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A significant number of human immunodeficiency virus type 1 (HIV-1)–
infected patients are alcoholics. Either alcohol or HIV alone induces morpho-
logical and functional damage to the nervous system. HIV-1 Tat is a potent
transcriptional activator of the viral promoter, with the ability to modulate a
number of cellular regulatory circuits including apoptosis and to cause neu-
ronal injury. To further evaluate the involvement of alcohol in neuronal injury,
the authors examined the effect of ethanol on Tat-induced calcium responses
in rat cerebral cortical neurons, using microfluorimetric calcium determina-
tion. HIV Tat protein (10 or 500 nM) elicited two types of calcium responses
in cortical neurons: a fast-onset, short-lasting response and a slow-onset, sus-
tained response. The responses were concentration-dependent and diminished
in calcium-free saline. A short exposure to ethanol (50 mM) potentiated both
types of calcium response, which was markedly decreased when the cells were
pretreated with BAPTA-AM (20 μM). In addition, an increase in the neuro-
toxic effect of Tat, which was assessed by trypan blue exclusion assay, was
observed. The result led the authors to conclude that alcohol exposure signifi-
cantly potentiates Tat-induced calcium overload and neuronal death. Journal
of NeuroVirology (2006) 12, 17–24.
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Introduction

Alcohol is one of the leading drugs of abuse. Epidemi-
ological studies show that a significant number of hu-
man immunodeficiency virus (HIV)-infected subjects
consume alcohol (Samet et al, 2004). Alcohol abuse
can negatively affect the progression of HIV infection
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and acquired immunodeficiency syndrome (AIDS)
(Dingle and Oei, 1997). For example, alcohol con-
sumption impairs the immune system and facilitates
HIV infection. Alcohol exposure enhances HIV repli-
cation and infection in human lymphocytes (Cook
et al, 1997; Liu et al, 2003), macrophages (Haorah
et al, 2004), and oral epithelial cells (Chen et al, 2004;
Zheng et al, 2004). Further, alcohol abuse in HIV-
infected individuals is associated with an impair-
ment of neuropsychological functions (Meyerhoff,
2001; Rothlind et al, 2005) and metabolic abnormal-
ities (Pfefferbaum et al, 2005). Similarly, alcohol ad-
ministration to rhesus monkeys infected with simian
immunodeficiency virus (SIV) produced cognitive
and behavioral deficits greater than those produced
by alcohol or SIV alone (Winsauer et al, 2002).
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HIV-1 enters the brain early in the disease (Resnick
et al, 1988), altering neuronal functions, and in-
ducing HIV-associated dementia (HAD) (Gonzalez-
Scarano and Martin-Garcia, 2005). In the absence
of productive neuronal infection, neurotoxicity is
largely attributed to viral proteins and host factors
(Kaul et al, 2001; Mattson et al, 2005). The demon-
stration that HIV-1 proteins including Tat, gp120,
and gp41 are neurotoxic leads to the term “virotox-
ins” (Nath and Geiger, 1998). Tat is neurotoxic when
injected intracerebroventricularly to mice in vivo
(Sabatier et al, 1991) and in cultured human and rat
neurons in vitro (Nath et al, 1996; New et al, 1997).
Tat-induced neurotoxicity is presumed to be asso-
ciated with an increase in cytosolic calcium levels
(Kruman et al, 1998; Haughey et al, 1999; Bonavia
et al, 2001).

Results from a number of studies suggest that in-
teractions of alcohol and HIV proteins may result
in greater neuronal injury than either agent alone.
For example, long-term exposure to ethanol potenti-
ates gp120-induced apoptosis in human (Chen et al,
2005) and enhances the cytotoxic effect of Tat in hip-
pocampal neurons (Self et al, 2004), via a N-methyl-
D-aspartate (NMDA)-sensitive pathway. Interactions
between ethanol and viral proteins might also be
responsible for increased HIV-1 neuroinvasion. Al-
cohol potentiates apoptosis induced by HIV-1 pro-
teins in human brain endothelial cells, which are
an important component of the blood-brain barrier
(Acheampong et al, 2002). In addition, Tat and al-
cohol amplify their proinflammatory effects in mice
hippocampus (Flora et al, 2005).

