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HIV-1 associatedneurocognitive disorders (HAND) are amajor complication ofHIV-1 infection. Themechanism(s)
underlying HAND are not completely understood but, based on in vitro studies, the HIV-1 Tat protein may play an
important role. In this study, the effect of prolonged exposure to endogenously produced Tat in the brain was
investigated using a tat-transgenic (TT) mouse model constitutively expressing the HIV-1 tat gene. We found
that stimulus-evoked glutamate exocytosis in the hippocampus and cortex was significantly increased in TT as
compared with wild-type control (CC) mice, while GABA exocytosis was unchanged in the hippocampus and
decreased in the cortex. This suggests that Tat generates a latent hyper-excitability state, which favors the detri-
mental effects of neurotoxic and/or excitotoxic agents. To challenge this idea, TTmicewere tested for susceptibility
to kainate-induced seizures and neurodegeneration, and found to exhibit significantly greater responses to the
convulsant agent than CC mice. These results support the concept that constitutive expression of tat in the brain
generates a latent excitatory state, which may increase the negative effects of damaging insults. These events
may play a key role in the development of HAND.

© 2013 Elsevier Inc. All rights reserved.
Introduction

HIV-1 associated neurocognitive disorders (HAND), amajor complica-
tion of HIV-1 infection, comprise mild (minor neurocognitive disorders,
MND) to severe (HIV-1 associated dementia, HAD) impairments (Lindl
et al., 2010; Navia et al., 1986; Selnes, 2005; Singer et al., 2010; Tattevin
et al., 2006). Seizures are often observed in HAND patients (Bartolomei
et al., 1999; Modi et al., 2002).

The mechanism(s) underlying HAND are not completely understood.
Histologically, brain biopsymaterial exhibits microglial activation, neuro-
nal loss, astrocytosis, vasculitis and demyelination (Everall et al., 1999;
Lindl et al., 2010; Masliah et al., 1992). However, only perivascular
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macrophages and microglial cells are productively infected by the virus,
while HIV replication is limited in astrocytes, and neurons are resistant
to infection (Lindl et al., 2010). Infected cells may release viral
components and/or soluble neurotoxins (e.g. chemokines, cytokines,
excitatory amino acids) that alter neuronal function (Giulian et al.,
1990; Kaul et al., 2005; Nath and Geiger, 1998).

Among viral components, the Tat protein may be particularly impor-
tant in HAND pathogenesis. First, it is highly expressed in the brain of
HIV-1 infected patients (Wessenligh, 1993; Westendorp et al., 1995).
Second, besides its essential role for HIV-1 gene expression, replication
and cell-to-cell transmission (Ensoli et al., 1993), it is actively released
by infected cells and internalized by a variety of cells (Ferrari et al.,
2003; Frankel and Pabo, 1988)where it translocates to the nucleusmod-
ulating the expression of transcription factors and cytokines (Mengozzi
et al., 1999; Minghetti et al., 2004). Third, extracellular Tat may interact
with surface receptors, including chemokine (Albini et al., 1998;
Brailoiu et al., 2008; Eugenin et al., 2003), NMDA (Behnisch et al.,
2004; Eugenin et al., 2007; Longordo et al., 2006; Prendergast et al.,
2002) and G protein coupled receptors (Feligioni et al., 2003; Haughey
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et al., 1999; Musante et al., 2010), leading to impaired transmission
(Behnisch et al., 2004) and/or neurotoxic events (Kim et al., 2003; King
et al., 2006; Nath and Geiger, 1998; Sabatier et al., 1991).

