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Abstract
Neurotoxic viral proteins released from HIV-infected cells are believed to play a major role in the
pathogenesis of the dementia displayed in a significant number of AIDS patients. HIV-1 associated
neuropathology severely affects dopaminergic regions of the brain. Growing evidence indicates that
HIV-1 neurotoxic proteins, such as Tat may affect the function of the dopamine transmission system.
In turn, molecular components of dopamine neurotransmission may participate in a complex network
of Tat-induced cell responses which result in neurodegeneration. In this study we investigated
whether D1 dopamine receptors are involved in the mechanism of Tat neurotoxicity in primary rat
neuronal cell cultures. We found that in rat midbrain cell cultures, which express significant levels
of D1 dopamine receptors, the specific D1 antagonist SCH 23390 attenuates the cell death caused
by HIV-1 Tat. In rat hippocampal cell cultures, where the expression of D1 receptors is low, SCH
23390 did not change the toxicity of Tat. Thus, the protective effect of SCH 23390 in rat primary
neuronal cell cultures correlates with the level of D1 receptor protein expression. Our results provide
further evidence for the involvement of the dopaminergic transmission system in the mechanism of
HIV-1 Tat neurotoxicity.
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INTRODUCTION
In the era of potent antiretroviral therapy, neurological disorders represent one common
disturbance accompanying HIV infection. The signs of HIV-associated dementia (HAD) are
characteristic of subcortical dementia: apathy, bradykinesia, psychomotor slowing and an
altered posture and gait. These features are similar to those observed in advanced Parkinson’s
disease and suggest a profound abnormality of the nigro-striatal dopaminergic system (Berger
& Arendt, 2000). Indeed, human PET imaging has confirmed specific dopaminergic alterations
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in HAD (Wang et al., 2004) and decreased tyrosine hydroxylase immunoreactivity has been
detected in HIV-positive human substantia nigra (Silvers at al, 2006).

A unique feature of the neurodegenerative pathology associated with HIV is that neuronal cell
loss occurs in the absence of neuronal infection. The neuropathology associated with HIV
appears to be related to the neurotoxicity of viral proteins released into the extracellular
environment. The HIV-1 trans-activator (Tat) protein is one of the viral proteins capable of
causing neuronal degeneration, both in vivo and in vitro (Aksenov et al., 2001; 2003; 2006;
Aksenova et al., 2006; Nath et al., 2002). Exposure to Tat has been shown to negatively affect
cognitive processes in neonatal and adult rats (Fitting et al., 2006a; b). Along with other viral
proteins, Tat has been detected in the brains of patients with HIV-1-associated brain pathology
(Valle et al., 2000) and in the brains of HIV-1-infected primates (Hudson et al., 2000). Tat is
a nonstructural viral protein of 86–101 amino acid residues and a product of two exons. The
first exon contributes the initial 72 amino acids to the protein. Tat is a transactivating nuclear
regulatory protein that is essential for viral replication. This protein may be secreted by HIV-
infected cells and taken up by neighboring cells. In this way, Tat can affect both infected and
uninfected cells (Nath, 2002). Tat causes apoptosis in neurons. Tat is known to trigger oxidative
stress-dependent apoptotic cascades in neurons in vivo and in vitro (Kruman et al., 1998;
Iacovitti et al., 1999) and neurotoxic effects of Tat depend on the binding to low density
lipoprotein receptor (LRP) as well as activation of N-methyl-D-aspartate (NMDA) receptors
(King et al., 2006).

Previous studies suggested that dopaminergic neurons are vulnerable to neurotoxic HIV-1
proteins (Nath et al., 2000). Evidence is accumulating that HIV-1 virotoxins may cause
dysfunction of dopaminergic transmission in the brain (Aksenov et al., 2006; Aksenova et al.,
2006; Silvers et al., 2006; Koutsilieri et al., 2002). Neurotoxic HIV-1 proteins Tat and/or gp120
were shown to inhibit dopamine uptake (Wallace et al., 2006a; b; Aksenova et al., 2006) and
to suppress the expression of tyrosine hydroxylase-specific mRNA (Zauli et al., 2000) in neural
cell lines and primary neuronal cell cultures. Through changes in dopamine uptake and
metabolism, neurotoxic HIV-1 proteins Tat and/or gp120 may modulate the activity of different
types of dopamine receptors.