In the present study, we show for the first time that
acute alcohol exposure potentiated HIV Tat–induced
Ca2+ overload and neuronal death in rat cortical
neurons.

Results

Measurement of cytosolic Ca2+ concentrations
[Ca2+]i response in normal Ca2+ saline: Adminis-
tration of HIV-1 Tat (10 nM) to rat cortical neurons
induced an elevation of [Ca2+]i characterized by two
distinct profiles. In 34 of 50 neurons tested, we no-
ticed a fast (less than 1 s) and transitory increase
in [Ca2+]i by 543 ± 28 nM (Figures 1A1 and 4). In
11 neurons, Tat elicited a slow and sustained rise of
[Ca2+]i, with an average of 397 ± 16 nM (Figures 1A2
and 4). HIV-1 Tat had no significant effects on [Ca2+]i
in 5 neurons. Treatment with high K+ (KCl 25 mM)
of neurons unresponsive to Tat produced an increase
in [Ca2+]i by 217 ± 4.3 nM (n = 5). Administration of
Tat (10 nM) to neurons pretreated with BAPTA-AM
(20 μM) for 45 min induced a slow and short-lasting
elevation of [Ca2+]i of 36 ± 3.9 nM (Figures 1A3
and 4). Heat-inactivated HIV-1 Tat had no signifi-
cant effects on [Ca2+]i; a representative recording is
shown in Figure 1A4. Administration of glutathione

S-transferase (GTS) (10 nM and 500 nM) to cortical
neurons did not significantly change [Ca2+]i.

Similar profiles of calcium responses were ob-
served for the high concentration of Tat (500 nM).
At this concentration, the fast responses of [Ca2+]i
reached a peak of 1783 ± 94 nM (n = 10) (Figures 2A
and 4), whereas the slow responses had an averaged
increase of 1217 ± 88 nM (n = 10) (Figures 2B and 4).
Administration of 500 nM Tat to neurons pretreated
with BAPTA-AM (20 μM, 45 min) induced a transient
increase of [Ca2+]i, averaging 181 ± 8.8 nM (n = 8)
(Figures 2C and 4). Heat-inactivated HIV-1 Tat had
no effects on [Ca2+]i; a representative trace is shown
in Figure 2D.

Ethanol and [Ca2+]i : Administration of 50 mM
ethanol alone induced a small, sustained elevation
of [Ca2+]i, with an average of 183 ± 6.8 nM (n = 8);
this effect was abolished by pretreatment with 20 μM
BAPTA-AM for 45 min (n = 8); Figure 3B shows a
representative experiment.

[Ca2+]i to Tat and ethanol: In neurons responding
to Tat with a fast, short-lasting rise of [Ca2+]i, addi-
tion of Tat (10 nM) to neurons pretreated with ethanol
(50 mM, 2 min) changed the fast, short-lasting in-
crease (Figure 1A1) to a fast, sustained rise of [Ca2+]i,
averaging 1193 ± 64 nM (n = 12) (Figures 1B1 and
4). Administration of Tat (10 nM) to slowly re-
sponding neurons pretreated with 50 mM ethanol for
2 min elevated [Ca2+]i by an average of 642 ± 37 nM
(Figure 1B2), which was significantly higher than that
caused by Tat alone (Figure 4). In neurons preloaded
with BAPTA-AM (20 μM, 45 min), administration of
Tat (10 nM) subsequent to ethanol (50 nM, 2 min) in-
duced a transitory increase in [Ca2+]i of 137 ± 6.2 nM
(Figures 1B3 and 4). Heat-inactivated Tat adminis-
tered to neurons pretreated with ethanol had no effect
(Figure 1B4).

[Ca2+]i response in Ca2+-free saline: In Ca2+-free
saline supplemented with 2.5 mM EGTA, adminis-
tration of Tat (10 nM or 500 nM) elevated [Ca2+]i
by 284 ± 8.2 nM and 547 ± 12.2 nM, respectively
(Figures 5A, D and 6). Ethanol (50 mM) alone pro-
duced a small rise of [Ca2+]i, averaging 23 ± 3.1 nM
(Figure 5B). Administration of Tat (10 nM) to neu-
rons pretreated with ethanol (50 mM, 2 min) elevated
[Ca2+]i by 462 ± 9.6 nM (Figures 5C and 6).

