactivity was observed in cells
showing detectable p65 expression (Pair of bottom panels in Fig. 7d). Also, gp120 challenge
induced the loss of MnSOD in vector-transfected neurons, but not in p65-transfected neurons
(MnSOD panel, Fig. 7d). Taken together, these observations suggest that overexpression of
p65 suffices to enhance MnSOD level and activity in neurons and prevents the loss of this anti-
oxidant enzyme in response to gp120.

Considering the compromised astroglial resistance to gp120 in the absence of optimum p65
level (Fig. 6b) and the coupling of neuronal vulnerability to lower constitutive level of p65,
our next question was as follows: Would overexpression of p65 protect neurons from gp120
toxicity? Vector- and p65-transfected neurons were challenged with gp120 and the onset of
apoptosis was assessed by TUNEL. Neurons with positive immuno-staining for p65 (over-
expressed) were never found to overlap with TUNEL-positive apoptotic neurons (Fig. 8a).
Also, as revealed in figure 8a, gp120-responsive survival efficiency improved in p65-
transfected neurons in comparison to vector-transfected ones. A quantitative estimation of this
increased survival efficiency was done by counting TUNEL positive cells from random
microscope-fields. As revealed in figure 8b, over-expression of p65 significantly decreased
gp120-mediated formation of TUNEL bodies in neurons compared to vector-transfected cells
with their respective controls. This was further corroborated with MTT assessment of similar
treatments (Fig. 8c), where we found significant increase in mitochondrial activity and survival
of p65-expressing neurons in comparison to vector-transfected counterparts in response to
gp120 insult.

Taken together, this set of observation reveals the level of p65 in neurons as a critical factor
in shaping their response to gp120. Adequate p65 results in adequate expression of MnSOD,
which in turn renders greater survival fitness to neurons.

Discussion
Other than being an important ROS itself, superoxide radical anion is also the precursor to
production exceeds the rate at which endogenous superoxide several other harmful ROS. If
O2

•− dismutases can scavenge them, or if there is not enough endogenous dismutase
scavengers, then excess O2

•− may either reduce transition metals, which in turn can react with
H2O2 to generate the lethal OH•, or react with NO• to generate deleterious peroxynitrite [34].
In turn, cellular proteins, lipid and nucleic acids may be oxidized leading to deterioration of
cellular architecture dismutation holds significant importance for a cell trying to defend itself
and death. Thus, O2

•− against any oxidative stress-inducing toxin. In order to survive, the
dismutase machinery of a cell production rate. Therefore, only those cells can survive oxidative
insults has to outrun the O2

•− which possess most effective anti-oxidant capacity. This cascade
of logic, when applied to neurodegenerative situations, immediately suggest more efficient
anti-oxidant abilities of astroglia in comparison to neurons, as most forms of neurodegeneration
are manifested by selective death of neurons, not astroglia.
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In brain cells, the main source of O2
•− production is the electron transport chains in

mitochondria [3]. Also, mitochondrial dysfunction has been intimately linked with
neurodegeneration [35]. Thus, in order to verify our hypothesis, we focused on the
mitochondrial form of SOD, MnSOD. Our studies reveal a significant difference in steady-
state MnSOD activity and protein level in neurons and astroglia. Thus, to begin with, we found
the neuronal dismutase machinery to be quantitatively and functionally less efficient than that
of astroglia.

The situation worsenes when cells face gp120 challenge. Quite surprisingly, neurons undergo
loss of MnSOD, which is known to be a ROS target and is nitrated in response to
neurodegenerative stimuli [36]. Since, oxidized and nitrated proteins are tagged for
proteosomal degradation [3], neuronal MnSOD may very well undergo the same fate.
Subsequently, in the absence of optimum p65 level, any compensatory replenishment of
MnSOD does not occur in neurons resulting in the visible loss of the enzyme.

On the other hand, astrocytes demonstrate an enhancement in MnSOD activity and level in
response to gp120 treatment. This observation may serve to explain greater resistance of
astroglia to gp120. Since this increase in MnSOD was signal-dependent, we were prompted to
investigate the involvement of NF-κB in the process. NF-κB has been previously shown to
induce MnSOD in astroglia in response to a different inducer [20] and is also considered
indispensable for the purpose [37]. Both, murine and human sod2 houses critical κB-sites in
their 5′-proximal promoter region and in TNF-responsive element in second intron [38]. We
wondered if gp120 also utilized NF-κB in primary astrocytes. Indeed, as indicated by our NBD
peptide data, NF-κB activity was required for MnSOD upregulation in astrocytes.

