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Abstract

Caspases are implicated in neuronal death in neurodegenerative and other Central Nervous System 

(CNS) diseases. In a rat model of HIV-1 associated neurocognitive disorders (HAND), we 

previously characterized HIV-1 envelope gp120-induced neuronal apoptosis by TUNEL assay. In 

this model, neuronal apoptosis occurred probably via gp120-induced reactive oxygen species 

(ROS). Antioxidant gene delivery blunted gp120-related apoptosis. Here, we studied the effect of 

gp120 on different caspases (3, 6, 8, 9) expression. Caspases production increased in the rat 

caudate-putamen (CP) 6h after gp120 injection into the same structure. The expression of caspases 

peaked by 24h. Caspases colocalized mainly with neurons. Prior gene delivery of the antioxidant 

enzymes Cu/Zn superoxide dismutase (SOD1) or glutathione peroxidase (GPx1) into the CP 

before injecting gp120 there reduced levels of gp120-induced caspases, recapitulating the effect of 

antioxidant enzymes on gp120-induced apoptosis observed by TUNEL. Thus, HIV-1 gp120 

increased caspases expression in the CP. Prior antioxidant enzyme treatment mitigated production 

of these caspases, probably by reducing ROS levels.
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1. Introduction

The caspases family of proteases is conserved from nematodes through mammals. They are 

central to apoptotic death and are expressed as inactive zymogens that become cleaved 

during apoptosis (Ribe et al., 2008). Initiator caspases autoactivate and self-process upon 
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recruitment to adaptor proteins. Then, they proceed to cleave and thereby activate the 

executioner/effector caspases. Activated executioner/effector caspases proceed to process 

key structural and nuclear proteins and thereby cause the disassembly and death of the cell 

(Madden and Cotter, 2008). Two major caspases pathways have been described: the intrinsic 

pathway is initiated by cytochrome c release from the mitochondrion while the extrinsic 

pathway is initiated by the binding of ligands to plasma-membrane death receptors (Sims 

and Muyderman, 2010).

Intrinsic apoptosis pathway is required for fetal and postnatal brain development, but is 

downregulated through the suppression of the expression of one of its key mediator, 

caspase-3 (Madden and Cotter, 2008). During stroke and neurodegenerative diseases, some 

caspases are upregulated in the brain (Ribe et al., 2008). Cerebral ischemia triggers both the 

intrinsic and extrinsic pathways of apoptosis (Broughton et al., 2009; Sims and Muyderman, 

2010). Mounting evidence suggests the involvement of caspases in the disease process 

associated with neurodegenerative diseases such as Alzheimer's disease (AD) (Rohn, 2010) 

and amyotrophic lateral sclerosis (ALS) (Madden and Cotter, 2008). Caspase activation has 

also been documented in the brains of patients with HIV-1 associated dementia (Petito and 

Roberts, 1995; Kaul et al., 2001).

Under physiologic conditions, reactive oxygen species (ROS), which include superoxide 

(O2
−), hydrogen peroxide (H2O2) and hydroxyl radical (OH-), are generated at low levels 

and play important roles in signaling and metabolic pathways (Broughton et al., 2009). ROS 

levels are controlled by endogenous antioxidant such as superoxide dismutases (SOD), 

glutathione peroxidase (GPx1), glutathione and catalase. Increased levels of ROS are a 

major cause of tissue injury after cerebral ischemia, in neurodegenerative diseases, as well 

as in HIV-1 associated neurocognitive disorders (HAND) (Mattson et al., 2005; Antinori et 

al., 2007; Broughton et al., 2009). Interaction of ROS with other tissue components 

produces a variety of other radicals: following activation of inducible nitric oxide synthase 

(iNOS), nitric oxide (NO) can bind superoxide anion to form the highly reactive 

peroxynitrite (Bonfoco et al., 1995). The latter may attack lipids, proteins and DNA, to 

enhance oxidant-related injury. Mitochondria are the primary source of ROS involved in 

many brain tissue injuries (i.e., hypoxia, excitotoxicity). Once generated, mitochondrial 

ROS influence the release of cytochrome c and other apoptotic proteins from the 

mitochondria into the neuronal cytosol, which leads to apoptosis (Broughton et al., 2009). 

For example, once released into the cytosol, cytochrome c forms a complex referred to as an 

apoptosome with procaspase-9, apoptotic protease activating factor 1 (APAF-1) and dATP. 

The formation of the apoptosome activates caspase-9 which then cleaves other procaspases. 

The activation of caspase-3 by this process, among other effectors, has multiple effects 

including proteolysis of an inhibitor of the caspase-activated DNase (Sims and Muyderman, 

2010). Thus, a link between oxidative stress and activation of some caspases seems highly 

probable.

