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Abstract

CD38 is a 45-kD ectoenzyme involved in the synthesis of potent calcium (Ca2+)-mobilizing 

agents, cyclic adenosine diphosphate-ribose (cADPR), and nicotinic acid adenine dinucleotide 

phosphate (NAADP+). In HIV-1-infected patients, increased CD38 expression on CD8+ T cells is 

linked to immune system activation and progression of HIV-1 infection. However, the role of 

CD38 upregulation in astrocyte function and HIV-1-associated dementia (HAD-now called 

HAND: HIV-1-associated neurocognitive disorder) neuropathogenesis is unclear. To these ends, 

we used interleukin (IL)-1β and HIV-1gp120 to activate primary human astrocytes and measured 

CD38 expression using real-time polymerase chain reaction and CD38 function by ADP-ribosyl 

cyclase activity. We also determined cADPR-mediated changes in single-cell intracellular Ca2+ 

transients in activated astrocytes in presence or absence of ethylene glycol tetraacetic acid. CD38 

aghorpad@hsc.unt.edu. 

HHS Public Access
Author manuscript
J Neuroimmune Pharmacol. Author manuscript; available in PMC 2020 December 28.

Published in final edited form as:
J Neuroimmune Pharmacol. 2008 September ; 3(3): 154–164. doi:10.1007/s11481-008-9105-7.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



levels were downregulated using CD38 small-interfering RNA (siRNA) and intracellular Ca2+ 

concentration ([Ca2+]i) was measured. We previously reported a ~20-fold rise in CD38 messenger 

RNA levels in IL-1β-activated astrocytes. We extend this observation and report that HIV-1gp120 

potentiated CD38 expression in a dose-dependent manner and also increased CD38 enzyme 

activity in control and IL-1β-activated astrocytes. We demonstrate higher cADPR levels in IL-1β-

activated astrocytes with a corresponding rise in [Ca2+]i upon cADPR application and its non-

hydrolysable analog, 3-deaza-cADPR. In activated astrocytes, pre-treatment with the cADPR-

specific antagonist 8-Br-cADPR and CD38 siRNA transfection returned elevated [Ca2+]i to 

baseline, thus confirming a CD38-cADPR specific response. These data are important for 

unraveling the mechanisms underlying the role of astrocyte-CD38 in HAD and have broader 

implications in other inflammatory diseases involving astrocyte activation and CD38 

dysregulation.
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Introduction

The progressive loss of cognitive function is a debilitating complication in individuals with 

long-term HIV-1 infection. At least 11.2% of HIV-1 patients in late-stage disease experience 

functional cognitive impairment (Maschke et al. 2000). The prevalence of the disease is 

rising due to the increased life expectancy of HIV-1 seropositive patients with improvements 

in anti-retroviral therapy (Kandanearatchi et al. 2003). Reactive astrogliosis, the recruitment 

to and proliferation of astroglial cells at injury sites, is observed in HIV encephalitis (HIVE), 

the pathological correlate of HIV-1-associated dementia (HAD–now called HAND: HIV-1-

associated neurocognitive disorder; Grant 2008; Letendre et al. 2008; Gonzales and Davis 

1988; Persidsky et al. 1996; Ridet et al. 1997; Wu and Schwartz 1998; Petito et al. 1999). 

However, to date, molecular mechanisms through which astrocyte functions are altered in 

HAD are incompletely understood.

The increased expression of the prototypical proinflammatory mediator interleukin (IL)-1β 
is important in neuroinflammation and HAD (Raber et al. 1998). IL-1β is also produced by 

microglia in response to a variety of stimuli including HIV-1 infection, thus providing 

additional sources of IL-1β during astrocyte activation in HAD. As reported previously by 

others and our group, IL-1β regulation of astrocyte function is multifaceted (Acarin et al. 

2000; Guo et al. 2001; Dhar et al. 2006; Gardner et al. 2006; Peng et al. 2006). This makes 

IL-1β an excellent astrocyte activator to study neuroinflammation. Preliminary observations 

in our laboratory showed IL-1β-activated astrocyte supernatants to be neurotoxic, and 

microarray analysis of these samples showed ~20-fold increase in CD38 levels.

CD38, a 45-kD ectoenzyme, which in the brain is mainly produced by astrocytes, is involved 

in the synthesis of potent calcium (Ca2+)-mobilizing agents, cyclic adenosine diphosphate-

ribose (cADPR), and nicotinic acid adenine dinucleotide phosphate (NAADP+; Berthelier et 

al. 1998; Deaglio et al. 2001; Schuber and Lund 2004; Galione and Petersen 2005). This 
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CD38-cADPR-mediated increase in Ca2+ levels plays an important role in inflammation of 

airway smooth muscle cells during asthma (Deshpande et al. 2004). cADPR is also involved 

in the Ca2+ influx in T cells (Partida-Sanchez et al. 2001). Increased CD38 expression on 