Considering that astrocytes could upregulate MnSOD protein level utilizing NF-κB, the next
question was as follows: Why could the neurons not do so? To answer this question, we
compared the protein level of NF-κB p65 in these cells. Quite interestingly, as revealed by our
data, steady-state p65 level in neurons was significantly less in comparison to astroglia. Such
limited availability of p65 may serve to explain failure of gp120-treated neurons to induce
MnSOD. Also, it serves as a basis for overall low constitutive level of MnSOD in neurons as
over-expression of p65 led to greater level of MnSOD in neurons. Interestingly, this excess
MnSOD in p65-transfected neurons appeared more stable in terms of quantity and activity in
the face of gp120 challenge. Since enhanced level of MnSOD has been shown to confer greater
survival efficiency to neurons [18,20], it was hardly surprising to observe p65-transfected
neurons manifest improved survival efficiency than vector-transfected ones. Also, specific
blockage of NF-κB by NBD peptide negated MnSOD compensation in astrocytes, thereby
rendering them vulnerable to gp120 like neurons. Taken together, these observations reveal an
important role of NF-κB p65 level in maintaining the level of MnSOD in neurons and astroglia,
which in turn dictates their survival competence to gp120.

At this point, our observations stand in apparent contradiction with recent reports suggesting
that p65 is deleterious for neurons and upregulation of MnSOD is contingent on c-Rel, the
other NF-κB subunit [39,40]. With gp120, over-expression of p65 has led to neuronal
protection in our study, while anti-sense knock down of p65 led to amelioration of glutamate-
induced cell death in the previous study [40]. Since NF-κB has been previously shown to play
either a pro- or an anti-apoptotic role in neurons depending solely on the stimulus [41], this
difference could result from different inducers used in these two studies. Also, functional
redundancy and compensation among various five subunits of the NF-κB family is well
recognized [42]. Thus increase of MnSOD level in p65-transfected neurons is possible as is
regulation of MnSOD by c-Rel in response to mGlu5 receptor agonist [39].
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In summary, we have demonstrated that higher constitutive level of MnSOD in astroglia arm
them with greater survival advantage in comparison to neurons during gp120 toxicity. Such
difference in MnSOD level may be attributed, at least in part, to greater level of NF-κB p65 in
astrocytes, which also allows them to generate more of the anti-oxidant enzyme when
challenged with gp120. Neurons on the other hand, with lower level of p65, lack adequate
constitutive MnSOD level and also fail to compensate it when treated with gp120.
Cumulatively, they succumb to lethal effects of gp120 (Fig. 9). These revelations proffer the
therapeutic possibility of strengthening neuronal anti-oxidant machinery by exogenously
enhancing neuronal p65 level in HIV infected patients.
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Figure 1. Differential effect of gp120 on rat neuron and glia
(a) Rat Neurons and glia of same DIV were treated with indicated amount of gp120 for 24
hours. Subsequently, cell vitality was assessed by MTT assay. Data was tested with t-test
statistics and is expressed as mean ± SD of three separate experiments. (b) Western blots of
whole cell lysate obtained from rat neurons and glia treated with 400pM gp120 for indicated
time. Blots were probed for presence of cleaved Caspase-3 and Actin. (c) Primary rat neurons
(PRN) and astroglia (PRA) of same DIV were treated with indicated amount of gp120 for 30
minutes. Then superoxide release in cellular media was assayed either in presence or absence
of recombinant SOD. Data was tested with t-test statistics and is expressed as mean ± SD of
three separate experiments.
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Figure 2. Differential MnSOD activity and level in human neuron and glia
(a) Cell lysate was obtained from untreated primary human neurons (PHN) and astroglia (PHA)
of same DIV and MnSOD activity was assayed after 5mM KCN treatment. Data was tested
with t-test statistics and is expressed as mean ± SD of three separate experiments. (b) Equal
amount of rat neuronal (PRN) and astroglial (PRA) lysate were separated by gel electrophoresis
and MnSOD activity in the gel was detected in presence of 5mM KCN, a concentration which
completely blocks CuZnSOD activity (c) Whole cell lysate was obtained from untreated human
neurons (PHN) and astrocytes (PHA) of same DIV and indicated protein quantity was separated
by electrophoresis and immuno-blotted for MnSOD. The same blot was stripped and re-probed
for Histone3.
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Figure 3. Differential effect of HIV-1 gp120 on rat neuron and glia
(a) Rat neurons were treated with indicated dose of gp120 for 18 hours. Lysate from these cells
was used to estimate MnSOD activity after 5 mM KCN treatment. (b) Rat neurons, treated as
in (a), were immuno-stained for MnSOD expression level and observed under confocal
microscope (60X). (c) Rat astrocytes were treated with indicated dose of gp120 for 18 hours.
Lysate from these cells was used to estimate MnSOD activity after 5 mM KCN treatment.
(d) Rat neurons, treated as in (c), were immuno-stained for MnSOD expression level and
observed under confocal microscope (40X). Confocal settings for (b) and (d) were different.
Quantitative data in (a) and (b) was tested with t-test statistics and is expressed as mean ± SD
of three separate experiments.
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Figure 4. Astroglial MnSOD upregulation by gp120 is dependent on NF-κB
(a) Astrocytes were transfected with indicated doses of si-C or si-SOD2 and whole cell lysate
was obtained after 48 hours. Then, samples were separated by electrophoresis and immuno-
blotted for MnSOD to test efficiency of the si-SOD2. The blot was re-probed for Actin. (b)
Cells were transfected with 100nM si-C or si-SOD2 for 48 hours and then were treated with
400 pM gp120 for another 24 hours. MTT assay was subsequently conducted. Data was tested
with t-test statistics and is expressed as mean ± SD of three separate experiments. (c) Rat
astrocytes were pretreated with indicated dose of either wild type NBD peptide (wNBD) or
mutated NBD peptide (mNBD) for 2 hours prior to gp120 treatment for another 18 hours. Both
treatments were in serum free media. Lysate was obtained from these cells and was separated