Neurotoxicity assay
Neuronal cell death was measured by the trypan
blue exclusion assay. In neurons treated with ethanol
(50 mM, 12 h), the neuronal cell death was compa-
rable to that of untreated cells, 3.1% ± 0.2% versus
2.9% ± 0.3% (Figure 7). Treatment with Tat alone
(10 nM, 12 h) induced a cell death of 5.4% ± 0.4%.
A short exposure (2 min) to ethanol (50 mM) sig-
nificantly increased the cell death to 14.8% ± 1.6%
of neurons treated with Tat (10 nM). The cell death
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Figure 1 Potentiation by ethanol of HIV-1 Tat-induced increases of intracellular calcium concentrations in cultured rat cortical neurons.
A1, A representative recording of a rapid onset, short-lasting elevation of [Ca2+]i induced by Tat (10 nM). A2, A representative recording of
a slow onset, sustained increase of [Ca2+]i induced by Tat (10 nM). A3, The effect of Tat on [Ca2+]i was markedly decreased by pretreatment
with BAPTA-AM (20 μM). A4, Heat-inactivated Tat (iTat; 10 nM) caused no significant change of [Ca24]i. B1, Pretreatment with ethanol (50
mM, 2 min) increased [Ca2+]i in fast responding neurons and changed the transitory calcium response to a sustained increase of [Ca2+]i.
B2, Ethanol increased the amplitude of sustained calcium response. Ethanol alone produced a small increase of [Ca2+]i, as shown in B1
and B2. B3, The potentiating effect of ethanol was markedly decreased in neurons pretreated with BAPTA-AM, which also abolished the
increase of [Ca2+]i induced by ethanol. B4, Ethanol produced a small increase of [Ca2+]i but caused no significant change of the [Ca2+]i

following administration of heat inactivated Tat.

was reduced to 3.6% ± 0.4% in neurons treated with
Tat (10 nM) subsequent to incubation with BAPTA-
AM and ethanol (Figure 7). Treatment with a higher
dose of Tat (500 nM) induced a statistically signifi-
cant increase in cell death of 17.4% ± 1.3%, whereas
pretreatment with BAPTA reduced the cell death to
4.2% ± 0.6% (Figure 7).

Discussion

HIV and alcohol can impair neuropsychological func-
tions and their association has been shown to have
additive effects (Rothlind et al, 2005; Schulte et al,
2005). The major goal of this study was to examine
directly the effects of ethanol and HIV-1 Tat protein
alone and in combination on calcium responses and
neurotoxicity in rat cerebral cortical neurons. Our re-
sults show that acute exposure to ethanol increased

Tat-induced calcium responses and cell death in rat
cortical neurons.

HIV-1 Tat protein is one of the viral factors consid-
ered to be responsible for the pathogenesis of HIV-
induced dementia. There is mounting evidence that
HIV-1 Tat protein is neurotoxic, due largely to a cal-
cium overload (Kruman et al, 1998; Haughey et al,
1999; 2001; Haughey and Mattson, 2002). Excessively
high levels of intracellular calcium lead to cell death
by apoptosis (Ghosh and Greenberg, 1995; Mattson
and Chan, 2003). The calcium pool(s) mobilized by
Tat is still a matter of debate. The Tat-induced in-
crease in [Ca2+]i is considered critically dependent
on influx through voltage-gated calcium channels
and ionotropic glutamate receptors in rat cortical and
hippocampal neurons (Bonavia et al, 2001). However,
Tat mobilizes calcium from both external and internal
sources; i.e., calcium release from inositol triphos-
phate (IP3)-sensitive intracellular stores and calcium
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Figure 2 Two types of calcium responses induced by a higher
concentration of Tat (500 nM). Calcium responses elicited by the
high concentration had similar profiles as those elicited by a low
concentration. A, A representative recording of a fast onset, short
lasting increase of [Ca2+]j. B, A representative recording of a slow
onset, sustained rise of [Ca2+]j. C, Pretreatment with BAPTA-AM
(20 μM) markedly decreased the [Ca2+]i induced by Tat; a small,
transient response could be detected following Tat administration.
D, No effect on [Ca2+]i was noticed in neurons treated with heat
inactivated Tat (500 nM).