CD8+ T cells is also linked to immune system activation, HIV-1 disease progression, and 

increased death rate in HIV-1-infected patients (Bofill et al. 1996; Savarino et al. 2000; 

Vigano et al. 2000). De Flora’s group previously demonstrated that increased [Ca2+]i by 

CD38 may lead to release of glutamate by astrocytes (Bruzzone et al. 2004). Excessive 

exposure to the neurotransmitter glutamate has been implicated as one of the key factors 

contributing to neuronal injury and death in HAD. However, the contribution of astrocyte-

CD38 to HIVE is far from being determined. We hypothesize that increased CD38 

expression and function in astrocytes leads to increase in cADPR levels. This results in 

dysregulation of intracellular Ca2+ homeostasis in astrocytes, which contributes to 

neurotoxicity by a currently unknown mechanism. In this study, we report that HIV-1gp120 

potentiated CD38 expression in a dose-dependent manner in IL-1β activated astrocytes. 

HIV-1gp120 also significantly increased CD38 enzyme activity and potentiated IL-1β 
induced increase in activity. The IL-1β-mediated increase in CD38 expression and function 

was specifically blocked by CD38 siRNA. This increased CD38 activity led to higher 

cADPR levels in IL-1β-activated astrocytes with a corresponding rise in intracellular Ca2+ 

flux that was completely reversed using cADPR antagonist 8-Br-cADPR and CD38 siRNA. 

We propose that this CD38-cADPR-mediated increase in astrocyte [Ca2+]i plays an 

important role in potentiating neurotoxicity in HAD.

Materials and methods

Isolation and cultivation of primary human astrocytes

Human astrocytes were obtained from first and second trimester human fetal brain tissue 

astrocytes were isolated from elective abortus specimens procured in full compliance with 

the ethical guidelines of both the NIH and the Universities of Nebraska Medical Center and 

North Texas Health Science Center (Deshpande et al. 2005; Gardner et al. 2006). Brain 

tissues were dissected and mechanically dissociated. Cell suspensions were centrifuged, 

resuspended in media, and plated at a density of 20×106 cells/150 cm2. The adherent 

astrocytes were treated with trypsin and cultured under similar conditions to enhance the 

purity of replicating astroglial cells. The astrocyte preparations are routinely >99% pure as 

measured by immunocytochemistry staining for glial fibrillary acidic protein and microglial 

marker CD68 to rule out any microglial contamination and contribution of microglia in 

inflammatory responses (Gardner and Ghorpade 2003; Ghorpade et al. 2003; Suryadevara et 

al. 2003; Deshpande et al. 2005; Dhar et al. 2006; Gardner et al. 2006).

RNA extraction, real-time PCR analysis

RNA was isolated from activated astrocytes (Chadderton et al. 1997) and used for real-time 

polymerase chain reaction (PCR). TaqMan 5′ nuclease real-time PCR assays were 

performed using an ABI Prism 7900 sequence-detection system (Applied Biosystem Inc., 

Foster City, CA, USA). Commercially available TaqMan® Gene Expression Assay kits were 

used to measure CD38 expression (Applied Biosystems Inc.). GAPDH was used as an 
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internal normalizing control. The reactions were carried out at 48°C for 30 min, 95°C for 10 

min, followed by 40 cycles of 95°C for 5 s and 60°C for 1 min in a 96-well plate.

siRNA transfection efficiency measurements

Cy3-labeling reagents (Ambion Inc., Austin TX, USA) were reconstituted with 100 μl of 

reconstitution solution and vortexed. The mixture was allowed to sit at room temperature for 

5 min and vortexed again. In a sterile nuclease-free tube, the following reagents were 

assembled: 18.3 μl nuclease-free water, 5.0 μl 10× labeling buffer, 19.2 μl 21-mer duplex 

siRNA at 20 μM (~5 μg), 7.5 μl Cy™3 labeling reagent. The labeled RNA was ethanol 

precipitated and resuspended in 20 μl nuclease-free water. These Cy3-labeled siRNAs were 

then transfected into primary astrocytes as described in the next section, and Cy3-labeled 

astrocytes were visualized under a 550-nm filter, which is the excitation and emission 

wavelength for Cy3. The transfection efficiency of CD38 siRNA was calculated by counting 

Cy3-positive cells in ten random photomicrographs with 90–100 cells/micrograph at 

different time points with and without IL-1β activation, post-nucleofection. Data were 

quantified and analyzed as percent of Cy3-labeled cells over total number of cells.