We previously reported that injection of HIV-1 envelope gp120 into the caudate-putamen 

(CP) induces neuronal apoptosis, as well as oxidative stress (Agrawal et al. 2006; Louboutin 

et al., 2007a). We examined here the expression of different caspases, both initiators and 

effectors, following intra-CP gp120 injection. Finally, we tested if prior gene delivery of the 
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antioxidant enzymes Cu/Zn superoxide dismutase (SOD1) or glutathione peroxidase (GPx1) 

into the CP before injecting gp120 reduces caspases expression.

2. Experimental Procedures

2.1 Animals

Female Sprague-Dawley rats (300-350g) were purchased from Charles River Laboratories 

(Wilmington, MA). Protocols for injecting and euthanizing animals were approved by the 

Thomas Jefferson University Institutional Animal Care and Use Committee (IACUC), and 

are consistent with Association for Assessment and Accreditation of Laboratory Animal 

Care (AAALAC) standards. Experiments were done in female rats at similar points of their 

estrous cycle determined by vaginal smears. Animals were preferably injected during the 

diestrus stage of the estrous cycle. Oestrogens are typically low during this stage. In any 

case, animals were not injected during the estrus stage of the cycle when oestrogens levels 

are elevated. The diet that the animals received was a standard commercial, regular 

powdered rodent diet without any component that might cause oxidative stress (e.q., such as 

high fat diet, or high manganese) and was not folate/methyl or iron deficient. Animals had 

free access to water and diet. Numbers of animals used in experiments are indicated in the 

“Experimental Design” section.

2.2 Antibodies

Diverse primary antibodies were used: rabbit anti-caspase-3 (IgG; 1: 100), goat anti-

caspase-6 (IgG; 1: 100), rabbit anti-caspase-8 (IgG; 1: 100), mouse anti-caspase-9 (IgG2a; 

1: 100) (Santa Cruz, Santa Cruz, CA), rabbit anti-ionized calcium binding adaptor molecule 

1 (Iba1) (IgG; 1:100), a marker of quiescent and active microglia (Waco Chemicals, Osaka, 

Japan), mouse anti-glial fibrillary acidic protein (GFAP) (IgG2b; 1: 100) (BD Pharmingen 

Franklin Lakes, NJ), mouse anti-NeuN (IgG1; 1: 100) (Chemicon International, Temecula, 

CA). Secondary antibodies were used at 1:100 dilution: Fluorescein IsoThioCyanate (FITC) 

and Tetramethyl Rhodamine IsoThioCyanate (TRITC)-conjugated goat anti-mouse IgG ( -

chain specific and against whole molecule respectively), TRITC-conjugated goat anti-rabbit 

IgG (whole molecule), FITC-conjugated sheep anti-rabbit IgG (whole molecule), FITC-

conjugated rabbit anti-goat IgG (whole molecule), Cy3-conjugated rabbit anti-goat IgG 

(whole molecule) (Sigma, Saint-Louis, MO), FITC and TRITC-conjugated donkey anti-

mouse IgG (whole molecule), Cy3-conjugated donkey anti-rabbit IgG (whole molecule) and 

anti-goat IgG (whole molecule) (Jackson ImmunoResearch Laboratories, Inc, WestGrove, 

PA).

2.3 Vector production

The general principles for making recombinant, Tag-deleted, replication-defective SV40 

viral vectors have been previously reported (Strayer, 1999; McKee and Strayer, 2002). 

Cu/Zn superoxide dismutase (SOD1) or glutathione peroxidase (GPx1) transgenes were 

subcloned into pT7[RSVLTR], in which transgene expression is driven by the Rous 

Sarcoma Virus long terminal repeat (RSV-LTR). The cloned rSV40 genome was excised 

from its carrier plasmid, gel-purified and recircularized, then transfected into COS-7 cells. 

These cells supply large T-antigen (Tag) and SV40 capsid proteins in trans, which are 
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needed to produce recombinant replication-defective SV40 viral vectors (Strayer et al., 

1997). Crude virus stocks were prepared as cell lysates, then band-purified by discontinuous 

sucrose density gradient ultracentrifugation and titered by quantitative (Q)-PCR (Strayer et 

al., 2001). SV(human bilirubin-uridine 5′-diphosphate-glucuronosyl-transferase) (BUGT), 

which was used here as negative control vector, with a non-toxic byproduct, has been 

reported (Sauter et al., 2000).