Most studies have thus far been conducted in vitro, making it diffi-
cult to extrapolate the findings to the disease settings. Other studies
were conducted in a mouse model in which the expression of Tat in
astrocytes was inducible and experimentally restricted to defined
time periods (Bruce-Keller et al., 2008; Kim et al., 2003). Here, we
have evaluated the effect of prolonged exposure to Tat in the intact
brain, using a tat-transgenic (TT) mouse model in which the tat gene
is constitutively expressed, in a fashion similar to HIV-1 infection
(Altavilla et al., 1999; Corallini et al., 1993). Phenotypic features of TT
mice reminiscent of HIV-1 infection include tumors and Kaposi's
sarcoma-like skin lesions (Altavilla et al., 1999; Corallini et al., 1993).
We found that stimulus-evoked glutamate exocytosis in the hippocam-
pus and cortex was significantly increased in TT as compared with
wild-type control (CC) mice, while GABA exocytosis was decreased in
the cortex and unchanged in the hippocampus. This suggests that Tat
generates a latent hyper-excitability state, which favors the detrimental
effects of neurotoxic and/or excitotoxic agents. In keeping with this
idea, TT mice were found to be more susceptible to kainate-induced
seizures and neurodegeneration than CC mice.

Materials and methods

Animals

Adult (6 to 8-month-old) male TT and CC mice were used for all
experiments [a total of 43 CC and 59 TT mice, 31 of the latter with low
skin phenotype and 28 with high skin phenotype (see below)]. The
experimental procedures were approved by the Ethical Committees of
the Universities of Ferrara and Genova, in accordance with the European
legislation (EU Directive 2010/63/EU) and were approved by the Italian
Ministry of Health (protocol number 29823-10). Experiments were
performed following the Guide for the Care and the Use of laboratory
animals of the National Institutes of Health (NIH publication no. 86-23,
revised 1987). Adequate measure was taken to minimize pain or
discomfort.

TTmice of the BDF strain carrying the complete HIV-1 tat cDNAwere
described previously (Altavilla et al., 1999; Corallini et al., 1993). CC
animalswere normal BDFmice. Two-month-old TTmicewere routinely
screened by PCR for the presence of the transgene on DNA extracted
from the tail (as described below). tat-Positive male and female mice
were separated and observed regularly twice a week. Male mice were
controlled for the development of Kaposi's sarcoma-like skin lesions
in the back (Altavilla et al., 1999; Corallini et al., 1993). These lesions
develop in about 30% of the mice, starting from the third to the fifth
month of age. The intensity of the lesions was given a score ranging
from 0 (no lesions) to 6. Scores correspond to: 0.5, thickening of the
skin andmild alopecia; 1, intense alopeciawith skin redness; 2, alopecia
and crusts; 3, deep and large lesions with several crusts; 4, crusts and
partial exposure of dermis; 5, exposure of the muscle layer; and 6,
detachment of the skin from the muscle (Altavilla et al., 1999;
Corallini et al., 1993).

Genotyping and Tat expression analysis: PCR, RT-PCR and Western blot

The genotype of each animal was assessed by PCR on genomic DNA
isolated from the tail of two-month old mice and from the brain at the
end of the experiments. The tat transgene was amplified using the
primers 5′GAAGCATCCAGGAAGTCAGCC3′ (forward), and 5′ACCTTCTTC
TTCTATTCCTTCGGG3′ (reverse), as described (Altavilla et al., 1999;
Corallini et al., 1993). The control of the PCR reaction was pCV-Tat
DNA, a plasmid containing an insert of complete tat cDNA (Arya et
al., 1985). PCR products were analyzed by electrophoresis on 1.5%
agarose-gels.
Tat expression in the brain was evaluated by means of real-time
RT-PCR and Western blot analysis. To this purpose, the brains of CC
and TT mice were manually divided in two parts (hemibrains) by a
sagittal cut. One hemibrain was used to assess tat transcript levels,
and the contralateral one was used to evaluate Tat protein expression.
Total RNA was extracted from 100 mg forebrain tissue using the
Qiagen RNeasy Plus mini kit (Qiagen, Hilden, Germany), following
the supplier's instructions. The quantity and the quality of the RNA
were first evaluated by spectroscopy and verified by agarose gel elec-
trophoresis. One μg RNA was then transcribed into cDNA using the
QuantiTect Reverse Transcription kit (Qiagen).