Saha and Pahan Page 16

Free Radic Biol Med. Author manuscript; available in PMC 2008 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



by electrophoresis and immuno-blotted for MnSOD. The same blot was stripped and re-probed
for Actin.
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Figure 5. Differential level of NF-κB p65 in neuron and glia
(a) Whole cell lysate was obtained from unstimulated primary rat neuron (PRN) and astroglia
(PRA) of same DIV. Indicated protein quantity was separated by electrophoresis and immuno-
blotted for p65 with a polyclonal antibody (sc-372). Same blots were stripped and re-probed
for Histone3. (b) Same as (a), except lysate was obtained from human neuron (PHN) and
astroglia (PHA) and immuno-blot was probed with a monoclonal antibody against p65
(sc-8008). (c) Higher quantity of protein load from similar lysate as in (a) was separated by
electrophoresis and immuno-blotted for p65 with the polyclonal antibody (sc-372). (d) Isolated
rat neurons (PRN) and astroglia (PRA) were immuno-stained for p65 in addition to MAP-2
and GFAP respectively. Markers were detected in Cy2 (green) channel while NF-κB proteins
were detected in Cy5 (red) channel. Setting of the confocal microscope was strictly kept
unaltered during whole study. Figures presented are observations at 40X and represent several
similar observations. (e) Deparaffinized sections of rat cerebral cortex were probed with NeuN
(Cy3 in blue), GFAP (Cy2 in green), and p65 (Cy5 in red). Settings for confocal microscopy
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were strictly kept unaltered for detection of p65 signal for comparative evaluation (60X).
Presence of purple and yellow in the overlay respectively denotes overlapping of NeuN and
GFAP with p65 in respective panels. (f) Data representative of strong co-reactivity of neurons
(purple) and astrocytes (yellow) with p65 as per observation of at least ten randomized
microscopic fields by three unrelated investigators. Data was tested with t-test statistics.
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Figure 6. NF-κB p65 level is critical for astroglial resistance to gp120
(a) Rat astrocytes were pretreated with indicated dose of either wild type NBD peptide (wNBD)
or mutated NBD peptide (mNBD) for 2 hours prior to gp120 treatment for another 24 hours.
Both treatments were in serum free media. MTT assay was subsequently conducted. Data was
tested with t-test statistics and is expressed as mean ± SD of three separate experiments. (b)
Rat astrocytes were treated with either p65-antisense oligonucleotides or p65-sense
oligonucleotides for 48 hours in complete media. Then, lysate was obtained from these cells
and was separated by electrophoresis and immuno-blotted for p65 to test efficiency of the
antisense oligonucleotide. The same blot was stripped and re-probed for Actin. (c) Rat
astrocytes, pre-treated as in (b), were subjected to further treatment with gp120 for 24 hours
in serum free media. MTT assay was subsequently conducted. Data was tested with t-test
statistics and is expressed as mean ± SD of three separate experiments. (d) Astrocytes were
transfected with 100nM si-C or si-p65 and whole cell lysate was obtained after 48 hours. Then,
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samples were separated by electrophoresis and immuno-blotted for MnSOD to test efficiency