Silencing of astrocyte-CD38 with siRNA transfection

For transfection of astrocytes with CD38 specific siRNA, primary human astrocytes were 

transfected with CD38 siRNA using Amaxa Rat Astrocyte Nucleofector kit VPG-1007 

(Amaxa Inc., Gaithersburg, MD, USA). Briefly, aliquots of cells were mixed with 100 μl of 

Nucleofector Solution and 100 nM SMARTpool CD38 siRNA, then transfected using 

Amaxa’s Nucleofector device. Transfected cells were supplemented with astrocyte media 

and incubated for 30 min at 37°C before plating. At 24 h post-transfection, cells were 

washed, and serum-free media was added in the presence of 20 ng/ml IL-1β (R&D Systems, 

Minneapolis, MN, USA) and/ or 5 μM HIV-1gp120MN (Immuno Diagnostics Inc, Woburn, 

MA, USA). Silencing of CD38 gene with siRNA was measured by real-time PCR. For Ca2+ 

measurements, 100,000 cells were plated on poly-L-ornithine-coated 18-mm cover slips in 

six-well plates.

Determination of ADP-ribosyl cyclase activity

The ADP-ribosyl cyclase activity of primary astrocyte lysates was quantified using a 

fluorescent cycling assay that measures the production of nicotinamide adenine dinucleotide 

(NAD) from cADPR and nicotinamide with modifications (Graeff and Lee 2002). Briefly, 

cells were harvested in Tris-sucrose buffer (pH 7.2) with protease inhibitors on ice and 

sonicated, and the total protein content of the cell lysates was determined by Bio-Rad (Bio-

Rad Laboratories Hercules, CA, USA) protein assay kit. Cell lysates containing 20 μg of 

total protein were incubated for 2 h at 37°C with 10 mM or without nicotinamide in the 

presence of 0.45 mM cADPR in a total volume of 50 μl. The reaction was stopped by the 

addition of 25 μl of 1 M HCl, vacuum filtered through protein-binding membrane 

[Immobilon, 0.45 μm, Millipore (Millipore Corp, Billerica, MA, USA)], and neutralized 

with 15 μl of 2 M Tris-base. The NAD in the filtrate was quantified by a cycling reaction 

that generates a fluorescent product. Forty microliters of the neutralized filtrate was 

incubated with 40 μl of reagent mix (2 μM rezasurin, 0.76% vol./vol. ethanol, 4 μM flavin 

mononucleotide, 40 μg/ml alcohol dehydrogenase, and 0.04 U/ml diaphorase in 
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NaH2PO4/Na2HPO4 buffer, pH 8.0) at room temperature. The fluorescence was quantified 

(excitation at 544 nm and emission at 590 nm) in a fluorometer [FLUOstar Galaxy, BMG 

Biotechnologies (BMG Labtech Inc, Durham, NC, USA)], and the rate of emission of 

fluorescence was calculated. A standard curve generated from known NAD standards was 

used to derive the quantity of NAD generated in the reverse cyclase reaction. The ADP-

ribosyl cyclase activity is expressed in femtomoles of NAD per minute per milligram of total 

protein.

Measurement of intracellular Ca2+ transients

Single-cell intracellular Ca2+ transients were measured using a dual-excitation fluorescence 

photomultiplier system (Nikon, Melville, NY, USA). Astrocytes were loaded with Fura 

2AM (5 μM; Invitrogen Corp., Carlsboro CA, USA) for 30 min in serum-free medium, 

washed, and imaged through a Fluor 40× oil objective. After 24 h, activation with or without 

IL-1β cells were challenged with cADPR (125 μM) ± 1 h incubation with ethylene glycol 

tetraacetic acid (EGTA; 5 mM), adenosine triphosphate (ATP, 1 mM) or 3-deaza-cADPR (10 

μM). For these studies, cells were excited at either 340 or 380 nm and fluorescence 

emissions measured at 510 nm. Alternatively, cells were pre-incubated for 15 min in serum-

free medium at 37°C with 8-Br-cADPR (100 μM) to block cADPR-mediated Ca2+ cycling. 

All experiments were performed at room temperature. The ratio of fluorescence at 340 

nm/380 nm (R) obtained in these experiments was converted to molar Ca2+ concentrations 

using the protocol for Ca2+ calibration as described previously (White et al. 2003). 

Concentration = KdSf2/Sb2[(R – V × Rmin)/(V × Rmax – R)]. Kd is the dissociation constant 

(224 nM for Fura-2 at 25°C); V (viscosity) is a correction factor (0.85 for Fura-2); Sf2 (Ca2+ 

free high), and Sb2 (Ca2+ bound low) at F380 in the presence of EGTA and Ca2+, 

respectively; Rmin and Rmax are minimum and maximum F340/F380 ratios in the presence 

of EGTA and Ca2+, respectively. Total Ca2+ release during exposure to cADPR was 

calculated by integrating the values over a fixed interval (area under the tracings).

