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The role of mitochondrial alterations in the
combined toxic effects of human immunodeficiency
virus Tat protein and methamphetamine on
calbindin positive-neurons
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The use of methamphetamine (METH) continues to increase the risk of hu-
man immunodeficiency virus (HIV) transmission within both homosexual and
heterosexual drug abuser groups. Neurological studies indicate that the pro-
gression of HIV encephalitis is also enhanced by illicit drug use. Recently, the
authors’ studies in the postmortem brains of HIV-positive METH users have
shown that the combined effects of HIV and METH selectively damage cal-
bindin (CB)-immunoreactive nonpyramidal neurons, which may contribute to
the behavioral alterations observed in these patients. To better understand the
mechanisms of toxicity associated with exposure to HIV and METH, neuronal
survival, phenotypic markers, levels of oxidative stress, and mitochondrial po-
tential were assessed in vitro in the hippocampal neuronal cell line, HT22, and
in primary human neurons exposed to the HIV Tat protein and/or METH. Both
Tat and METH were toxic to neurons in a time- and dose-dependent fashion.
Neurons exposed to a combination of Tat and METH displayed early evidence
of neuronal damage at 6 h, characterized by a decrease in CB and microtubule-
associated protein 2 (MAP2) immunoreactivity followed by more extensive cell
death at 24 h. Loss of CB immunoreactivity associated with the combined ex-
posure to Tat and METH was accompanied by mitochondrial damage with
increased levels of oxidative stress. The toxic effects of Tat and METH were
inhibited by blocking mitochondrial uptake of intracellular calcium, whereas
blocking calcium flux in the endoplasmic reticulum or from the extracellular
environment had no effect on Tat and METH toxicity. These studies indicate
that in vitro, when combined, the HIV protein Tat and METH damage CB-
immunoreactive nonpyramidal neurons by dysregulating the mitochondrial
calcium potential. In combination, Tat and METH may increase cell injury
and death, thereby enhancing brain metabolic disturbances observed in HIV-
positive METH users in clinical populations. Journal of NeuroVirology (2004)
10, 327–337.
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Introduction

Methamphetamine (METH) use is often associated
with behaviors that increase the risk for the trans-
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mission of human immunodeficiency virus (HIV).
HIV-negative men who have sex with men and use
METH are 2.9 times more likely to become infected
with HIV than non-METH users of the same group
(Chesney et al, 1998). HIV infection is more fre-
quent in METH-using heterosexuals than in non-
users as well (Molitor et al, 1999). Furthermore, the
onset of HIV encephalitis (HIVE) in drug abusers is
both more rapid and more severe (Bell et al, 1998;
Bouwman et al, 1998; Nath et al, 2001). Studies in the
postmortem brains of HIV-positive patients with and
without a history of METH use revealed that HIVE
patients who used METH had a higher frequency
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of ischemic events and a more severe microglial re-
action, but a significantly lower brain viral burden,
and less severe forms of encephalitis, than HIVE pa-
tients who were non-METH users (Langford et al,
2003). Furthermore, in METH-using HIVE patients,
extensive loss of calbindin (CB)-immunoreactive in-
terneurons accompanied by aberrant sprouting, with
no evidence of ischemic injury, was observed. These
studies indicate that the combined effects of METH
and HIV can selectively damage CB-immunoreactive
nonpyramidal neurons. However, the mechanisms
responsible for neuronal damage resulting from the
synergistic effects of HIV and METH abuse are not
clearly understood.

Nath et al suggest that acceleration in the cogni-
tive impairments of some HIV patients who use drugs
may be due to destabilization of neuronal function-
ing by these drugs of abuse, and when combined with
HIV toxicity, may result in synergistic neurotoxicity
(Nath et al, 2002). Tat and METH have been shown,
both independently and in combination, to promote
oxidative stress by alterations in excitotoxic neuro-
transmitter release (Aksenov et al, 2001; Berman and
Hastings, 1999; Bonavia et al, 2001; Cadet and Bran-
nock, 1998; Eisch et al, 1996; Imam and Ali, 2000;
Love, 1999; Ohmori et al, 1996; Stephans and Ya-
mamoto, 1994). Also, Flora et al have shown that HIV
Tat protein and METH act synergistically to stimu-
late the activation of transcription factors, such as
nuclear factor κB (NFκB), activator protein-1 (AP-1),
and c-AMP–regulated extracellular binding protein
(CREB), which induce the expression of genes, in-
cluding tumor necrosis factor-α (TNF-α), interleukin-
1β (IL-1β), and intercellular adhesion molecule-1
(ICAM-1), involved in redox-regulated inflammatory
pathways in the brain (Flora et al, 2003). Alterations
in neurotransmitter release and excitotoxicity can
cause mitochondrial destabilization and depolariza-
tion leading to decreased cell fitness. During exci-
totoxic conditions, disruptions in the intracellular
calcium-buffering capacity can cause accumulation
of mitochondrial calcium, leading to neuronal dys-
function (Kruman et al, 1998; Stout et al, 1998).
Studies by Turchan et al using dopaminergic neu-
rons in a human brain cell culture model show
that in combination, Tat and METH significantly de-
crease mitochondrial membrane potential (Turchan
et al, 2001). Thus, in combination, METH and Tat
may increase cell injury and death, thereby enhanc-
ing brain metabolic disturbances observed in HIV-
positive METH abusers in clinical populations.