influx through glutamate receptors, in human fetal
neurons and astrocytes (Haughey et al, 1999). In con-
trast, Tat has been reported to reduce glutamate or
adenosine triphosphate (ATP)-induced intracellular
Ca2+ increase in rat cortical astrocytes and human
glioblastoma cells (Koller et al, 2001).

To evaluate the direct effect of ethanol and/or Tat
on neurons and to exclude glia-neuron interactions,
we used rat cortical neurons in culture where glial
cell growth was prevented by treatment with the mi-
totic inhibitor cytosine β-arabinofuranoside. In addi-
tion, cerebral cortical neurons are highly susceptible
to the neurotoxic effect of Tat protein (Bonavia et al,
2001) and alcohol (Ikegami et al, 2003). Under this
condition, HIV-1 Tat, irrespective of a low (10 nM) or
high (500 nM) concentration, caused two types of cal-
cium responses in rat cortical neurons: a fast-onset,
short-lasting response and a slow-onset, sustained

Figure 3 Ethanol-induced [Ca2+]i in rat cortical neurons.
A, Ethanol (50 mM) induced a small, but sustained increase in
[Ca2+]i of 183 ± 6.8 nM. B, The effect of ethanol was abolished by
pretreatment with BAPTA-AM (20 μM) for 45 min.

response. The Tat-induced calcium response was di-
minished in a Ca2+-free saline, indicating the partic-
ipation of both intra- and extracellular sources in rat
cortical neurons; a finding similar to that reported for
human neurons (Haughey et al, 1999).

In our study, ethanol alone induced a small, but
sustained increase in [Ca2+]i, which was completely
abolished by pretreatment with BAPTA-AM, a po-
tent membrane-permeable calcium chelator (Strayer

Figure 4 Comparison of two types of calcium responses in cor-
tical neurons induced by a low or high concentration of Tat
with or without ethanol pretreatment. In fast responding neurons
treated with ethanol, Tat (10 nM) induced an increase of [Ca2+]i of
1193 ± 64 nM, compared with an increase of 543 ± 28 nM in neu-
rons treated with Tat alone. Tat (500 nM) induced an increase of
[Ca2+]i of 1783 ± 94 nM. In slow responding neurons, Tat (10 nM)
alone induced an increase of [Ca2+]i of 397 ± 16 nM; pretreatment
with ethanol elicited an increase in [Ca2+]i of 642 ± 37 nM. Tat
(500 nM) increased [Ca2+]j by 1217 ± 88 nM. In neurons pretreated
with BAPTA-AM (20 μM), Tat (10 nM and 500 nM) induced an in-
crease of [Ca2+]i of 36 ± 6.2 nM, and 181 ± 8.8 nM, respectively;
BAPTA also reduced [Ca2+]i induced by ethanol and Tat (10 nM)
to 137 ± 6.2 nM. (∗∗ P < .05; ∗∗∗ P < .01).
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Figure 5 Calcium responses induced by Tat and ethanol in Ca2+-
free saline plus 2.5 mM EGTA in cultured rat cortical neurons.
A, Administration of Tat (10 nM) elicited a fast onset, short lasting
rise of [Ca2+]i with an average of 284 ± 8.2 nM in a Ca2+-free solu-
tion. B, Ethanol (50 mM) induced a negligible rise of [Ca2+]i with
an average of 23 ± 3.1 nM in a Ca2+-free solution. C, Administra-
tion of Tat (10 nM) to neurons pretreated with ethanol (50 mM;
2 min) elevated [Ca2+]i by 462 ± 9.6 nM, which is nearly double
the response induced by Tat alone. D, A high concentration of Tat
(500 nM) induced an increase of [Ca2+]i of 547 ± 12.2 nM.