Results

IL-1β and HIV-1gp120 lead to increased CD38 expression and function

Previously, we showed that IL-1β activation leads to increased CD38 expression in primary 

astrocyte cultures. Next, we checked the influence of another HAD-relevant stimulus 

HIV-1gp120 on CD38 levels in primary astrocytes. Treatment of IL-1β (20 ng/ml) activated 

primary astrocyte cultures with different concentrations of HIV-1gp120MN (5, 50, and 500 

nM and 5 μM) led to a dose-dependent increase in CD38 mRNA levels (Fig. 1A). There was 

a 1.75-fold increase in CD38 mRNA expression at a concentration of 50 nM (P<0.05), 

which increased to a maximum of a 2.3-fold over IL-1β-treated controls at a dose of 5 μM 

HIV-1gp120MN (P<0.001). We next determined whether changes in the levels of CD38 

mRNA reflected functional changes in CD38 activity, the most well-accepted measure of 

CD38 protein levels and function. We assayed CD38 ADP-ribosyl cyclase activity as a 

measure of CD38 function using whole-cell lysates from control and astrocytes activated 

with IL-1β alone or in combination with HIV-1gp120MN at a dose of HIV-1gp120 that led 

to the most significant increase in CD38mRNA expression (Fig. 1A). There was a 1.58-fold 

increase in CD38 ADP-ribosyl cyclase activity in cells activated with HIV-1gp120MN alone 
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(P<0.05, Fig. 1B). We observed a 2.29-fold increase in CD38 ADP-ribosyl cyclase activity 

in astrocytes treated with IL-1β over control (P<0.01, Fig. 1B). This increase was further 

potentiated upon co-treatment with HIV-1gp120MN, which led to an additional 2.46-fold 

increase in CD38 ADP-ribosyl cyclase activity over IL-1β-treated astrocytes (P<0.001, Fig. 

1B), thus correlating with CD38 mRNA expression. Thus primary astrocytes upon activation 

with IL-1β led to increased expression and function of CD38, and this effect was further 

enhanced upon co-treatment with another HAD relevant stimulus, HIV-1gp120MN.

Efficient transfection of CD38 siRNA in primary astrocyte cultures

To determine the role of CD38 in activated astrocytes during HAD, we knocked down CD38 

levels using molecular approaches. Our primary experimental system utilizes human 

astrocytes, which are difficult to transfect, so we first standardized astrocyte transfection 

protocols. Our initial attempt to transiently transfect primary astrocytes with green 

fluorescent protein using lipofectamine resulted in poor transfection efficiency (data not 

shown). We then chose to electroporate double-stranded CD38 siRNA labeled with Cy3 into 

primary astrocytes using the Amaxa nucleofection kit following manufacturer’s protocol. To 

determine the effect of activation on transfection efficiency, we treated transfected astrocytes 

with IL-1β 12 h post-transfection for an additional 10 and 24 h. Figure 2B and D 

demonstrate Cy3-CD38 siRNA transfection levels in astrocytes activated with IL-1β for 10 h 

(22 h post-transfection) and 24 h (36 h post-transfection), respectively, while Fig. 2A and C 

shows non-activated controls at the same time points. Figure 2E demonstrates Cy3-labeled 

CD38 siRNA 12 h post-transfection control, which is considered as (pre-activation) 0 h. 

Transfection efficiency was evaluated using ten random photomicrographs with 

approximately 90–100 individual cells/micrograph at different time points, post-

nucleofection. Data were quantified and analyzed as percent of labeled cells. The above data 

shows that our current system achieved as high as 85% transfection efficiency. There was no 

significant difference in transfection efficiency among astrocytes at 0 h before IL-1β 
treatment (Fig. 2E) and 24 h post-activation (Fig. 2C) showing the high stability of CD38 

siRNA in our system. However, there was cell-to-cell variation in the intensity of Cy3 

labeling, which may correlate to variations in the amount of Cy3-CD38 siRNA transfected 

into individual cells. Overall, the above data demonstrates that primary astrocytes were 

successfully transfected with CD38 siRNA irrespective of subsequent activation, and the 

siRNA remained stable for at least 36 h post-transfection.

Astrocyte CD38 downregulation using RNAi

Once the astrocytes were efficiently transfected, we wanted to specifically downregulate 

CD38 expression and function using SMARTpool CD38 siRNA to study changes in 

astrocyte function after CD38 downregulation. We transfected primary astrocytes with CD38 

siRNA using the Amaxa kit and activated them for 24 h with IL-1β. To determine the 

specificity of CD38 downregulation, we transfected astrocytes with non-specific siRNAs as 

controls and activated them with IL-1β. CD38 siRNA completely blocked the IL-1β-

activated CD38 upregulation (P<0.001) in these astrocytes (Fig. 3A). Furthermore, non-

specific siRNA transfection had no significant affect on CD38 mRNA expression as 

compared to IL-1β-activated astrocytes (P>0.05), thus confirming the specificity of the 

response (Fig. 3A). Next, we determined the effect of CD38 siRNA on CD38 function using 
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CD38 ADP-ribosyl cyclase assays on CD38 siRNA transfected astrocytes with or without 

IL-1β activation. CD38 siRNA completely blocked IL-1β-mediated increase in CD38 ADP-

ribosyl cyclase (P<0.001, Fig. 3B). Hence, we demonstrate that RNAi using SMARTpool 

CD38 siRNAs can specifically and efficiently downregulate CD38 levels in IL-1β-activated 

strocytes.