Taken together, these studies suggest that Tat and
METH may contribute to disruptions in the calcium-
buffering capacity of the neuron. Along with this pos-
sibility, these alterations may be also related to the
cellular loss of calcium-binding proteins such as CB.
Therefore, to further characterize potential mecha-
nisms responsible for neuronal damage observed in
the brains of HIV-positive METH using patients, we
assessed in vitro cell survival, neuronal phenotypic

markers, levels of oxidative stress, and mitochondrial
potential in neurons exposed to Tat and/or METH.
These studies indicate that in vitro, the combined ef-
fects of the HIV protein Tat and METH damage CB-
immunoreactive nonpyramidal neurons by dysregu-
lating the mitochondrial calcium potential.

Results

Immunocytochemical characterization of HT22 and
human neuronal (HN) cells
To begin exploring possible mechanisms of METH
and Tat toxicity on CB-immunoreactive neuronal
populations, in vitro studies were performed using
mouse hippocampal HT22 cells and primary hu-
man neuronal (HN) cells. Further characterization
by immunocytochemistry and laser scanning confo-
cal microscopy (LSCM) showed that HT22 and HN
cells display robust CB (Figure 1A, F), microtubule-
associated protein 2 (MAP2) (Figure 1B, G), and
γ -amniobutyric acid (GABA) (Figure 1C, H) im-
munoreactivity and moderate glutamate (Figure 1D,
I) immunoreactivity. No reactivity was observed
with antibodies against parvalbumin (PV) (Figure 1E,
J), N-methyl D-aspartate (NMDA; data not shown)
or astrocyte-specific glial fibrillary acidic protein
(GFAP; data not shown). These data suggest that
HT22 and HN cells are similar in profile to the CB pos-
itive neuronal population vulnerable to METH and
HIV in patients (Langford et al, 2003).

Tat and METH are toxic to neurons in a dose-
and time-dependent manner
To determine the effects of Tat and/or METH on
HT22 and HN cells, viability assays were conducted
on neurons exposed to Tat or METH alone, or in
combination at different concentrations and for
varying lengths of time. Cell death was determined
by trypan blue exclusion, TdT-mediated dUTP
nick-end labeling (TUNEL) and fluorescein diacetate
(FA)/propidium iodide (PI) viability assays. HT22
cells treated with varying concentrations of either
Tat (0, 5, 25, 50, 100, and 250 nM) or METH (0, 5,
25, 50, 100, and 250 μM) for 24 h showed a nearly
linear increase in cell death with increased doses
of either Tat or METH (Figure 2A). Exposure to a
250-nM Tat dose or a 250-μM METH dose resulted
in the maximal observed cell death at 35.5% and
68%, respectively (Figure 2A). Twenty-four-hour
exposures of HT22 cells to 50 nM Tat or 50 μM
METH resulted in 24.4% and 23.6% cell death,
respectively. Furthermore, doses of 50 nM Tat
and 50 μM METH were not significantly different
from one another (P = .667), but were significantly
greater than cell death observed in untreated cells
(P < .0001 and P < .0001, respectively). Time course
studies (Figure 2B) with 50 nM Tat or 50 μM METH
showed increased cell death over time at each time
point compared to untreated cells. Increases in cell
death were significant for cells treated with either
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Figure 1 Characterization of immunoreactivity patterns for neural markers in HT22 and HN cells. All images were imaged with the
laser scanning confocal microscope. Panels A to E are HT22 cells; panels F to J are HN cells. Intense immunoreactivity was observed
with antibodies against the calcium binding protein, calbindin (A and F), the microtubule-associated protein (MAP2) (B and G), and the
inhibitory neurotransmitter, γ -aminobutyric acid (GABA) (C and H). Moderate immunoreactivity was observed with an antibody against
the excitotory neurotransmitter, glutamate (D and I). No immunoreactivity with an antibody against the parvalbumin was observed
(E and J). Bar = 25 microns.