2.4 Experimental design

2.4.1 Gp120 injection—In order to study gp120-induced abnormalities, 1 l saline 

containing 100 ng, 250 ng, or 500 ng gp120 was injected stereotaxically into the caudate-

putamen (CP) of rats whose brains were harvested at 6, 24 and 48 hours after the injection 

with 5 rats at each time point; total: n = 45 rats). Controls (n = 4 at each time point; total: 12) 

received saline instead of gp120 in the CP. In order to test the specificity of the effects of 

gp120, 1 l saline containing 500 ng rat IgG (Sigma) was injected into the CP as a control 

unrelated protein (n = 4 at each time point; total: 12). The contralateral side of the 

unilaterally injected brains was also used as control. Recombinant HIV-1 BaL gp120 was 

obtained through the NIH AIDS Research & Reference Reagent Program, Division of 

AIDS, NIAID, NIH, Germantown, MD.

2.4.2 Challenge with gp120 after administration of SV(GPx1)/SV(SOD1—To 

study possible protection by rSV40-mediated overexpression of SOD1 and GPx1 from 

gp120-related injury, we first injected the CP of rats with SV(SOD1) (n = 5) and SV(GPx1) 

(n = 5). One month later, the CP in which SV(SOD1) or SV(GPx1) has been administered 

was injected with 500 ng gp120. Brains were harvested one day after injection of gp120 into 

the CP. They were studied for caspases immunoreactivity and TUNEL. In all cases, controls 

received SV(BUGT) in the CP instead of SV(SOD1) and SV(GPx1) (n = 5).

2.5 In vivo transduction and injection of gp120

Rats were anesthetized with isofluorane UPS (BaxterHealthcare Corp., Deerfield, IL) (1.0 

unit isofluorane/1.5 l O2 per min) and placed in a stereotaxic apparatus (Stoelting Corp., 

Wood Dale, IL) for cranial surgery. Body temperature was maintained at 37°C by using a 

feedback-controlled heater (Harvard Apparatus, Boston, MA). Glass micropipettes (1.2 mm 

outer diameter; World Precisions Instruments, Inc., Sarasota, FL) with tip diameters of 15 m 

were backfilled with either 5 l of SV(BUGT), SV(SOD1) or SV(GPx1) viral vector, which 

contains approximately 107 particles. The vector-filled micropipettes were placed in the CP 

using coordinates obtained from the rat brain atlas of Paxinos and Watson (1986). For 

injection into the CP, a burr hole was placed +0.48 mm anterior to bregma and −3.0 mm 

lateral to the sagittal suture. Once centered, the micropipette was placed 6.0 mm ventral 

from the top of the brain. Same coordinates were used for injecting 500 ng gp120 in 1 l 

saline, as well as for injecting saline and 1 l saline containing 500 ng rat IgG. Gp120 or the 

vector were given by a Picospritzer II (General Valve Corp., Fairfield, NJ) pulse of 

compressed N2 duration 10 ms at 20 psi until the fluid was completely ejected from the 

pipette. Following surgery, animals were housed individually with free access to water and 

food.
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2.6 Procedure for harvesting the tissue

After a variable survival period, rats were anesthetized by intraperitoneal injection of 

sodium pentobarbital (Abbott Laboratories, North Chicago, IL) at 60 mg/kg and perfused 

transcardially though the ascending aorta with 10 ml heparinized saline followed by ice cold 

4% paraformaldehyde (Electron Microscopy Sciences, Fort Washington, PA) in 0.1M 

phosphate buffer (pH 7.4). Immediately following perfusion-fixation, the rat brains were 

removed, placed in 4% paraformaldehyde for 24 h, then in a 30% sucrose solution for 24 h, 

then frozen in methyl butane cooled in liquid nitrogen. Samples were cut on a cryostat (10 m 

sections).

2.7 Immunocytochemistry

For immunofluorescence, coronal cryostat sections (10 m thick) were processed for indirect 

immunofluorescence. Blocking was performed by incubating 60 min with 10% goat, or 10% 

donkey, serum in phosphate buffer saline (PBS; pH 7.4). Then, sections were incubated with 

antibodies diluted according to manufacturer's recommendations: 1h with primary antibody, 

then 1 h with secondary antibody diluted 1: 100, all at room temperature. Double 

immunofluorescence was performed as previously described (Rouger et al., 2001). All 

incubations were followed by extensive washing with PBS. To stain nuclei, we used 

mounting medium containing 4′,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, 

Burlingame, CA). Specimens were finally examined under a Leica DMRBE microscope 

(Leica Microsystems, Wetzlar, Germany) under 4X, 10X and 20X objectives with 

appropriate filters. Negative controls performed each time immunostaining was done 

consisted of preincubation with PBS, substitution of non-immune isotype-matched control 

antibodies for the primary antibody, and/or omission of the primary antibody. Data 

presented are representative of at least 3 independent experiments.

2.8 TUNEL staining

Apoptotic cells were assessed by TUNEL assay as previously described (Agrawal et al., 

2006).