CD38-cADPR-mediated Ca2+ regulation in activated astrocytes

Although astrocytes may have more than one mechanism of regulating Ca2+ levels, the 

potential pathways in CD38-mediated intracellular Ca2+ signaling likely involve direct 

effects of cADPR as a second messenger due to CD38 ADP-ribosyl cyclase activity. cADPR 

exposure led to mobilization of [Ca2+]i levels in IL-1β-activated astrocytes. Representative 

traces of calibrated [Ca2+]i responses are shown in (Fig. 4A). IL-1β activation itself led to 

enhanced basal [Ca2+]i (Figs. 4A and 5B), thus altering [Ca2+]i homeostasis. When exposed 

to cADPR, a transient increase in [Ca2+]i was observed, whereas control cells exposed to 

cADPR failed to show this effect (Fig. 4A). We also pre-incubated astrocyte culture for 1 h 

with 5 mM EGTA, a Ca2+ chelator (Holden et al. 2000; Flynn et al. 2001; Contreras et al. 

2002), and then measured intracellular release of Ca2+ in Fura 2AM loaded cells after 

application of cADPR (Fig. 4A). IL-1β-activated astrocytes pre-incubated with EGTA 

showed no significant difference in Ca2+ efflux as compared to IL-1β-activated controls 

upon application of cADPR. This data confirms that extracellular Ca2+ is not involved in 

cADPR-mediated change in [Ca2+]i by IL-1β-activated astrocytes. Exposure of IL-1β-

activated astrocytes to 3-deaza-cADPR, a metabolically stable cADPR analog (Wong et al. 

1999), led to a more potent enhancement in intracellular Ca2+ response than cADPR (Fig. 

4B), whereas, 8-Br-cADPR, a specific cADPR antagonist (Walseth and Lee 1993), 

significantly downregulated [Ca2+]i (Fig. 4C). Furthermore, CD38 RNAi also led to a robust 

downregulation of [Ca2+]i in activated astrocytes (Fig. 4D). We measured Ca2+ response in 

control and IL-1β-activated astrocytes after application of ATP as a positive control for 

normal astrocyte function (Fig. 4E). We also found a significant increase in cADPR levels 

(P=0.006, Fig. 5A) in IL-1β-activated astrocytes as compared to control cells, which led to a 

corresponding increase in [Ca2+]i in these cells (Fig. 5B). This signifies the direct 

involvement of CD38-cADPR system in controlling the intracellular Ca2+ homeostasis in 

astrocytes. Areas under the curve were computed for all recordings (n) after subtracting 

baseline Ca2+ before injection (Co) and are summarized as integrated areas [Ca–Co]i (Fig. 

5B). cADPR (n=57) led to a significant increase in [Ca2+]i in IL-1β-activated cells, while 

control astrocytes upon exposure to cADPR only showed basal [Ca2+]i (P<0.001, n=46) in 

the presence or absence of 5 mM EGTA (n=27). While 3-deaza-cADPR enhanced [Ca2+]I 

responses (P<0.001, n=37), a significant downregulation of [Ca2+]i was observed upon pre-

treatment with 8-Br-cADPR (P<0.001, n=50). Downregulation of CD38 using CD38 

specific siRNA also led to a significant drop in [Ca2+]i in activated astrocytes (P<0.001, 

n=57) compared to control. The above results demonstrate that CD38 upregulation in human 

astrocytes leads to mobilization of [Ca2+]i independent of extracellular Ca2+ through cADPR 

signaling pathway. This response can be potentiated using stable cADPR analogs and 

blocked by cADPR-specific antagonist or by molecular manipulations of CD38 expression 

and function with CD38 siRNA, thus confirming the specificity of the response. This 

increased [Ca2+]i may lead to a variety of effects, thus contributing to astrocyte dysfunction.
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Discussion

Astrocytes exposed to IL-1β demonstrated CD38 upregulation in addition to alterations in 

several other pathways. We also found increased CD38 expression in HAD brain in other 

studies. In this study, we report HIV-1gp120-mediated potentiation in the CD38 mRNA 

expression and function in IL-1β-activated astrocytes. We successfully employed RNAi in 

human astrocytes and specifically knocked down IL-1β-mediated increase in CD38 mRNA 

expression and enzymatic activity using CD38 siRNAs. We also demonstrated higher 

cADPR levels in IL-1β-treated astrocytes with a corresponding increase in [Ca2+]i upon 

application of cADPR and its non-hydrolyzable analog 3-deaza-cADPR. This increased 

[Ca2+]i was blocked by the cADPR-specific antagonist 8-Br-cADPR or by CD38 siRNA.