Tat or METH at 24 h (P = .0258 and P = .0087,
respectively) and 48 h (P = .0438 and P = .0391,
respectively). No significant cell death was observed
with Tat, METH, or Tat plus METH at 6 h (Figure 2B).
In contrast, compared to both the Tat and METH
treatments alone, the combined Tat/METH expo-
sure resulted in significantly greater cell death at
24 h (P < .0001 and P < .0001, respectively). Phase-
contrast images of HT22 cells treated with Tat and
METH for 24 h confirmed previous results show-
ing that a combination of Tat and METH results in
increased neuronal cell death compared to singly
treated or untreated cells (Figure 2C–F). Consistent
with these observations, trypan blue exclusion assays

Figure 2 Viability of HT22 cells exposed to Tat and/or METH. Cell viability was assessed by the trypan blue dye exclusion assay.
(A) Dose response of HT22 cells to increasing doses of Tat (0 to 250 nM) or methamphetamine (METH) (0 to 250 μM) for 24 h. (B) Time
course of HT22 cells exposed to Tat (50 nM) or METH (50 μM) from 0 to 48 h. ∗ P < .05 by one-factor ANOVA with Fisher’s post hoc
test. Percent cell death is represented by the combination of results from four separate experiments. Phase-contrast images of HT22 cells
untreated (C), treated with 50 nM Tat (D), 50 μM METH (E), or a combination of both (50 nM Tat and 50 μM METH) (F). Bar = 25 microns.

confirmed that while Tat or METH (50 nM, 50 μM,
respectively) treatment alone for 24 h resulted in ap-
proximately 20% cell death, the combination of the
two resulted in 40% cell death (Figure 2B).

Similarly, HN cells exposed to varying concentra-
tions of either Tat (0, 50, 150, 250, and 500 nM) or
METH (0, 50, 150, 250, and 500 μM) for 24 h showed
increasing cell death correlating with increased doses
of either Tat or METH (data not shown); however, HN
cells were more resistant to Tat and METH toxicity
than the HT22 cells. Thus, for time course experi-
ments, HN cells were treated with Tat at 250 nM and
METH at 100 μM. At these concentrations the combi-
nation of Tat and METH did not result in significant
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neuronal cell death at 6 h, whereas at 24 h, these
doses promoted an average of 28% cell death (not
shown). Taken together, viability studies suggest that
both Tat and METH are toxic to HT22 and HN cells
in a time- and dose-dependent manner and that in
combination, exposure to Tat and METH results in
significantly increased cell death at 24 h.

Decreased calbindin expression in neurons treated
with Tat and METH
Immunocytochemical analyses and LSCM were used
to determine the effects of Tat and METH on the
levels and patterns of CB and MAP2 immunoreac-
tivity in treated neurons. Both HT22 and HN cells
displayed strong CB and MAP2 immunoreactivity
that was diffusely distributed in the cytoplasm
(Figure 1A, B, F, G). Compared to controls, after
treatment with Tat or METH alone for 6 h, no signif-
icant decrease in levels of CB immunoreactivity was
detected (Figure 3E). In contrast and compared to
controls (Figure 3A, F), levels of CB immunoreactiv-
ity decreased by 34.6% after 24 h treatment with 50
nM Tat (Figure 3B, F) and by 40% with 50 μM METH
(Figure 3C, F) in HT22 cells. After 48 h of treatment
or when concentrations of greater than 50 nM Tat
or 50 μM METH were used, CB immunoreactivity
in HT22 cells decreased over 90% (data not shown).
Furthermore, after Tat and/or METH treatment for
24 h, CB immunoreactivity was redistributed from
throughout the cytoplasm to the periphery of the
cells (compare Figure 3A with B to D).