Dopamine-glutamate interactions have been shown in different brain regions. Numerous
studies have demonstrated that NMDA receptor function may be regulated by dopamine D1-
like receptors, composed of D1 and D5 like receptors (Cepeda and Levine, 1998; Lee and Liu,
2004; Lezcano and Bergson, 2002; Pei et al., 2004; Cepeda and Levine, 2006; Missale et al.,
2006). However, it is not known whether D1 dopamine receptors are involved in neurotoxicity
of HIV-1 proteins. In the current study we investigated whether the selective antagonist of D1
dopamine receptors, SCH 23390, affects the toxicity of Tat 1–72 in cultured rat fetal neurons.

MATERIALS AND METHODS
Neuronal Cell Culture

Neuronal cultures were prepared from 18-day-old Sprague-Dawley rat fetuses. Rat midbrain
and/or hippocampus were dissected and incubated for 15 min in a solution of 2 mg/mL trypsin
in Ca2+- and Mg2+ - free Hanks’ balanced salt solution (HBSS) buffered with 10 mM HEPES
(GIBCO Life Technologies, Paisley, Scotland). The tissue was then exposed for 2 min to
soybean trypsin inhibitor (1 mg/mL in HBSS) and rinsed three times in HBSS. Cells were
dissociated by trituration and distributed to 96-well or 24-well poly-L-lysine-coated plastic
culture plates (Costar, Cambridge, MA). Initial plating densities were approximately 160–180
cells/mm2. At the time of plating, each well contained 0.2 ml of DMEM/F12 medium (GIBCO
LifeTechnologies, NY) supplemented with 100 mL/L fetal bovine serum (Sigma Chemicals,
St. Louis, MO). After a 24-hr period, the DMEM/F12 medium was replaced with 0.15 mL of
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2% v/v B-27 Neurobasal medium supplemented with 2 mM GlutaMAX and 0.5% w/v D-(+)
glucose (GIBCO LifeTechnologies). Two-thirds of the Neurobasal medium was replaced with
freshly prepared medium of the same composition twice a week. Cultures were used for
neurotoxicity experiments after 12 days in culture and were >95% neuronal as observed by
anti-MAP-2 immunostaining. The reminder (approximately 5%) of the cells were astrocytes
as determined by anti-GFAP/Hoechst staining

Experimental Treatment of Cultures
Recombinant biologically active Tat 1–72 and its biologically inactive analog Tat δ 31–61
were produced as previously described (Nath et al., 2000). Stock solutions of Tat 1–72 and Tat
Δ31–61 were prepared in phosphate buffered saline (PBS) (5000 nM) and stored at −20°C until
use.

The day before Tat treatment, B-27-supplemented Neurobasal medium was replaced with
Neurobasal medium without antioxidants (-AO supplement replaced B-27 supplement).
Groups of cultures growing in 96-well or 24-well plates were subjected to 50 nM Tat 1–72.
Appropriate vehicle controls (same volume of solvent added) were included for each group.
The biologically inactive analog of HIV-1 Tat, Tat Δ31–61 (50 nM dose) served as a control
for specificity of Tat neurotoxicity in our cell cultures. The number of sister cultures (wells)
per each treatment/control group was between 8 and 16. A 10 µM dose of the D1 specific
antagonist, SCH 23390 was used to determine whether Tat neurotoxicity could be modified
by inhibition of D1 dopamine receptors. Preliminary tests determined that final concentrations
of SCH 23390 within the range of 1–100 µM did not affect the viability of rat brain cell cultures.
Groups of cell cultures were treated with 50 nM Tat or 50 nM Tat + 10 µM SCH 23390. In
addition to control cultures that received equivolume vehicle, in each experiment a group of
sister cultures (wells) was treated with 10 µM SCH 23390 alone. When cell cultures were
treated with Tat + SCH 23390, the specific D1 antagonist was added 5 minutes before Tat 1–
72. Following the addition of treatment components to the growth medium, all cell cultures
were incubated for 48 hours prior to analyses.