In the peripheral HIV-1 disease, viral infection activates T cells, which subsequently 

upregulate CD38 expression (Savarino et al. 2000). Increased CD38 expression on CD8+ T 

cells is linked to immune system activation, progression of HIV-1 infection, and increased 

death rate in adult patients (Savarino et al. 2000). These cells display high susceptibility to 

apoptosis, which may explain the unsuccessful CD8+ T cell-mediated containment of HIV 

in these individuals (Chun et al. 2004). Activated CD38+/HLA-DR+ T cells have been 

detected in cerebrospinal fluid from HIV-1+ individuals. However, the actual role of CD38 

in HIV-1 infection is far from being defined. Our study reinforces the importance of CD38 in 

the context of HAD, the neurological component of HIV-1 infection, since IL-1β and 

HIV-1gp120 are known to play important roles in HIV-1-mediated neurodegeneration 

(Meucci and Miller 1996). In this paper, we show that HIV-1gp120 significantly potentiates 

IL-1β-mediated increase in CD38 expression and function. HIV-1gp120 is known to 

stimulate IL-1β production in vivo (Abraham et al. 2008; Russo et al. 2007), which reflects 

the total production of IL-1β, i.e., microglia and astrocytes. It has also been reported that 

astrocytes upon treatment with HIV-1gp120 can lead to IL-1β production (Milligan et al. 

2001; Ronaldson and Bendayan 2006). However, HIV-1gp120 induced IL-1β levels in vivo 

[10 μg/mg protein, (Corasaniti et al. 2001)] are much higher than the amount produced in 

pure astrocyte cultures [250 pg/ml, (Ronaldson and Bendayan 2006)]. The primary reason 

for this lower IL-1β production in pure in vitro astrocyte cultures may be due to the absence 

of microglia, which is known to be one of the major initial producers of IL-1β induced by 

HIV-1 and HIV-1gp120 (Bagetta et al. 1999; Kaul et al. 2005; Ledeboer et al. 2005; Kaul 

and Lipton 2006). Likely, microglial IL-1β then acts on neighboring astrocytes resulting in 

enhanced IL-1β release. Taken together, the amount of IL-1β produced by pure astrocytes 

directly in response to HIV-1gp120 is modest at best. In the current study, we show a 1.58-

fold (P<0.05) increase in CD38 cyclase activity upon activation of primary astrocyte cultures 

with HIV-1gp120 alone. Thus, one possible mechanism through which HIV-1gp120 

potentiates CD38 function may be via release of additional IL-1β by astrocytes. However, 

the modest increase in CD38 levels reflects the small increase IL-1β concentration upon 

activation of primary astrocyte cultures with HIV-1gp120. However, in treatment with 

exogenous IL-1β, there was a much larger increase in CD38 expression and function.

Our study also provides a cellular model system for better understanding of the role of 

astrocyte-CD38 in HAD neuropathogenesis by allowing us to manipulate CD38 levels in 

primary human astrocytes, a main producer of CD38 in the brain (Kou et al. in press). It is 
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well documented that inflammatory cytokines may alter Ca2+ homeostasis by modulating 

the expression and activity of CD38/cADPR signaling in airway smooth muscle cells, thus 

contributing to pathogenesis of asthma (Deshpande et al. 2004). In this study, we 

demonstrate CD38-cADPR-mediated increase in [Ca2+]i levels in IL-1β-activated astrocytes, 

which have important implications in the neuropathogenesis of HAD.

CD38 is known as an ectoenzyme with multiple catalytic properties. It has been suggested 

that there are at least three substrates for CD38 cyclase activity including NAD+, 

nicotinamide adenine dinucleotide phosphate (NADP), and nicotinamide guanine 

dinucleotide (Berthelier et al. 1998; Deaglio et al. 2001). CD38 is a rather inefficient 

cyclase, as cADPR accounts for only a small percentage of the final product, while ADPR 

accounts for the remaining product. However, it has been demonstrated that this small 

amount of cADPR is still biologically relevant (Partida-Sanchez et al. 2003). cADPR is a 

second messenger that regulates intracellular Ca2+ release predominantly from stores 

controlled by the RyR (Okamoto 1999). Changes in free [Ca2+]i also result in secretion of 

glutamate and other neuroactive compounds (peptides, eicosanoids, and neurotrophins) by 

astrocytes into the microenvironment. These substances modulate the activity of juxtaposed 

neurons and other astrocytes (Cotrina and Nedergaard 2005). After the physiological task is 

completed, the rise in cytosolic Ca2+ level returns to normal. Different pathways can 

regulate Ca2+ levels in astrocytes; however, CD38-mediated Ca2+ signaling most likely 

involves cADPR produced by CD38 ADP-ribosyl cyclase activity. In this study, we show 

increased cADPR levels and a corresponding increased basal [Ca2+]i in astrocytes upon 