Further studies showed that compared to controls
(Figure 3G, L), levels of neuronal MAP2 immunoreac-
tivity decreased 10% to 23% after 24 h treatment with
either 50 nM Tat (Figure 3H, L) or 50 μM METH (Fig-
ure 3I, L). After 48 h of treatment or at doses greater

Figure 3 Comparison of the effects of Tat and/or METH treatment on HT22 cells. Cells in panels A and G are untreated controls. Cells
in panels B and H were exposed to Tat (50 nM, 24 h). Cells in panels C and I were exposed to METH (50 μM, 24 h). Cells in panels D and
J were exposed to both Tat (50 nM) and METH (50 μM) for 24 h. Panels E, F, K, and L show quantitative analyses for each experiment.
Cells in panels A to D were immunolabeled with an antibody against CB and cells in panels G to J were immunolabeled with an antibody
against MAP2 and imaged with a LSCM. (E, F) HT22 cells treated with Tat and METH for 6 h (E) or 24 h (F) showed significant decreases
in CB immunoreactivity. ∗ P < .05 by one-factor ANOVA with Fisher’s post hoc test when compared to the untreated control. (K, L) HT22
cells treated with Tat and METH for 6 h (K) or 24 h (L) showed significant decreases in MAP2 immunoreactivity. ∗ P < .05 by one-factor
ANOVA with Fisher’s post hoc test when compared to the untreated control, Tat, or METH. Bar = 25 microns.

than 100 nM Tat or 100 μM METH, levels of MAP2
immunoreactivity in HT22 cells decreased over 90%
(data not shown). MAP2 cellular distribution was not
affected by Tat and/or METH treatments (compare
Figure 3G with H to J). Although exposure of HT22
cells to Tat or METH alone for 6 h did not significantly
decrease levels of CB and MAP2 immunoreactivity,
the combination of Tat and METH for the same length
of time resulted in a significant decrease in the levels
of CB (Figure 3E) and MAP2 (Figure 3K) immunore-
activity. Similarly, although exposure to either Tat
or METH alone for 24 h moderately decreased the
levels of CB and MAP2 immunoreactivity, the com-
bination of these neurotoxins for 24 h (Figure 3D,
J) resulted in a significantly greater decrease in lev-
els of CB immunolabeling (78.4%, P < .0001; Figure
3F) and MAP2 (85.9%, P < .0001; Figure 3L). Consis-
tent with these results in HT22 cells, exposure of HN
cells to Tat (250 nM) and METH (100 μM) resulted in
decreased CB and MAP2 immunoreactivity at 24 h
(data not shown). In conclusion, immunocytochem-
ical studies suggest that Tat and METH cooperate to
promote a more profound decrease in CB and MAP2
immunoreactivity in neurons compared to neurons
treated with either Tat or METH alone.

Tat and METH toxicity is blocked by inhibiting
mitochondrial calcium flux
Because alterations in CB immunoreactivity were as-
sociated with the neuronal damage triggered by the
combination of Tat and METH, it is possible that
the neurotoxic effects of dysregulation in calcium
homeostasis might play a role in the mechanisms
of neurodegeneration. To investigate this possibil-
ity, neurons were treated with calcium flux block-
ers before challenge with Tat and METH. Blocking
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Figure 4 Comparison of the effects of Tat and/or METH treatment
on HT22 cell survival in the presence of calcium inhibitors. Cells
were treated with either Tat or METH or with a combination of both
after a 30-min exposure to ruthenium red to block mitochondrial
flux, thapsigargin to block endoplasmic reticulum calcium flux, or
cobalt chloride to prevent extracellular calcium influx. Cell viabil-
ity was assessed by the trypan blue exclusion assay. ∗ P < .05 by
one-factor ANOVA with Fisher’s post hoc test when compared to
the untreated control, Tat, METH, or Tat and METH.

mitochondrial calcium flux with ruthenium red (RR)
prior to Tat, METH, and Tat/METH exposure de-
creased cell death significantly, compared to cells
exposed to Tat, METH and Tat/METH without RR
(P = .011, P = .0013, P < .0001, respectively, Figure
4). Conversely, neither thapsigargin (TH), an endo-
plasmic reticulum calcium flux blocker, nor cobalt
chloride (CC), an extracellular calcium flux blocker,
significantly affected cell death in either HT22 or HN
cells treated with Tat, METH, or Tat/METH (Figure 4).
RR, TH, or CC treatment alone did not significantly
affect cell viability (Figure 4). These results suggest
that mitochondrial calcium homeostasis rather than
endoplasmic reticulum or extracellular calcium flux
is involved in Tat/METH neuronal disruptions.

Tat and METH disrupt the mitochondrial calcium
buffering capacity
To further investigate the mitochondrial role in
Tat/METH-mediated neuronal injury and death, dyes
specific for mitochondria were used to examine mito-
chondrial mass and membrane potential of HT22 and
HN cells treated with Tat and/or METH. MitoTracker
dyes are fluorescent mitochondrial markers that bind
free sulfhydryls and have been successfully used in
neurons (Buckman et al, 2001). MitoTracker Green
is insensitive to mitochondrial membrane potential
and is used to assess mitochondrial shape and mass
(Poot et al, 1996), whereas MitoTracker Red is rapidly
taken up into negatively charged mitochondria, and
has been shown to indicate membrane potential and
oxidative damage in neurons (Buckman et al, 2001).