et al, 1999). The mechanism underlying ethanol-
induced calcium release appears to vary in different
cell models. For example, ethanol induces a release
of Ca2+ from IP3-insensitive stores in mouse brain
microsomes (Daniell and Harris, 1989), and from IP3-
sensitive stores in hepatocytes (Hoek et al, 1987). In
isolated canine basilar arteries, ethanol-induced con-
tractions involve both Ca2+ influx through voltage-
gated Ca2+ channels and release from internal stores
(Yang et al, 2001). In the case of rat cortical neu-
rons, the transient peak induced by Tat in the
control medium was converted to a fast and sus-
tained calcium response in the presence of ethanol.
In slow-responding neurons, ethanol amplified the
slow and sustained increase in [Ca2+]i. In both
types of neurons, the potentiation by ethanol was
markedly reduced, but not completely abolished

Figure 6 Comparison of calcium responses induced by a low
concentration of Tat (10 nM) with or without pretreatment with
ethanol and a high concentration of Tat (500 nM) in Ca2+-free saline
plus 2.5 mM EGTA (∗∗ P < .05).

by BAPTA-AM, which has been reported to inhibit
the Tat-induced calcium response in macrophages
(Mayne et al, 2000). The potentiating effect of ethanol
on Tat-induced calcium responses persists in a
Ca2+-free saline, implying ethanol mobilizes internal
stores.

With respect to neurotoxicity, ethanol alone, at the
concentration (50 mM) tested here, did not result

Figure 7 Potentiation by ethanol of Tat-induced neurotoxicity.
Cultured cortical neurons were treated for 12 h with Tat (10 nM)
or ethanol (50 mM) alone or a combination of Tat and ethanol,
and the cell viability was determined by the trypan blue exclusion
assay. Tat (10 nM) applied to neurons pretreated with ethanol sig-
nificantly increased the neuronal death to 14.8% ± 1.6% (∗∗ P <

.05). Tat (500 nM) alone significantly increased neuronal death to
17.4% ± 1.3% (∗∗ P < .05). Pretreatment with BAPTA-AM (20 μM)
markedly lowered the neuronal death rate to 4.2% ± 0.6% in corti-
cal neurons exposed to Tat (10 nM)/ethanol (50 mM) and to a high
concentration of Tat (500 nM).
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in a significant number of neuronal deaths as com-
pared to the control. Cell death was assessed by the
trypan blue exclusion assay, which was used in a
previous study to evaluate Tat-induced neurotoxi-
city (Haughey et al, 1999). A short (2-min) expo-
sure to ethanol (50 mM) significantly increased the
Tat-induced cell death; the latter was prevented by
pretreatment with BAPTA-AM. The increase in neu-
ronal death induced by a higher concentration of
Tat (500 nM) was also prevented by BAPTA-AM.
In a previous report, ethanol (16.7 and 50 mM) po-
tentiated gp120-induced total neuronal death in a
concentration-dependent manner, but failed to in-
crease Tat-induced neuronal death, as evaluated by
lactate dehydrogenase (LDH) release (Chen et al,
2005). In addition, a high concentration of ethanol
(83 mM) did not influence the gp120- or Tat-induced
neuronal death (Chen et al, 2005). Subchronic treat-
ment of rat organotypic hippocampal-cortical slice
cultures with ethanol at the concentrations (20 to
30 mM) comparable to that occurred during moderate
drinking, reduced neurodegeneration due to gp120
(Collins et al, 2000), probably as a result of inhibit-
ing glutamate uptake and calcium-mediated neuro-
toxicity (Belmadani et al, 2001). A higher concen-
tration of alcohol (100 mM) (Belmadani et al, 2003)
or long-term exposure to alcohol potentiated gp120-
(Chen et al, 2005) or Tat-induced (Self et al, 2004)
neurotoxicity.