2.9 Staining of neurons using NeuroTrace

Neurotrace (NT) staining has been used as a neuronal marker in studies focusing on the 

characterization of neurons (Morinville et al., 2004; Nikonov et al., 2005) and NT staining 

has been performed as previously reported (Agrawal et al., 2006; Louboutin et al., 2006, 

2007a,b). After rehydration in 0.1 M PBS, pH 7.4, sections were treated with PBS plus 0.1 

% Triton X-100 10 min, washed twice for 5 min in PBS then stained by NT (Molecular 

Probes, Inc., Eugene, OR) (1: 100), for 20 min at room temperature. Sections were washed 

in PBS plus 0.1 % Triton X-100 then × 2 with PBS, then let stand for 2 h at room 

temperature in PBS before being counterstained with DAPI. Combination NT + antibody 

staining was performed using primary and secondary antibodies staining first (see above), 

followed by staining with the NT fluorescent Nissl stain. All experiments were repeated 3 

times and test and control slides were stained the same day.
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2.10 Morphometry

Caspases- and TUNEL-positive cells were enumerated manually on the injected and 

uninjected sides in the whole CP (and not randomly chosen field) of animals injected with 

gp120, or saline or rat IgG in saline, in at least 5 consecutive sections using a computerized 

imaging system (Image-Pro Plus, MediaCybernetics, Bethesda, MD) as previously described 

(Louboutin et al., 2007a, 2010a). In all cases, the final number was an average of results 

measured in the different sections. This procedure already described for assessment of 

numbers of transgene-positive cells in the brain (Mandel et al., 1998; Louboutin et al., 

2007b) allows quantitative and relative comparisons among different time points, although it 

does not reflect the total number of transduced cells in vivo.

2.11 Statistical analysis

Comparison of medians between 2 groups was achieved by using the Mann-Whitney test 

(with a two-tail p value). Comparison of medians between more than 2 groups was done by 

using the Kruskall-Wallis test. The difference between the groups was considered significant 

when P < 0.05. On graphs, values are represented as means +/−s.e.m.

3. Results

3.1 Direct administration of gp120 into the CP induces expression of caspases

After injection of different concentrations of gp120 (100, 250 and 500 ng l−1) into the CP, 

immunocytochemistry for caspases was performed from 6 to 48 hours. Caspases-positive 

cells were counted in the whole CP, in at least 5 different sections for each animal. 

Caspases-positive cells peaked 1 day after gp120 injection (Fig. 1A). Extremely rare 

caspases-positive cells were seen when CP was injected with saline or saline containing rat 

IgG (negative control). We then enumerated the number of caspases-positive cells on the 

whole CP (not randomly chosen fields) in at least 5 different sections for each sample. 

Morphometric data for each caspase for each concentration at day 1 and for each caspase at 

different time points for 500 ng gp120 are shown on Fig. 1B and 1C respectively. Numbers 

of caspases-positive cells were higher for 500 ng gp120 than for other doses. Caspase-3-

positive cells were more numerous than cells positive for other caspases (Fig. 1B). Numbers 

of caspase-8- and caspase-9-positive cells were higher 6 hours after injection of 500 ng 

gp120 compared to numbers of caspase-3- and caspase-6-positive cells at the same time 

(Fig. 1C). Thus, cells positive for markers of initiator caspases were more numerous at 6 

hours compared to cells positive for markers of effector caspases. Compared to the results at 

day 1, less caspases-positive cells were seen at 6 and 48 hours for the different caspases 

studied as well as for the different concentrations considered (Fig. 1C). As previously 

reported, TUNEL-positive cells, measured as previously described, peaked 1 day after 

gp120 injection (Fig. 1D). No TUNEL-positive cells were seen after injection of saline or 

saline containing rat IgG.

3.2 Caspases-positive cells are mainly neurons

Sections of the CP obtained 1 day after injection of gp120 were double stained for NeuN 

and Neurotrace (NT), both neuronal markers, and caspase 3. After injection of 500 ng 
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gp120, numerous caspase-3-positive cells were seen, the vast majority of which were also 

immunopositive for NT and NeuN, identifying them as neurons (Fig. 2). Caspases 

colocalized mainly with neurons (97, 96, 95 and 97% for caspases 3, 6, 8, and 9 

respectively). By contrast, caspase-3-positive cells that were also Iba1-positive, and so were 

consistent with microglia, were extremely rare (not shown). Astrocytes, which we visualized 

by immunostaining for GFAP, were negative for caspase-3 (not shown).