As evidenced by MitoTracker Red staining, com-
pared to untreated cells (Figure 5A, J), significant in-

creases in oxidative stress were observed in HT22
neurons exposed to Tat (79.9% above control, P =
.0008, Figure 5B, J) or METH (85.4% above con-
trol, P < .0001; Figure 5C, J). An even more dra-
matic increase in oxidative stress was observed in
HT22 cells treated with both Tat and METH (91.6%
above control, P < .0001; Figure 5D, J). Likewise, in
combination, Tat/METH exposure increased oxida-
tive stress above single Tat and METH treatments by
58.2% and 42.6%, respectively (Figure 5J). The mito-
chondrial mass within cells, as determined by Mito-
Tracker Green staining, appeared equivalent between
untreated and Tat and/or METH treated neurons
with no significant differences observed (Figure 5I).
To further confirm whether the combined effects
of Tat and METH on mitochondrial functioning re-
sulted in increased oxidative stress, HT22 cells were
labeled with 2′,7′-dichlorodihydrofluorescein diac-
etate (H2DCFDA) and imaged with the LSCM. These
studies showed that at 6 h, Tat, METH, and Tat
plus METH increased H2DCFDA reactivity signifi-
cantly above controls (Figure 6A to E). However, in
combination for 6 h, Tat and METH toxicity was
not significantly different from Tat or METH treat-
ment alone. On the other hand, after 24 h, Tat and
METH combined increased H2DCFDA reactivity sig-
nificantly more than either Tat or METH alone and
above controls (Figure 6F to J).

To investigate the effect of blocking mitochondrial
calcium flux on Tat-METH–induced cellular oxida-
tive stress, HT22 cells were exposed to RR prior to Tat
and/or METH treatment and then stained with Mi-
toTracker dyes, as described above. In the presence
of RR alone, no differences were observed in mito-
chondrial mass among controls, cells treated with Tat
and/or METH, or in cultures with no RR (Figure 5A
to I). HT22 cells pretreated with RR prior to 50 nM
Tat showed a 30% decrease in oxidative stress com-
pared to Tat-treated neurons without RR (Figure 5B,
F, J). Similarly, HT22 cells pretreated with RR prior to
50 μM METH showed a significant decrease (54.7%,
P = .0010) in oxidative stress compared to neurons
treated with METH alone (Figure 5C, G, J). HT22 cells
pretreated with RR followed by a combination of both
Tat and METH showed a dramatic decrease in oxida-
tive stress (63%, P < .0001) compared to Tat/METH
treated neurons without RR (Figure 5D, H, I).

Likewise, studies of mitochondrial mass and ox-
idative state in HN cells exposed to Tat and/or
METH confirmed that in combination, Tat and METH
significantly increased oxidative stress above lev-
els observed in HN cells treated with Tat (26.2%,
P = .0004; Figure 7A, B, J) or METH alone (42.9%,
P < .0001; Figure 7A, C, J). However, blocking mi-
tochondrial calcium flux with RR (Figure 7E–H, J)
prevented Tat-METH–induced increases in radical
oxygen species as determined by MitoTracker Redox
Red staining (Figure 7J). Pretreatment of HN cells
with RR significantly decreased both Tat and METH
induced oxidative stress by 56.0% (P < .0001) and
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Figure 5 Analyses of mitochondrial alterations in HT22 cells untreated or treated with Tat, METH, or both Tat and METH, and stained
with mitochondrial-specific dyes to measure mitochondrial mass and oxidative stress levels. Cells are double stained with MitoTracker
Green (green) and MitoTracker Red (red) and imaged with the laser scanning confocal microscope. Panels A to D are HT22 cells untreated
(A), 50 nM Tat (B), 50 μM METH (C), or 50 nM Tat and 50 μM METH (D) for 24 h without pretreatment with RR. Panels E to H are HT22
cells exposed to RR for 30 min followed by no further treatment (E), 50 nM Tat (F), 50 μM METH (G), or 50 nM Tat and 50 μM METH (H) for
24 h. (I) Quantitative image analysis of pixel intensity for mitochondrial mass using MitoTracker Green with and without RR pretreatment.
(J) Quantitative image analysis of pixel intensity for oxidative stress using MitoTracker Red with and without RR pretreatment. ∗ P < .05
by one-factor ANOVA with Fisher’s post hoc test when compared to the untreated control, METH, Tat, or Tat and METH. Bar = 25 microns.