of si-p65. The blot was re-probed for Actin. (b) Cells were transfected with 100nM si-C or si-
SOD2 for 48 hours and then were treated with 400 pM gp120 for 24 hours. MTT assay was
subsequently conducted. Data was tested with t-test statistics and is expressed as mean ± SD
of three separate experiments.
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Figure 7. NF-κB p65 overexpression upregulates MnSOD in rat neurons
(a) Rat neurons were either transfected with p65 expression vector or with empty vector and
transfection efficiency was assessed by immuno-staining cells for p65. Neurons with
significantly higher p65 immuno-reactivity than empty vector transfected neurons were
considered transfected and were counted by three unrelated investigators from sets of 10
micrographs. Data was tested with t-test statistics. (b) Rat neurons transfected as in (a) were
treated with gp120 for 18 hours. Lysate from these cells was used to estimate MnSOD activity
after 5M KCN treatment. Data was tested with ANOVA statistics. (c) Lysate of rat neurons
similarly transfected and treated as in (b) was separated by electrophoresis and immuno-blotted
for MnSOD. Same blots were stripped and reprobed for Actin. (d) Rat neurons, similarly
transfected and treated as in (b), were immuno-stained for MnSOD (Cy2) and p65 (Cy5).
Settings for confocal microscopy were strictly kept unaltered for detection of both signals for
comparative evaluation (60X). Also, detection of p65 (in Cy5 channel) was performed at
microscopy settings similar to that of Fig 5d.
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Figure 8. NF-κB p65 overexpression protects rat neurons from gp120 toxicity
(a) Rat neurons were either transfected with p65 expression vector or empty vector and were
then treated with 400pM gp120 for 24 hours. Subsequently, cells were fixed, were TUNEL
labeled for fragmented DNA, and were immuno-stained with anti-p65 antibody. Cells were
observed under confocal microscope for TUNEL signal (green fluorescence) and p65 immuno-
staining (Cy5). Upper panel of the represented figure are observations at 40X, while those in
lower panel are at 60X. (b) TUNEL positive cells were counted from sets of 10 micrographs
from three different trials by three unrelated investigators to obtain the represented data which
was tested with ANOVA statistics. (c) Neurons transfected and treated as in (a) were used to
perform MTT assay. Data was tested by ANOVA statistics.
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Figure 9. Overview
HIV-1 gp120 generates superoxide in both astroglia and neurons. However, only neurons are
vulnerable to gp120. Due to an optimum constitutive level of MnSOD, astroglia can eliminate
the oxidative threat and survive. Neurons fail to do so due to sub-optimum level of MnSOD
in them. Also, gp120 treatment upregulates MnSOD expression in astroglia but leads to a loss
of MnSOD in neurons. In astrocytes, higher constitutive MnSOD level and its upregulation in
response to gp120 is possible due to a higher level of NF-κB p65 in them. Neurons are
vulnerable to gp120 as they have a lower level of NF-κB p65 in them and as a consequence,
lack adequate level of MnSOD to eliminate superoxide stress generated by the viral toxin.
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