Cell viability test
Neuronal survival was determined using a Live/Dead viability/cytotoxicity kit from Molecular
Probes (Eugene, OR). In accordance with the manufacturer's protocol, neurons were exposed
to cell-permeant calcein AM (2 µM), which is hydrolyzed by intracellular esterases, and to
ethidium homodimer-1 (4 µM), which binds to nucleic acids. The cleavage product of calcein
AM produces a green fluorescence (F530nm) when exposed to 494-nm light and is used to
identify live cells. Bound ethidium homodimer-1 produces a red fluorescence (F645nm) when
exposed to 528-nm light, allowing the identification of dead cells.). Fluorescence was measured
using a Bio-Tek Synergy HT microplate reader (Bio-Tek Instruments, Inc., Winooski, VT).
Each individual F530nm and F645nm value on a plate were corrected for background fluorescence
(readings obtained from cell cultures (wells) that were not exposed to calcein AM and ethidium
bromide) by the microplate reader KC4 software package (Bio-Tek Instruments, Inc.,
Winooski, VT). For each individual cell culture (well) on a plate ratios between corrected green
and red fluorescence (F530nm/ F645nm, Live/Dead ratios) were calculated. All individual relative
numbers of live and dead cells were expressed in terms of percentages of average maximum
Live/Dead ratio determined for the set of non-treated control cell cultures (8–16 wells) from
the same plate: [F530nm/ F645nm]well n/[ F530nm/ F645nm]average max × 100%.

Immunocytochemistry
For the determination of D1 dopamine receptor immunoreactivity in rat fetal brain cell cultures,
cells growing in 96-well plates or in glass-bottom culture dishes were fixed in 4%
paraformaldehyde as described elsewhere (Basarsky et al., 1994; Vincent et al., 2005; Farnie
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et al., 2007). Following the fixation, plates were blocked with 10% normal goat serum (NGS)
in PBS. Rabbit polyclonal anti-Dopamine D1A receptor antibody (Chemicon, Temecula, CA)
was used to determine D1 immunoreactivity in cell cultures. Primary antibodies were diluted
1:200 in 1% NGS/PBS. Plates were incubated with primary antibodies overnight at 4°C. In
each plate 4 wells were left without primary antibody. These wells served as controls for non-
specific binding of secondary antibodies. After the incubation with primary antibodies was
complete, plates were rinsed once and washed three times (5 min per wash) with PBS. For the
immunofluorescent detection of D1 immunoreactivity goat anti-rabbit IgG conjugated with
Alexa 594 dye (Molecular Probes) diluted 1:500 in 1%NGS/PBS was used. Plates were
incubated with secondary antibodies for 1 hour at room temperature and then washed 3 times
with PBS.

The detection of immunofluorescent signal was performed in a Bio-Tek Synergy HT
microplate reader using 590 excitation/645 emission filter set. Primary cultures of midbrain
and hippocampal neurons were prepared in the same 96-well plate. Wells without antibodies
(4 cell cultures) served as “blanks” for KC4 software to correct all individual readings from
wells on the plate. The immunofluorescent signal from “no primary antibody” controls
(average of 8 cell cultures from the same plate) was used to determine the specific anti-D1
immunofluorescence in each individual culture (well): [F645nm ]total in well n -
[F645nm ]average no prim.

Microscopic images of D1 immunoreactivity in midbrain and hippocampal rat fetal cell
cultures prepared in glass-bottom culture dishes were captured using computer-controlled
inverted fluorescent microscope (Nikon Eclipse TE2000-E) under 20X magnification. Neurons
were counterstained with Hoechst (0.4 µg/ml) for 10 min. The results are presented as merged
images of red D1 immunofluorescence and blue (Hoechst) staining of intact cell nuclei.