44.1% (P = .0006), respectively (Figure 7B, C, F, G,
J). Pretreatment with RR prior to exposure of HN cells
to a combination of Tat and METH decreased oxida-
tive stress by 70.1% (P < .0001; Figure 7D, H, J). No
significant differences in mitochondrial mass were

Figure 6 Analyses of oxidative stress in HT22 cells untreated or treated with Tat, METH, or both Tat and METH and stained with
H2DCFDA. Panels A to D and F to I are LSCM images of representative stained with H2DCFDA. Panels A to D are HT22 cells untreated
(A), or treated with Tat (50 nM) (B), METH (50 μM) (C), or Tat (50 nM) and METH (50 μM) (D) for 6 h. Panels F to I are HT22 cells
untreated (F), or treated with Tat (50 nM) (G), METH (50 μM) (H), or Tat (50 nM) and METH (50 μM) (I) for 24 h. Panels E and J show
quantitative analyses of levels of fluorescence (pixel intensity) of HT22 cells treated with Tat, METH, or Tat and METH for 6 h (E) and
24 h (J). Bar = 25 microns.

observed (Figure 7I). Together, these studies suggest
that at 6 h, Tat and METH cooperate to disrupt CB
expression (Figure 3), thereby altering mitochondrial
calcium flux resulting in oxidative stress and at 24 h,
neuronal death (Figures 4–7).
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Figure 7 Analyses of mitochondrial alterations in HN cells untreated or treated with Tat, METH, or both Tat and METH and stained
with mitochondrial-specific dyes to measure mitochondrial mass and oxidative stress levels. Cells are double stained with MitoTracker
Green (green) and MitoTracker Red (red) and imaged with the laser scanning confocal microscope. Panels A to D are HN cells untreated
(A), 250 nM Tat (B), 100 μM METH (C) or 250 nM Tat and 100 μM METH (D) for 24 h without pretreatment with RR. Panels E to H
are HN cells exposed to RR for 30 min followed by no further treatment (E), 250 nM Tat (F), 100 μM METH (G), or 250 nM Tat and
100 μM METH (H) for 24 h. (I) Quantitative image analysis of pixel intensity for mitochondrial mass using MitoTracker Green with and
without RR pretreatment. (J) Quantitative image analysis of pixel intensity for oxidative stress using MitoTracker Red with and without
RR pretreatment. ∗ P < .05 by one-factor ANOVA with Fisher’s post hoc test when compared to the untreated control, METH, Tat, or Tat,
and METH. Bar = 25 microns.

Discussion

Supporting previous studies in postmortem brains
of HIV-positive METH user patients (Langford et al,
2003), the present in vitro data indicate that the HIV
protein Tat and METH cooperate to promote neu-
ronal damage and cell death in nondopaminergic
CB-immunoreactive neurons. Our time course stud-
ies suggest that at early stages of exposure, Tat and
METH alter cellular CB levels, thereby promoting
disruptions in mitochondrial calcium flux that may
in turn trigger oxidative stress and cell death after
longer exposure. It is possible that in combination,
Tat and METH interfere with cell fitness via inde-
pendent mechanisms or by converging in common
pathways leading to cell death. For example, Tat and
METH can independently cause cell death by pro-
moting glutamate release, disrupting mitochondria,
generating oxygen free radicals or reactive oxygen
species, and altering calcium homeostasis (Bonavia
et al, 2001; Koller et al, 2001; New et al, 1998). Al-
though excitotoxicity may contribute to the additive
effects of Tat and METH in vivo, it is unlikely that
this mechanism contributed to neurodegeneration
in our in vitro model because HT22 cells lack the
NMDA receptor and the HN cells were only weakly
immunoreactive for the NMDA receptor. Thus, other
mechanisms involving mitochondrial dysfunction,

oxidative stress, and calcium dysregulation may play
a role in neurodegeneration. Supporting a role of
these mechanisms in neurodegeneration, the present
study showed that pretreatment with the mitochon-
drial calcium flux blocker RR ameliorated cell death
caused by Tat and/or METH. However, blocking cal-
cium flux elsewhere in the cell had no significant ef-
fects, suggesting that mitochondrial alterations play a
role in the combined neurotoxicity of Tat and METH.
However, these results should be interpreted with
caution because the calcium flux inhibitors RR and
CC may also affect aspects of cell signaling other than
calcium modulation (Del Toro et al, 2003; Griffiths,
2000; Ying et al, 1991). The use of additional meth-
ods, including cell labeling with MitoTracker dyes
and H2DCFDA, were used to address mitochondrial
function and oxidative stress and to confirm the
specificity of our results. Confocal image analyses of
cells treated with Tat, METH, or Tat plus METH and
labeled with MitoTracker dyes and H2DCFDA sup-
port data from the calcium inhibitor studies.