3.3 Numerous TUNEL-positive cells are caspases-positive

We then double-stained sections of gp120-injected CPs for TUNEL and caspases. Several 

TUNEL-positive cells were caspases-positive. TUNEL-positive cells were positive for the 

different caspases. However, not all caspases-expressing cells were TUNEL-positive, and 

not all TUNEL-positive cells were caspases-positive (Fig. 3A). We measured the number of 

caspases-positive cells on several serial cryostat sections (the whole section being examined, 

not random fields, with at least five sections for each sample). Numbers of caspases-

expressing cells positive for TUNEL (expressed as percentages per CP) are shown on Fig. 

3B.

3.4 rSV40-delivery of SOD1 and GPx1 in the CP reduces the number of caspases-positive 
cells after gp120 injection

Four weeks after injection of SV(SOD1), SV(GPx1) or a control vector, SV(BUGT), into 

the CP, we injected an oxidant neurotoxic challenge intra-CP, 500 ng l−1 gp120. Apoptotic 

and caspases-positive cells were enumerated by TUNEL and immunocytochemistry one day 

later as previously described. Prior injection of SV(SOD1) and SV(GPx1) into the CP 

reduced the number of TUNEL-positive cells in the same structure after gp120 challenge by 

approximately 81% [SV(GPx1)] to 85% [(SVSOD1)], P < 0.01 for both, compared to the 

control vector SV(BUGT) (Fig. 4A). The numbers of caspases-positive cells were reduced 

between 82 to 85% for SV(SOD1) and between 75 to 83% for SV(GPx1), P < 0.01 for both 

compared to SV(BUGT) (Fig. 4B).

4. Discussion

We show here that injection of HIV-1 envelope gp120 into the CP elicits the expression of 

different caspases. Moreover, gene delivery of antioxidant enzymes reduces gp120-induced 

apoptosis and caspases expression.

Although many of the key apoptotic proteins have been identified, our understanding of the 

complex underlying mechanisms remains poor. However, recent advances have helped 

broaden our knowledge of apoptosis after different brain insults. Further to the simplistic 

concept that apoptosis occurs predominantly in neurons and is caspase-dependent, 

accumulating evidence now indicates that apoptosis can occur in nonneuronal cells and that 

caspase-independent mechanisms also play a key role (Broughton et al., 2009).

The involvement of caspases in HIV-1 neurotoxicity has been documented in vitro and in 

vivo. Higher levels of caspase-3 and caspase-6 have been shown in the brains of patients 

with HAD (Petito and Roberts, 1995; James et al., 1999; Noorbakhsh et al., 2010). Both 

HIV-1 neurotoxins gp120 and Tat significantly increase caspase-3 activation in striatal 
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neurons in vitro. However, gp120 acts in large part through the activation of caspase(s), 

while Tat-induced neurotoxicity is also accompanied by activating an alternative pathway 

involving endonuclease G (Singh et al., 2004). Tat can induce both caspases 3/7 and 9 in 

hippocampal cell cultures (Askenov et al., 2009). Increased expression of caspase-3 has 

been shown in neurons following exposure to Tat (Bonavia et al., 2001; Kruman and 

Mattson, 1999; Kruman et al., 1998; Singh et al., 2004) and to gp120 (Nosheny et al., 2006, 

2007; Bachis et al., 2006; Ahmed et al., 2009). In HIV-1 transgenic mice, Tat induction 

increased the percentage of neurons expressing caspase-3 (Bruce-Keller et al., 2008). 

Caspase-3-positive cells were also observed in a model of protracted exposure to gp120, 

SV(gp120) (Louboutin et al., 2009a).

However, so far, there was no study focused on the expression of different caspases 

following gp120 injection. We show here that different caspases were expressed after gp120 

administration into the CP and that there was a relationship with the concentration of gp120 

injected. Both initiator (caspases 8 and 9) and effector/executioner (caspases 3 and 6) were 

increased after gp120 injection.

We show here that about 70% of caspase-8- and 9-positive cells were TUNEL-positive 

while about 60% of caspase-3- and 6-positive cells were TUNEL-positive one day after 

intra-CP injection of gp120. These results suggest that not all caspases-positive cells 

undergo apoptosis, at least as assessed by the methods used here and/or at the time points we 

considered. It is also possible that apoptosis will occur in the remaining caspases-positive 

cells at later time points. Gp120-induced caspase-3 activity may also be causing nonlethal 

neuron injury. As previously noted (Bruce-Keller et al., 2008), if cell death in response to 

caspase-3 depends on total enzyme activity within a cell, the caspase-3 activity detected may 

be below the threshold required to initiate neuron death. This is difficult to determine based 

on immunocytochemistry. It has also been shown that activated caspase-3 rapidly degrades 

itself (Cribbs et al., 2004).