Western blotting
Western blotting was performed on cell lysates of midbrain and hippocampal cell cultures.
Rabbit polyclonal anti-D1 antibodies were used which recognize the CP domain of the receptor
(Alpha Diagnostic Intl. Inc., San Antonio, TX). Working dilution of the primary antibody was
1:1000. Bovine anti-rabbit alkaline-phosphatase-conjugated IgG were used as the secondary
antibody (Santa Cruz, Santa Cruz, Ca, 1:2500). Polyclonal antibodies against neuron-specific
enolase (NSE, 1:200 dilution) (Chemicon, Temecula, CA) were used to measure this neuronal
cell marker protein. Cell lysates were prepared from cultures grown in 6-well plates. At 12–
14th day in vitro (DIV) growth medium was removed, cells were rinsed with Dulbecco
phosphate-buffered saline, D-PBS, (8 mM Na2HPO4, 1.5 mM KH2PO4, 0.137 M NaCl, and
2.7 mM KCl at pH 7.4) and lysed with CelLytic ™-M mammalian cell lysis buffer (Sigma
Chemicals) containing protease inhibitors (proteinase inhibitors cocktail, Sigma Chemicals).
All samples in a group (3 sister culture lysates) were pooled together and protein concentration
was determined by BCA method (Pierce). Fifteen micrograms of total cell protein from
midbrain cell cultures and fifty micrograms of total cell protein from hippocampal cell cultures
were used for immunoblotting analysis of D1 protein levels. The same samples of cell lysates
were diluted 3 times and than used for anti-NSE immunoblotting.

D1- specific ligand binding
To determine the binding of [3H]SCH 23390 to functional D1 receptors, rat fetal brain cell
cultures (midbrain or hippocampal) were prepared in 24-well plates. Cultures were rinsed and
preincubated for 5 min in Dulbecco phosphate-buffered saline (D-PBS): 8 mM Na2HPO4, 1.5
mM KH2PO4, 0.137 M NaCl, and 2.7 mM KCl at pH 7.4. Cultures were then incubated with
buffer containing 1 mM ascorbic acid, 1uM ketanserin, and 1.0 nM of [3H]SCH 23390 (specific
activity, 80 Ci/mmol; PerkinElmer, Boston, MA) for 1 h at room temperature (25 C°). Non-
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specific binding was determined in the presence of 5.0 µM butaclamol. Binding was performed
with intact cells, and was terminated by removal of incubation buffer and 3×5 min wash with
gentle agitation. Cultures were then lyzed with 0.2 ml of 50 mM Tris-HCl, 150 mM NaCl, 2
mM EDTA, 1% Triton X-100, pH 7.4. Twenty µl from each well was taken for total protein
measurements. Protein concentrations were determined by BCA method (Pierce). The rest of
the well content was added to scintillation fluid and used for radioactivity counting. Non-
specific binding was determined to be approximately 29% of total binding, and “specific
binding” was obtained by normalization of [3H]SCH 23390 binding to non-specific binding
and relative protein levels.

Statistical Analysis
Statistical evaluations were made using planned comparisons and Analysis of Variance with
the assumptions of normal distribution and homogeneity of variance. Bonferroni post hoc tests
were used to determine specific treatment effects. An α level of 0.05 was considered significant
for all statistical tests employed.

RESULTS
Tat 1–72 produced similar results on cell viability in midbrain and hippocampal neuronal cell
cultures. Analysis of Variance revealed a main effect of treatment condition [F(2,90) = 17.31 ;
p ≤ 0.01]. Bonferroni post hoc analysis revealed a decrease in Live/Dead ratio in both midbrain
(t (15) = 3.02, p ≤ 0.01) and hippocampal (t (15) = 3.92, p ≤ 0.01) neuronal cell cultures
Following 48 hours of incubation, the Live/Dead ratio in midbrain cell cultures treated with
Tat 1–72 was 84.8 ± 2.7% of control. In Tat-treated hippocampal cell cultures the Live/Dead
ratio was 80 ± 5% of control (Figure 1). Exposure to the biologically inactive Tat analog, Tat
Δ31–61 did not result in increased cell death in either culture.

D1 immunoreactivity was present in midbrain and hippocampal cell cultures as identified by
anti-D1 immunofluorescent microscopy, immunofluorescent plate readings and
immunoblotting. Neurons positively stained with anti-D1 antibodies could be observed in
midbrain and hippocampal cell cultures. Levels of anti-D1 immunoreactivity in hippocampal
cell cultures were significantly lower than in midbrain cell cultures as it was determined by
immunofluorescent plate reading. Anti-D1 immunopositive bands of appropriate molecular
weight were could be detected in midbrain and hippocampal cell culture lysates (Figure 2).
The presence of functional D1 receptors was also determined in midbrain and hippocampal
cell cultures by ligand binding. Specific binding of [3H] SCH 23390 was significantly higher
in midbrain cell cultures than hippocampal cell cultures [t-test, t (13) = 12.63, p ≤ 0.01). Specific
binding of [3H] SCH 23390 was approximately 82.6 ± 5 fmol/mg protein in midbrain cultures
of rat fetal neurons. In hippocampal cell cultures the level of [3H] SCH 23390 specific binding
was very low (5 ± 1 fmol/mg protein, Figure 3).