The relationship between mitochondrial dysfunc-
tion and CB expression has not yet been entirely
elucidated; however, because CB is responsible, in
part, for maintaining calcium homeostasis by bind-
ing calcium ions, disruption of its buffering capacity
could lead to mitochondrial toxicity by increasing
membrane permeability (Rego and Oliveira, 2003).
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Consistent with these findings, the present study
shows an increase in MitoTracker Red reactivity in
cells treated with Tat and/or METH and these effects
were ameliorated by pretreatment with RR. This is
consistent with previous studies indicating that Tat
and METH interact to cause mitochondrial dysfunc-
tion via oxidative stress in neurons (Flora et al, 2003;
Turchan et al, 2001). Thus, in nondopaminergic CB-
immunoreactive interneurons, Tat and METH may
interfere with the calcium-binding capacity by in-
terfering with the expression of buffering proteins
such as CB, leading to changes in mitochondrial func-
tion and calcium homeostasis. Tat has been shown
to alter calcium homeostasis in neurons and astro-
cytes, leading to disruption of glutamatergic trans-
mission (Ramirez et al, 2001). Likewise, METH not
only induces the release of dopamine, noradrenalin,
and serotonin, but also binds their receptors (Amano
et al, 2002), which may lead to intracellular calcium
alterations, as described above. Because both Tat and
METH independently disrupt calcium currents, it is
possible that in combination, these factors converge
to further dysregulate calcium homeostasis and mi-
tochondrial function.

In conclusion, this study shows that the combined
effects of the HIV protein Tat and METH selectively
damage CB-immunoreactive nonpyramidal neurons
via mitochondrial dysregulation, suggesting that in
combination, these neurotoxins might converge in
similar pathways to increase cell injury and death,
thereby exacerbating neurobehavioral alterations as-
sociated with HIVE and METH use (Taylor et al,
2000).

Materials and methods

HT22 culture and treatments
The effects of METH and/or Tat on cell viability
were investigated in HT22 cells, a mouse hippocam-
pal cell line derived from the HT4 cell line (Tan
et al, 1998). The HT22 cell line was chosen because
previous studies have shown that this neuronal line,
derived from fetal hippocampal cells, is vulnerable
to excitotoxic challenge in a manner similar to that
reported for HIV proteins (Hashimoto et al, 2002).
Furthermore, our previous studies in human brains
have shown that CB-immunoreactive neurons in the
neocortex, basal ganglia, and hippocampus are sus-
ceptible to the neurotoxic effects of HIV, therefore, for
the in vitro studies we screened for a neuronal cell
line that would express high levels of CB and dis-
play some features of inhibitory neurons, such as the
expression of GABA. In preliminary studies compar-
ing the levels of CB expression among several neu-
ronal cell lines, including B103, PC12, and SHSY-
5Y cells, it was found that HT22 cells expressed the
highest levels of CB immunoreactivity. HT22 cells
were maintained at no greater than 70% confluence
in 10% fetal bovine serum (FBS) in Dulbecco’s Modi-

fied Eagle Medium (DMEM, high glucose; Irvine Sci-
entific, Irvine, CA) with 1 mM L-glutamine, 1 mM
sodium pyruvate, and 1% penicillin/streptomycin
(GIBCO/BRL, Bethesda, MD). Briefly, cells were rou-
tinely grown in DMEM, incubated at 37◦C in 5%
CO2 and the medium was replaced every 2 days.
Prior to all treatments and experiments, cells were
preincubated in serum-free medium for 24 h at 37◦C,
5% CO2. Cells were then treated with varying doses
and for varying lengths of time with HIV-Tat (86–
amino acid recombinant Tat HxB2; NIH AIDS Re-
search and Reference Program, Rockville, MD, or
Trinity Biotech, Carlsbad, CA) and/or METH (de-
oxyephedrine [±METH], Sigma). For dose-response
experiments, HT22 cells were exposed to HIV-Tat for
24 h at: 0, 5, 25, 50, 100, and 250 nM. For time course
experiments, HT22 were exposed to 50 nM Tat for
0, 6, 12, 24, and 48 h. Cell viability assays were then
conducted to determine optimal dosing and duration,
essentially as described previously (Hesselgesser and
Horuk, 1999). Likewise, HT22 cells were exposed to
the following doses of METH: 5, 25, 50, 100, 250 μM
for 24 h and to 50 μM METH for 0, 6, 12, 24, and 48 h
and assayed for viability. To study the role of calcium
in mitochondrial disruption and cell toxicity,
neurons were treated with RR (10 μM; Sigma), TH
(5 nM; Sigma), or CC (5 μM; Sigma) for 30 min prior
to Tat and/or METH exposures. RR blocks mitochon-
drial calcium flux, TH blocks endoplasmic reticulum
calcium flux, and CC blocks calcium flux from the
extracellular environment.