IL-1β activation, thus correlating directly with IL-1β-mediated increase in CD38 ADP-

ribosyl cyclase activity. IL-1β-activated cells showed an increase in [Ca2+]i transient over 

control astrocytes upon treatment with cADPR. While application of 3-deaza-cADPR led to 

a potent enhancement in [Ca2+]i, 8-Br-cADPR, a specific cADPR antagonist, led to 

significant downregulation of [Ca2+]i in activated astrocytes. Furthermore, a robust 

downregulation of CD38 using specific CD38 RNAi also led to a significant decrease of 

[Ca2+]i in cADPR-treated astrocytes. The above results strongly suggest the involvement of 

CD38-mediated increase in intracellular cADPR, which may be due to increased 

sensitization of activated astrocytes to extracellular cADPR by overexpression of cADPR 

transporters (Guida et al. 2002). This adds to IL-1β-mediated elevated intracellular levels of 

cADPR, which subsequently leads to release of Ca2+ from specific intracellular stores 

elevating [Ca2+]i in activated astrocytes. However, the intracellular stores responsible for this 

CD38-mediated increase in [Ca2+]i in astrocytes are yet to be determined. This increased 

[Ca2+]i may lead to a variety of effects that can alter astrocyte function. Thus, cADPR-

mediated increase in [Ca2+]i levels may play an important role in neurotoxicity during 

inflammatory conditions like HAD.

As previously reported by De Flora’s group, rise in [Ca2+]i by CD38 may lead to more than 

fourfold increase in the release of glutamate by astrocytes (Verderio et al. 2001). The high 

levels of extracellular glutamate may play an important role in astrocyte neuron 

communication (Bruzzone et al. 2004). It has been previously shown that ATP is released 

from astrocytes through [Ca2+]i-mediated mechanisms (Verderio and Matteoli 2001; Coco et 

al. 2003). ATP can upregulate the release of glutamate from astrocytes via a [Ca2+]i-

dependent anion transport-sensitive mechanism (Jeremic et al. 2001; Mongin and Kimelberg 
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2002) or via P2X7 receptor channels (Duan et al. 2003). Studies by Pasti and co-workers 

show that cultured astrocytes trigger a pulsatile release of glutamate, which depends on the 

[Ca2+]i. A majority of N-methyl-D-aspartate (NMDA) receptor-mediated increase in 

neuronal intracellular Ca2+ levels occurs in correlation with the rise in the [Ca2+]i in 

neighboring astrocytes (Pasti et al. 2001). Later studies have elucidated the mechanism of 

Ca2+-mediated release of glutamate by astrocytes. These studies demonstrated that IP3 

receptor blockers reduced the release of glutamate, while pre-incubation with caffeine and 

ryanodine also led to reduction in glutamate release by astrocytes (Hua et al. 2004). This 

suggests that both IP3 and ryanodine receptors may be involved in increasing the [Ca2+]i, 

which plays a major role in glutamate release. It has also been reported that the glutamate 

released by astrocytes leads to elevated [Ca2+]i in neurons (Bezzi et al. 1998). Taken 

together, it can be proposed that a rise in astrocytic [Ca2+]i might lead to an increased 

glutamate release from astrocytes. This may in turn act on receptors on adjacent neurons 

leading to elevated [Ca2+]i in neurons both in cultures and in acute brain slices.

Similar inflammatory microenvironment is present in the HIV-1-infected brain. Gendelman 

and co-workers first reported high levels of cytokines like tumor necrosis factor alpha and 

IL-1β in HAD brain (Gendelman et al. 1994), which might lead to reduced uptake and 

increased Ca2+-mediated release of glutamate by astrocytes. This rise in glutamate levels in 

the extracellular space activates NMDA receptors leading to increased [Ca2+]i (Kaul et al. 

2001) in neurons, which eventually leads to neuronal apoptosis or necrosis in the case of 

HIV-1gp120/Tat-mediated neurotoxicity. Thus, increased CD38 levels during inflammation 

leading to cADPR-mediated increased Ca2+ flux may have direct or indirect consequences in 

affecting the inflammatory conditions in HAD.
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Fig. 1. 
Upregulation of CD38 expression and function in activated astrocytes. Primary human 

astrocytes were activated with different doses of HIV-1gp120MN (5, 50, and 500 and 5 μM) 

with or without IL-1β (20 ng/ml). CD38 mRNA levels were measured by real-time PCR 

(A). HIV-1gp120MN showed a dose-dependent increase in CD38 mRNA expression when 

co-administered with IL-1β in primary astrocytes. Co-treatment with 50 nM (P<0.05), 500 

nM (P<0.01), and 5 μM (P<0.001) of HIV-1gp120MN with 20 ng/ml IL-1β showed a 

significant increase in CD38 mRNA expression as compared to astrocytes treated with IL-1β 
alone (A). Total cell lysates from control, IL-1β-, and HIV-1gp120MN-activated astrocytes 

were analyzed for CD38 ADP-ribosyl cyclase activity as a functional read-out system (B). 