Caspases are a family of at least 12 cysteine aspartate proteases and besides caspases 3, 6, 8 

and 9, we did not check the expression of all of these proteases in the present work, neither 

did we establish the relationship of all of these proteases with apoptosis. The role of other 

caspases cannot thus be excluded. It must also be emphasized that there is some redundancy 

in the activities of the various caspases (Cribbs et al., 2004).

Numerous data suggest the role of caspases in animal models of neurodegenerative 

disorders. In vitro data suggest that caspase-3 activation precedes and is not a consequence 

of apoptotic cell death in Parkinson's disease (PD) (Hartmann et al., 2000). In an animal 

model of PD, it has been shown that expression of caspase-3 and caspase-8 activation was 

an early event but that pycnotic neurons persist until day 7 post injury (Turmel et al., 2001; 

Hartmann et al., 2001).

One way to establish the role of caspases in apoptosis would be to show that caspase 

inhibition can be neuroprotective. This strategy has been used in different animal models of 

neurodegenerative diseases using pharmacological tools or transgenic animals. 

Administration of a pan-caspase inhibitor N-benzyloxycarbonyl-Val-Ala-Asp fluoromethyl-
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ketone (Z-VAD-fmk) to treat transgenic mice expressing mutant human SOD1, a model of 

ALS delayed disease onset and mortality in ALS mice (Li et al., 2000). A role for caspases 

in ALS was supported by studies in which transgenic ALS mice were crossed with Bcl-2 

overexpressing (OE) mice (Martinou et al., 1994). Overexpression of Bcl-2 attenuated 

neurodegeneration, delayed the activation of caspases, and prevented the cleavage of beta-

actin (Vukosavic et al., 2000). A similar approach demonstrated that intracerebroventricular 

administration of a caspase inhibitor delayed disease progression and death in a mouse 

model of Huntington's disease (Ona et al., 1999). Caspase inhibition reduced apoptosis, 

increased the survival of dopaminergic neurons and improved functional recovery in a rat 

model of PD (Schierle et al., 1999). To test the involvement of caspases in AD disease 

progression, Rohn and Head generated 3×Tg-AD mice that overexpress the antiapoptotic 

protein Bcl-2, named 3×Tg-AD/Bcl-2 OE mice. Overexpression of Bcl-2 in the neurons of 

3×Tg-AD mice blocked caspase activation (caspase-9 and caspase-3) and the cleavage of tau 

leading to its accumulation within neurons (Rohn and Head, 2009). Despite the high protein 

levels of tau, there was little evidence for fibrillary tangle formation in 3×TgAD mice 

overexpressing Bcl-2, suggesting that the caspase-cleavage of tau is a critical step leading to 

NFT formation. In 3×Tg-AD/Bcl-2 OE mice, it appeared as though APP was not being 

turned over properly and accumulated in the apical dendritic compartments of cortical 

neurons (Rohn and Head, 2009). Other studies have found significant protection and 

neurological improvement following caspase inhibition in animal models of acute 

neurologic diseases including traumatic injury or ischemia (Friedlander et al., 2003). These 

studies raised expectations that therapeutics would soon follow. Unfortunately, these 

promising studies employing caspase inhibitors have not yielded practical therapeutics that 

inhibits apoptosis in the clinical setting. The reasons for this are unclear but may represent 

potential toxic side effects caused by the fluoromethyl-ketone residue and poor tissue 

penetration of Z-VAD-fmk (Braun et al., 2007). Moreover, cotreatment of 1-methyl-4-

phenylpyridinium (MPP+)-intoxicated primary dopaminergic cultures with broad-spectrum 

and specific caspase-8 inhibitors did not result in neuroprotection but seemed to trigger a 

switch from apoptosis to necrosis, probably related to ATP depletion (Hartmann et al., 

2001). Concerning HAND, Tat induced caspase activation and apoptosis in cultured 

embryonic rat hippocampal neurons, and the caspase inhibitor zVAD-fmk prevented Tat-

induced neuronal death (Kruman et al., 1998). The cell permeant caspase inhibitor z-DEVD-

fmk significantly attenuated gp120-induced, but not Tat-induced, neuronal death of mouse 

striatal neurons, suggesting that gp120 acts in large part through the activation of caspase(s), 

whereas Tat-induced neurotoxicity was accompanied by activating an alternative pathway 

involving endo G (Singh et al., 2004). These reports suggest that treatment of brain injury by 

manipulating apoptotic pathways remains a daunting task.