Before retrotranscription into cDNA, the absence of contaminating
DNA was controlled: RNA samples have been incubated in gDNA
Wipeout buffer for 10 min at 42 °C, as indicated in the QuantiTect
Reverse Transcription kit (Qiagen). These RNA samples, together with
the RNAs retrotranscribed into cDNA using the same QuantiTect Reverse
Transcription kit (Qiagen) have been tested in PCR quantitative analysis.
For the analysis of tat gene expression, the SYBR Green real-time PCR de-
tection method was employed, using the QuantiTect SYBR green PCR kit
(Qiagen). Primers for HIV-tat were 5′ATGGAGCCAGTAGATCCTA3′ (for-
ward) and 5′TGCTTTGATAGAGAAACTTGATG3′ (reverse) (Peng et al.,
2010). The primers for the housekeeping gene Rpl13 5′GTGAGGTGCCC
TACAGTGAGATAC3′ (forward) and 5′GATGGTGCGAGCCACTTTCTTG3′
(reverse) were used in the same run as control for reverse transcription
and for the normalization of tat gene expression values. After an initial
step of denaturation at 95 °C for 5 min, the qPCR run consisted of 35 -
cycles at 95 °C for 10 s and 54 °C for 30 s. All samples were run in tripli-
cate with the Real Time thermal analyzer Rotor-GeneTM 6000 (Corbett,
Cambridge, UK). Data were normalized to the housekeeping gene Rpl13
and expressed as relative RNA levels: a TT(L) sample was used as refer-
ence and all data were divided by that reference value.

ForWestern blot analysis, the brain tissue from CC and TTmice (one
animal per experiment) was homogenized in ice-cold lysis buffer
(0.05 M Tris, pH 7.4, containing a protease inhibitor cocktail). Samples
were incubated for 5 min on ice, before centrifuging at 14,000 rpm for
45 min at 4 °C. Collected supernatants (20 μl/lane) and recombinant
Tat solution (10–100 ng/20 μl/lane) were separated onto sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (10% polyacryl-
amide) and then transferred onto polyvinylidene fluoride membranes.
Non-specific binding sites were blocked by incubating membranes for
1 h at room temperature with Tris-buffered saline (TBS buffer: 0.02 M
Tris, 0.150 M NaCl, protease inhibitor cocktail, pH 7.4) containing 5%
(w/v) non-fat dried milk. Membranes were then incubated overnight
at 4 °C with mouse anti-Tat (mouse monoclonal, ID9D5 now EVA
3021; 1:500, NIBSC, Centre for AIDS Reagents) and anti-β-actin
(mouse monoclonal; 1:2000, Sigma Aldrich Inc., St. Louis, MO) primary
antibodies, the latter was used as an internal control. After extensive
washings, membranes were incubated for 1 h at room temperature
with an anti-mouse horseradish peroxidase-linked secondary antibody
(1:2000, Sigma Aldrich Inc., St. Louis, MO) and immunoreactivity
detected using an enhanced chemiluminescence Western blotting
detection system (EuroClone, Milano, Italy).

Neurotransmitter release

CC and TT mice were killed by decapitation, brain cortices and hip-
pocampi were rapidly removed, and purified synaptosomes were pre-
pared within minutes, according to Dunkley et al. (1986), with minor
modifications. In order to evaluate tat expression, the remaining brain
tissue was used for RNA and protein extractions, as described above.
Cortical and hippocampal tissues were homogenized in 10 volumes of
0.32 M sucrose, and buffered to pH 7.4 with Tris (final concentration
0.01 M) using a glass Teflon tissue grinder (clearance 0.25 mm). The
homogenate was centrifuged at 1000 ×g for 5 min to remove nuclei
and debris, and the supernatantwas gently stratified on a discontinuous
Percoll gradient (6%, 10%, and 20% v/v in Tris-buffered sucrose) and
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centrifuged at 33,500 ×g for 5 min. The layer between 10% and 20%
Percoll (synaptosomal fraction)was collected andwashed by centrifuga-
tion. The synaptosomal pellets were always resuspended in a physiolog-
ical medium (superfusion medium) having the following composition
(mM): NaCl, 125; KCl, 3; MgSO4, 1.2; CaCl2, 1.2; NaH2PO4, 1; NaHCO3,
22; glucose, 10; pH 7.2–7.4, and aeration with 95% O2 and 5% CO2. The
medium contained aminooxyacetic acid (50 μM) to avoid GABA metab-
olism. Synaptosomal protein contents were determined according to
Bradford (1976).