Culture and treatments of human neurons
Neurons (HN) (ScienCell Research Laboratories,
Sorrento Valley, CA) isolated from human brain were
maintained in basal neuronal medium (ScienCell Re-
search Laboratories) with 1% neuronal growth sup-
plement and 1% penicillin/streptomycin. Prior to
treatments, HN cells were preincubated in serum-
free neuronal growth medium for 24 h at 37◦C, 5%
CO2. Dose-response and time course experiments
were conducted on HN cells as described above for
HT22 cells, using the same concentrations of Tat and
METH for the dose response. However, because HN
cells were less susceptible to Tat and METH treat-
ments than HT22 cells, the concentrations used for
the HN time course experiments were 250 nM and
100 μM, respectively. To study the role of calcium in
mitochondrial disruption and cell toxicity, HN cells
were treated with RR (10 μM; Sigma), TH (5 nM;
Sigma), or CC (5 μM; Sigma) for 30 min prior to
Tat and/or METH exposures, as described for HT22
cells.

Cell viability
For trypan blue exclusion assays, HT22 and HN cells
from each experimental condition were rinsed with
warm phosphate-buffered saline (PBS), harvested,
collected by gentle centrifugation, resuspended in a
PBS/trypan blue solution (1:1, vol:vol) and counted,
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as previously described (Li et al, 1997). Briefly,
because trypan blue is not permeable across the
cell membrane, cells staining blue indicated dis-
ruptions in the cell membrane and were counted
as dead. TUNEL staining was carried out on neu-
rons, essentially as described previously (Li et al,
1997; Hesselgesser et al, 1998). Briefly, cells were
grown on 12-mm glass coverslips, treated, rinsed
with warm PBS, and fixed with 4% paraformalde-
hyde for 20 min at room temperature. After rinsing
with PBS, cells were permeabilized with 1% H2O2
in 1× PBS–Tween-20 for 10 min at room temper-
ature, rinsed twice with PBS, and air dried for 2
min. TUNEL analysis was conducted according to the
manufacturer’s instructions for staining (Roche Diag-
nostics, Indianapolis, IN). TUNEL-positive cells were
detected with 3,3′-diaminobenzidine (DAB; Sigma)
and counted with a computer-aided analysis sys-
tem (Quantimet 570C; Leica, Bannockburn, IL). Cell
death was also assayed by fluorescent staining with
FA (Sigma) and PI (Sigma), as previously described
(Huang et al, 1999). Briefly, the FA working solution
was prepared by adding 10 μl of stock FA (50 mg FA
in 10 ml of acetone) to 2.5 ml PBS. The FA/PI cocktail
was prepared by adding 1 μl of FA working solution
to 300 μl of PI (1 mg PI in 50 ml PBS). After rins-
ing once in warm PBS, 20 μl of the FA/PI cocktail
was added to the cells on coverslips and incubated
15 min in the dark. Coverslips were placed cell-side
up on SuperFrost slides (Fisher Scientific) with an-
tifading medium (Vector) and immediately imaged
with LSCM (MRC1024, Bio-Rad).

Analysis of CB expression in cells
Immunocytochemical assessment of CB and other
neuronally associated protein expression was per-
formed in HT22 and HN cells plated on poly-
L-lysine–coated coverslips for 24 h in serum-free
or 0.5% supplemented medium, respectively, and
rinsed with PBS. Neurons were then incubated for
24 h in serum-free medium containing either 50
nM Tat protein or 50 μM METH (Gurwell et al,
2001). Coverslips were fixed for 25 min at room
temperature in 4% paraformaldehyde and incubated
overnight with the monoclonal antibodies against
CB (1:1000; Sigma), MAP2 (1:20; Chemicon), PV
(1:1000; Sigma), GABA (1:100; Chemicon), NMDA
(1:1000; Sigma), or glutamate (1:1000; Chemicon,
San Diego, CA). Immunoreactivity was detected with
fluorescein isothiocyanate (FITC)-conjugated anti-
rabbit secondary antibody (Vector) and imaged with
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