In midbrain cultures only, the addition of 10 µM SCH 23390 prior to Tat prevented Tat-induced
decreases in cell viability (Figure 4). When Live/Dead ratio was compared across regions for
all treatment groups, Analysis of Variance demonstrated a significant interaction between
region and treatment (F(3,72) = 4.92 ; p ≤ 0.01). Post hoc analysis revealed that SCH 23390
alone caused no change in cell viability. The addition of Tat was again shown to cause toxicity
in both midbrain (t = 4.40, p ≤ 0.01) and hippocampal (t = 4.44, p ≤ 0.01) cultures. Midbrain
cultures which received SCH 23390 + Tat did not differ from control cultures and displayed
significantly higher cell viability than the cultures receiving Tat alone (t = 3.529, p ≤ 0.01).
Hippocampal cell cultures which received SCH 23390 + Tat displayed significantly lower cell
viability than the control cultures (t = 5.07, p ≤ 0.01) and did not differ significantly from
cultures which received Tat alone, indicating that the 10 µM dose of SCH 23390 did not
decrease the toxicity of Tat in hippocampal cells.
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DISCUSSION
HIV-1 Tat is neurotoxic and nanomolar concentrations of this viral protein can cause
degeneration of neurons in primary cortical (Bonavia et al., 2001), hippocampal (Aksenov et
al., 2006), and midbrain cell cultures (Aksenova et al., 2006). Interactions of Tat with neuronal
membrane-bound receptors play an essential role in the mechanism of Tat neurotoxicity
(Strijbos et al., 1995; Wallace et al., 2006(a,b); Chandra et al., 2005). Previous studies in
different cell culture models have focused on the role of NMDA receptor-controlled pathways
in the mechanism of Tat neurotoxicity (King et al., 2006; Perez et al., 2001; Wang et al.,
1999; Magnuson et al., 1995). There is considerable evidence of functional interactions and
cross-talk between NMDA subtype glutamate receptors and dopamine D1-like receptors (Pei
et al., 2004; Lee and Liu, 2004; Wirkner et al., 2004). Physical protein-protein interactions also
can occur between the NMDA-receptor subunit-1 (NR1) and C-terminal peptides of D1
receptors; suggesting intracellular associations of direct relevance to dopaminergic modulation
of NMDA currents (Pei et al., 2004). Several mechanisms are involved in this interaction: 1)
D1R-dependent, second messenger-mediated phosphorylation of NMDAR subunits; 2)
coordinated regulation of receptor trafficking at synaptic sites; 3) formation of a heteromeric
D1/NMDA receptor complex (Missale et al., 2006). The number and outcomes of reciprocal
interactions between D1 receptors and NMDA receptors have been intensively investigated
(For review, Cepeda and Levine, 1998; 2006).

Rat fetal mesencephalic neurons exhibit NMDA and D1 dopamine receptor activities
(Chneiweiss et al., 1984). Primary neuronal cell cultures prepared from rat fetal midbrain are
known to contain sizeable populations of dopaminergic neurons (Prasad and Amara, 2001).
Rat fetal hippocampal neurons in culture are known to express functional NMDA receptors
(Harris and Miller, 1989). Moderate levels of D1/D5 dopamine receptor protein expression
were recently documented in rat hippocampal cell cultures (Smialowski and Bijak, 1987;
Lezcano and Bergson, 2002; Smith et al., 2005). Our results of the determination of D1
immunoreactivity and SCH 23390 specific binding in midbrain and hippocampal cell cultures
are consistent with the literature.