HIV-1gp120MN (5 μM) led to a 1.58-fold increase in CD38 enzyme activity over control 

(P<0.05). IL-1β-activation significantly increased CD38 ADP-ribosyl cyclase activity over 

control astrocytes (P<0.01). Five 5 micromolars HIV-1gp120MN-and IL-1β co-activation 

led to a 2.46-fold increase in CD38 ADP-ribosyl cyclase activity (P<0.001) over cells 

activated with IL-1β alone. One-way analysis of variance (ANOVA) analyses were 

performed using GraphPad Prism 4.0 software. The data is representative of the mean ± 

SEM of two independent astrocyte donors analyzed in multiple replicates
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Fig. 2. 
The transfection efficiency of human astrocytes. Primary human astrocytes were transfected 

using nucleofection technology. CD38 siRNAs were labeled with Cy3, and labeled nucleic 

acids were precipitated to remove free Cy3. Transfected cells were cultured for 12 h and 

activated with IL-1β (20 ng/ml) for 10 h (B, total 22 h post-transfection) and 24 h (D, total 

36 h post-transfection). Parallel controls without IL-1β-activation were also evaluated (A, C, 

and E). Ten independent fields were photographed with 90–100 cells per field and Cy3-

positive cells versus total cells were counted. Subpanel F shows the cumulative percent of 

Cy3-positive cells in each condition. On an average, 85% of the cells were transfected at all 

time points and IL-1β activation had no effect on transfection efficiency. Original 

magnification (×200)
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Fig. 3. 
Downregulation of CD38 expression and cyclase activity in astrocytes with RNAi. Primary 

human astrocytes transfected with siRNAs were analyzed for CD38 mRNA expression and 

CD38 ADP-ribosyl cyclase activity in the presence or absence of IL-1β (20 ng/ml). IL-1β 
led to a significant upregulation in CD38 mRNA that was significantly reduced by CD38 

siRNA (P<0.001). However, cells transfected with three independent, non-specific siRNAs 

upon subsequent activation with IL-1β showed comparable increase in CD38 mRNA levels 

as IL-1β-activated, non-transfected astrocytes (P>0.05), thus confirming the specificity of 

CD38 siRNA (A). IL-1β-induced increase in CD38 ADP-ribosyl cyclase activity was 

reversed by CD38 siRNA (B). One-way ANOVA analyses were performed using GraphPad 

Prism 4.0 software. The data represents the mean ± SEM with two independent astrocyte 

donors each done in triplicate
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Fig. 4. 
Effect of pharmacological agents and CD38 RNAi on Ca2+ dysregulation in human 

astrocytes. Primary astrocytes were treated with or without IL-1β and various cADPR-

related pharmacological agents were applied. Single-cell Ca2+ transients were measured on 

Fura 2AM loaded with or without IL-1β activated astrocytes after application of various 

cADPR-related pharmacological agents, and the representative traces are shown. Subpanel 

A shows representative traces of [Ca2+]i levels in control and IL-1β-activated astrocytes after 

stimulation with cADPR (125 μM). We found increased basal [Ca2+]i levels upon IL-1β-

activation that increased significantly by cADPR in the presence or absence of Ca2+ chelator 

EGTA (5 mM). Subpanel B shows a more potent increase in [Ca2+]i levels in activated 

astrocytes upon 10 μM 3-deaza-cADPR (non-hydrolyzable analog of cADPR) treatment 

over cADPR itself. In addition, both 8-Br-cADPR (100 μM), a specific cADPR antagonist 

(C), and CD38 siRNA (D) significantly downregulated the cADPR-mediated increase in 
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[Ca2+]i levels. This indicates the response to be CD38-cADPR specific. Subpanel E shows 

that ATP-mediated Ca2+ flux in control and IL-1β-activation astrocytes were comparable
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Fig. 5. 
Ca2+ dysregulation in astrocytes is mediated by CD38-cADPR system. Subpanel A 
represents cADPR levels in primary astrocyte cultures with or without IL-1β. IL-1β 
activation led to significant (n= 6, P=0.006) upregulation of cADPR over control cells with a 

corresponding increase in [Ca2+]i levels as shown in B. Student’s t test was performed using 

GraphPad Prism 4.0 software. Subpanel B quantifies the integrated area under the curve for 

the total number of independent recordings (n) for each condition after subtracting the 

baseline Ca2+ (Ca−Co). We found a significant increase (n=57, P<0.001) in [Ca2+]i levels in 

cADPR-treated IL-1β-activated astrocytes over non-activated control (n=46) in the presence 

or absence of EGTA (n=27), which was completely blocked by pre-incubation with 8-

BrcADPR (n=50, P<0.001) or by transfection with CD38 siRNA (n= 57, P<0.001). 3-Deaza-

cADPR (n=37) showed a more potent increase in [Ca2+]i levels than cADPR. One-way 

ANOVA analyses were performed using GraphPad Prism 4.0 software. The data represents 

the mean and SEM (n represents number of individual cells used for recording Ca2i+ 

transients from four independent donors)
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