Oxidative stress has been strongly implicated as an important factor in neuronal death in 

stroke, neurodegenerative diseases, as well as in HAND (Beal et al., 1995; Smith et al., 

1995; Bruce-Keller et al., 1998; Cao et al., 1998; Mollace et al., 2001; Askenov et al., 2001, 

2003; Turchan et al., 2003). Oxidative stress in HAND has been documented by analyses of 

brain tissue, including increased levels of lipid peroxidation product [i.e., malondialdehyde 

(MDA) and hydroxynonenal (HNE)] and the presence of oxidized proteins. Membrane-

associated oxidative stress correlates with HIV-1 dementia pathogenesis and cognitive 
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impairment (Mattson et al., 2005). Mitochondria are a major site of production of 

superoxide in normal cells and probably contribute to increased oxidative stress in these 

diseases. Overexpression of mitochondrial Mn2+-superoxide dismutase results in moderate 

reductions in infarction in temporary ischemia. Glutathione, the major water-soluble 

antioxidant, is localized in both the cytosol and the mitochondria. Mice overexpressing the 

cytosolic enzyme Cu2+Zn2+-superoxide dismutase develop smaller infarcts than wild-type 

ones, with a decrease in multiple events associated with mitochondrially mediated apoptosis, 

including the release of cytochrome c (Sims and Muyderman, 2010; Fujimura et al., 2000). 

It is thus possible that cytosolic overexpression of antioxidant enzymes delivered by SV40-

derived vectors can mitigate the apoptotic events linked to mitochondria.

A potential therapeutic strategy for treatment of HAND would be to limit oxidative stress-

related neurotoxicity. Gene transfer of antioxidant enzymes has been achieved in a gene 

therapy perspective in numerous models of neurological disorders by using diverse viral 

vectors: lentiviruses (Ridet et al., 2006), herpes simplex (Hoehn et al., 2003), adenovirus 

(Watanabe et al., 2003). We previously demonstrated that SV40-derived vectors deliver 

long-term transgene expression to brain neurons and microglia, when given by several 

different routes of administration (Louboutin et al., 2007b, 2010a, 2011). Intracerebral 

injection of rSV40s carrying antioxidant enzymes, Cu/Zn superoxide dismutase (SOD1) or 

glutathione peroxidase (GPx1), SV(SOD1) or SV(GPx1), into the CP, significantly protects 

neurons from apoptosis caused by injection of recombinant HIV-1 envelope glycoprotein, 

gp120 or Tat at the same location (Agrawal et al., 2006, 2007, 2011; Louboutin et al., 

2007a). Moreover, intra-CP SV40-mediated gene delivery of antioxidant enzymes protects 

against several deleterious consequences following gp120 injection into the CP (Louboutin 

et al., 2009b, 2010b,c,d). Vector administration into the lateral ventricle (LV) or the cisterna 

magna, particularly if preceded by mannitol i.p., protects from intra-CP gp120-induced 

neurotoxicity comparably to intra-CP vector administration (Louboutin et al., 2007a; 

Louboutin et al., in press). rSV40s were employed in the current study because they 

transduce cells in G0 with high efficiency; they infect a wide range of cell types from 

humans and other mammals and deliver genes to nondividing cells efficiently and achieve 

long-term transgene expression in vitro and in vivo (Strayer, 1999). These vectors can 

transduce > 95% of cultured human NT2-derived neurons, primary human neurons 

(Cordelier et al., 2003a,b) and microglia (Cordelier and Strayer, 2006) without detectable 

toxicity. We show here that such treatment decreases expression of different caspases, both 

effectors and initiators. These results also suggest the influence of oxidative stress in the 

expression of caspases.

Thus, detoxification of ROS by SV(SOD1) and SV(GPx1) protects from HIV-1 gp120-

induced apoptosis and expression of caspases and may serve as a potential gene therapy 

strategy for HAND. As survival improves with chronic HIV-1 infection improves, the 

number of people harboring the virus in their CNS, where it is largely impervious to highly 

active anti-retroviral therapeutic drugs (HAART), increases (Nath and Sacktor, 2006). Thus, 

the prevalence of HIV-associated neurocognitive disorder (HAND) encephalopathy 

continues to rise, and less fulminant forms of HAND such as minor neurocognitive/motor 

disorder (MCMD) have become more common than their more fulminant predecessors, and 
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their presence remains a significant independent risk factor for AIDS mortality (McArthur et 

al., 2005; Ances et al., 2007; Antinori et al., 2007).