Ethanol has been shown to induce direct neuronal
injury in the developing rat brain (Ikonomidou et al,
2000; Green et al, 2002), the mouse hippocampus
(Pawlak et al, 2002), and human cortex and hip-
pocampus (Ikegami et al, 2003). Several mechanisms
are proposed relative to the ethanol-induced neu-
ronal injury (for review see Goodlett and Horn, 2001),
and significant differences have been reported be-
tween acute and chronic exposure. Electrophysio-
logical experiments indicated that ethanol depressed
glutamatergic excitatory transmission in spinal cord
slices (Wang et al, 1999) and cultured cerebellar
granule cells (Popp et al, 1999), whereas chronic
ethanol treatment potentiated NMDA-induced neu-
rotoxicity on cultured cortical neurons (Nagy et al,
2001). Chronic but not acute ethanol exposure de-
creased the phospholipase C (PLC) activity in the rat
brain (Pandey, 1996). Our finding that BAPTA signif-
icantly reduces the number of neuronal deaths ex-
posed to ethanol and Tat is consistent with the no-
tion that calcium overload is a critical event leading
to neuronal death induced by ethanol-Tat interaction
in rat cortical neurons.

Material and methods

Overexpression and purification of recombinant
Tat proteins
GST and HIV-1 GST-Tat fusion proteins were prokary-
otically expressed and purified as described previ-

ously (Amini et al, 2004). The integrity and purity
of the GST fusion proteins were analyzed by sodium
dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS-PAGE) followed by Coomassie Blue staining.
Known amounts of bovine serum albumin were in-
cluded as controls on the same gel.

Neuronal cell culture
Neurons were isolated from the cerebral cortex of
postnatal 1- to 3-days-old rats, as previously de-
scribed (Brailoiu et al, 2005). Experimental proto-
cols were reviewed and approved by the Institu-
tional Animal Care and Use Committee. Neurons
were dissociated by enzymatic digestion with 0.5 mg
papain/100 mg tissue. Cells were plated at a den-
sity of 103/mm2 in a Neurobasal-A medium, supple-
mented with 10% fetal calf serum, 20 mM glutamine,
100 units/ ml penicillin, and 100 μg/ml streptomycin
(all from Invitrogen, Carlsbad, CA), and maintained
at 37◦C in an atmosphere of 95% O2 + 5% CO2. Glial
cell growth was inhibited by the mitotic inhibitor cy-
tosine β-arabinofuranoside (1 μM) (Sigma, St. Louis,
MO). Neurons were cultured for 5 days. Twelve hours
prior to Ca2+ measurements or neurotoxicity assay,
cells were transferred to a medium without fetal
serum.

Measurement of cytosolic Ca2+ concentrations: The
cytosolic Ca2+ concentration ([Ca2+]i) was measured
by the microfluorimetric technique, as previously de-
scribed (Brailoiu et al, 2005). Briefly, dissociated neu-
rons were loaded onto the coverslips with the fluores-
cent Ca2+ indicator Fura 2-AM (3 μM) by incubation
of the cells in Hank’s balanced salt solution (HBSS)
plus Fura 2-AM for 45 min and HBSS alone for an
additional 15 to 60 min to allow deesterification of
the dye. Coverslips were placed in a custom-designed
bath and transferred to the stage of an inverted Nikon
epifluorescence microscope equipped with a C &
L Instruments Fluorimeter System (Brailoiu et al,
2005). Cells were perfused with HBSS at a flow rate
of 2.5 ml/min and Fura-2 fluorescence (excitation
wavelength = 340 and 380 nm, emission wavelength
= 520 nm) of single cells was acquired at a frequency
of 1 Hz. The ratio of the fluorescence signals obtained
(340 nm/380 nm) was converted to Ca2+ concentra-
tions according to Grynkiewicz et al (1985).

HIV-1 Tat inactivation
Repeated (10 times) heating (75◦C for 30 s) and cool-
ing (4◦C for 1 min) was used to inactivate Tat.

Neurotoxicity assay
Cultured cortical neurons of 5-days-old rats were
treated with HIV-1 Tat (10 nM or 500 nM) alone
or after pretreatment with (i) ethanol (50 mM,
2 min), (ii) BAPTA-AM (20 μM, 45 min), or (iii)
BAPTA-AM (20 μM, 45 min) and ethanol (50 mM,
2 min). Following 12 h of incubation, cell death
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was determined using the trypan blue exclusion
assay. Two hundred neurons from each treatment
group were counted by an investigator unaware of the
type of treatments. Each experiment was repeated six
times.
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