In this study we demonstrated that the D1 receptor antagonist SCH 23390 was able to prevent
Tat-induced decrease of cell viability in midbrain cell cultures but did not change toxic effects
of Tat in hippocampal cell cultures. Levels of D1 dopamine receptor expression were
significantly different in midbrain and hippocampal cell cultures. According to previous reports
(Hoyt and Reynolds, 1996), 15–35% of cultured striatal neurons express D1 receptors. In
hippocampal culture, as it follows from our results, low levels of D1 receptors are expressed
in rat hippocampal neurons. This observation is consistent with a recently published report
(Smith et al, 2005). Thus, it was not surprising that effects of SCH 23390 on Tat neurotoxicity
were different in these two types of rat fetal brain cell cultures. The fact that the protection of
neurons by this D1 receptor antagonist correlates with D1 immunoreactivity and [H3] SCH
23390 binding potential in Tat-treated rat fetal brain cell cultures confirms that the action of
10 µM SCH 23390 on Tat 1–72 toxicity is linked to the expression of functional D1 dopamine
receptors.

For the first time the results presented in this study demonstrate that D1-mediated pathways
are involved in the mechanism of Tat neurotoxicity in midbrain cell cultures. HIV-1 Tat was
recently shown to inhibit DA uptake and DAT-specific ligand binding in different cell culture
models (Aksenova et al., 2006; Wallace et al., 2006a). Thus, Tat-mediated inhibition of DA
re-uptake in “presynaptic” DA neurons may influence the activity of D1 dopamine receptors
in “postsynaptic” neurons and trigger NMDA receptor-controlled apoptotic cascades through
the D1/NMDAR interactions. Alternatively, activation of NMDA receptors in D1-expressing
neurons exposed to Tat may increase pro-apoptotic D1–controlled signaling. Blockade of D1
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receptors with SCH 23390 has been demonstrated to alleviate c-fos and cleaved caspase-3
expression in rat striatum after perinatal asphyxia and cocaine binge (Mitchell and Snyder-
Keller, 2003). Future studies are needed to further elucidate the role of reciprocal NMDAR/
D1 regulation in the mechanism of Tat neurotoxicity.
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Figure 1.
Tat-mediated changes of neuronal viability in rat midbrain and hippocampal cell cultures.
Changes in Calcein/Ethidium bromide fluorescence ratio (Live/Dead ratio) following 48 hours
of exposure to 50 nM Tat 1–72 presented as mean % vs. vehicle control ± SEM; n of sister
cultures analyzed = 16 per treatment. *- marks significant (P<0.05) difference between Tat-
treated and non-treated control cell cultures. 50 nM Tat Δ31–61did not cause significant
changes in cell viability following 48 hours of exposure.
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Figure 2.
Anti-D1 immunoreactivity in primary cultures of rat fetal midbrain and hippocampal neurons.
Microscopic images of midbrain and hippocampal cell cultures show the representative result
of anti-D1/Hoechst staining. Images were captured under 20X magnification. The graph shows
comparative levels of anti-D1 immunofluorescence in midbrain and hippocampal cell cultures.
Immunofluorescent signal was measured in a microplate reader using 590 excitation/645
emission filter set. Results presented as mean arbitrary units of anti-D1 immunofluorescence
per culture (well) ± SEM. Number of midbrain or hippocampal sister cultures analyzed = 8.
Images of Western blots show the results of the detection of D1 and NSE immunoreactive
protein in cell lysates prepared from in 14-day old midbrain and hippocampal cell cultures.
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Figure 3.
Comparative levels of [3H]SCH 23390 binding in midbrain and hippocampal cell cultures.
Results presented as mean fmols of [3H]SCH 23390 per mg of total protein ± SEM; n of sister
cultures analyzed = 8.
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Figure 4.
The specific D1 dopamine receptor antagonist, SCH 23390, eliminated the neurotoxicity of
Tat 1–72 in rat midbrain fetal cultures, but not in rat hippocampal fetal cell cultures. Changes
in Calcein/Ethidium bromide fluorescence ratio (Live/Dead ratio) following 48 hours of
exposure to 50 nM Tat 1–72 or 50 nM Tat 1–72 + 10 µM SCH 23390 presented as mean %
vs. non-treated control ± SEM; n of sister cultures analyzed = 16 per treatment. *- marks
significant (p ≤ 0.05) difference between Tat-treated and vehicle control cell cultures. 10 µM
SCH 23390 did not affect the viability of rat fetal brain cultures.
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