5. Conclusions

We showed here that administration of HIV-1 gp120 into the rat CP increased caspases 

expression. Caspases colocalized mainly with neurons. Prior gene delivery of the antioxidant 

enzymes Cu/Zn superoxide dismutase (SOD1) or glutathione peroxidase (GPx1) into the CP 

before injecting gp120 in the same structure reduced levels of gp120-induced caspases, 

recapitulating the effect of antioxidant enzymes on gp120-induced apoptosis observed by 

TUNEL. Thus, prior antioxidant enzyme treatment mitigated production of these caspases, 

probably by reducing ROS levels. While the present study strongly implicates caspases 3, 6, 

8 and 9, additional studies are needed to determine the relative contribution of the various 

caspases to neuronal demise in HAND.
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Abbreviations

AD Alzheimer's disease

AIDS Acquired Immune Deficiency Syndrome

ALS amyotrophic lateral sclerosis

APAF-1 apoptotic protease activating factor 1

BUGT human bilirubin-uridine 5′-diphosphate-glucuronosyl-transferase

CNS Central Nervous System

CP caudate-putamen

DAPI 4′,6-diamidino-2-phenylindole

FITC Fluorescein Isothiocyanate

GFAP glial fibrillary acidic protein

GPx1 glutathione peroxidase

HAART highly active anti-retroviral therapeutic drugs

HAD HIV-1-Associated Dementia

HAND HIV-1 associated neurocognitive disorders

H2O2 hydrogen peroxide

HIV-1 Human Immunodeficiency Virus type 1

HNE hydroxynonenal

Iba1 ionized calcium binding adaptor molecule 1
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iNOS inducible nitric oxide synthase

LV lateral ventricle

MCMD minor neurocognitive/motor disorder

MDA malondialdehyde

NO nitric oxide

NT Neurotrace

OH- hydroxyl radical

PD Parkinson's disease

PBS Phosphate buffer saline

ROS reactive oxygen species

RSV-LTR Rous Sarcoma Virus long terminal repeat

SOD1 Cu/Zn superoxide dismutase

SV40 Simian Virus 40

TRITC Tetramethyl Rhodamine Iso-Thiocyanate

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling
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• We studied the effect of HIV-1 gp120 on different caspases (3, 6, 8, 9) 

expression.

• Gp120 was injected into the rat caudate-putamen.

• Caspases expression peaked by 24h and they colocalized mainly with neurons.

• We then delivered antioxidant enzymes SOD1or GPx1 into the CP before 

injecting gp120.

• Antioxidant enzymes delivery reduced production of caspases, by reducing ROS 

levels.
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Figure 1. 
Intra-CP injection of gp120 induces overexpression of caspases and apoptosis. 

Immunostaining for different caspases and TUNEL assay were performed from 6 h to 48 h 

after injection of different concentrations of gp120 into the CP to detect apoptosis. 

Caspases- and TUNEL-positive cells were counted in the whole CP, at least in 5 different 

sections for each animal. A. Extremely rare caspases-positive cells were detected when the 

CP was injected with saline or rat IgG (negative controls). The site of injection is indicated 

by *. B. The number of caspases-positive cells increased with the doses of gp120. C. 
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Caspases-positive cells were more numerous 24 hours after 500 ng gp120 injection, 

compared to 6 and 48 hours. D. The number of TUNEL-positive cells peaked 1 day after 

gp120 injection. Bar: A: 40 m.
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Figure 2. 
The majority of caspases-positive cells following intra-CP injection of gp120 are neurons. 

Sections from the CP obtained 1 day after gp120 injection were double stained for 

caspase-3, NeuN and NT, both markers of neurons, or Iba1, a marker of microglial cells. 

The majority of caspase-3-positive cells were also immunoreactive for NeuN and NT 

identifying them as neurons. By contrast, exceptional caspase-3-positive cells were also 

Iba1-positive, and so were consistent with microglia (not shown). Bar: 40 m.
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Figure 3. 
Numerous TUNEL-positive cells are caspases-positive. A. Sections of 500 ng gp120-

injected CPs were double-stained for TUNEL and caspases. Numerous TUNEL-positive 

cells were caspases-positive, particularly for caspase-3. However, not all caspases-

expressing cells were TUNEL-positive, and not all TUNEL-positive cells were caspases-

positive. Bar: 60 m. B. Graph showing the numbers of caspases-expressing cells positive for 

TUNEL (expressed as percentages per CP).
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Figure 4. 
Gene delivery of antioxidant enzymes reduces the number of caspases-positive cells after 

gp120 injection. Four weeks after injection of SV(SOD1), SV(GPx1) or SV(BUGT) into the 

CP, we injected an oxidant neurotoxic challenge intra-CP, 500 ng ml−1 gp120. Apoptotic 

and caspases-positive cells were enumerated by TUNEL and immunocytochemistry one day 

later. A. The number of TUNEL-positive cells in the CP after gp120 challenge was reduced 

by prior injection of SV(SOD1) and SV(GPx1) into the same structure by approximately 

81% [SV(GPx1)] to 85% [(SVSOD1)], P < 0.01 for both, compared to the control vector 

SV(BUGT). B. The numbers of caspases-positive cells were reduced between 82 to 85% for 

SV(SOD1) and between 75 to 83% for SV(GPx1), P < 0.01 for both compared to 

SV(BUGT).
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