Identical portions of the synaptosomal suspensions were layered on
microporousfilters at the bottomof parallel superfusion chambers (Ugo
Basile, Comerio, Varese, Italy) thermostated at 37 °C and superfused
at 0.5 ml/min with a standard physiological solution aerated with 95%
O2 and 5% CO2. The synaptosomal protein content amounted to
0.23 ± 0.074 mg protein/chamber. It should be stressed that this tech-
nique is particularly appropriate to investigate presynaptic receptors. In
fact, the continuous up–down superfusion of the synaptosome mono-
layers prevents indirect effects due to any released compound, i.e. en-
dogenous compounds are immediately removed and cannot activate
targets located on the neighboring nerve terminals (Musante et al.,
2011). Thus, if any endogenous Tat was produced and released by syn-
aptosomes, it would have been immediately removed and could not
have affected neurotransmitter release.

In experiments aimed at investigating the impact of exogenous Tat
on the spontaneous release of endogenous glutamate and GABA from
CC synaptosomes, synaptosomes were equilibrated during 36 min of
superfusion and then 4 consecutive 3-min fractions (termed b1–b4)
were collected. The Tat protein (HIV-1 Clade B HAN2, Centre for AIDS
Reagents, UK) was introduced at the end of the first fraction (b1;
t = 39 min) and maintained until the end of the superfusion.
When studying the impact of Tat on endogenous glutamate and
GABA exocytosis evoked by a mild depolarizing stimulus, CC cortical
and hippocampal synaptosomes were transiently (90 s at t = 39 min)
exposed to a solution containing 12 mM KCl (NaCl substituting for an
equimolar concentration of KCl). Tat was added concomitantly to the
depolarizing stimulus. In these experiments, fractions were collected
according to the following scheme: two 3-min fractions (basal release),
one before (t = 36–39 min, b1) and one after (t = 45–48 min, b3)
a 6-min sample (t = 39–45 min; evoked release, b2) containing
the transmitter released by the depolarizing stimulus. When indicated,
Tat was denatured by heating it at 90 °C for 30 min and then added to
the superfusionmedium. Superfusionwas always performedwith ame-
dium containing dialyzed 0.1% Polypep to avoid Tat sticking to glass
walls and tubings.

Collected fractions and superfused synaptosomes were analyzed for
the endogenous neurotransmitter content. Endogenous glutamate and
GABA were measured by HPLC analysis after precolumn derivatization
with o-phthalaldehyde and separation on a C18 reverse-phase chro-
matographic column (10 × 4.6 mm, 3 μm; at 30 °C; Chrompack,
Middleburg, The Netherlands) coupled with fluorimetric detection (ex-
citation wavelength, 350 nm; emission wavelength, 450 nm). Buffers
and gradient program are described elsewhere (Luccini et al., 2007).
Homoserine was used as an internal standard.

The amount of endogenous amino acid from synaptosomes in
each superfusate fraction was expressed as picomoles per milli-
gram of protein (pmol/mg protein). The effects of Tat on the basal
release of endogenous transmitters were evaluated by calculating
the ratio between the amino acid content in the fraction where
the maximal effect was reached (the third fraction collected) and
the amount in the first fraction and comparing this ratio with the
corresponding ratio obtained under control conditions (no drug
added). The high K+-induced overflow was estimated by
subtracting the neurotransmitter content into the first and the
third fractions collected (basal release, b1 and b3) from that in
the 6-min fraction collected during and after the depolarization
pulse (evoked release, b2).
VGLUT immunohistochemistry

CC and TT mice were killed and their brains were rapidly re-
moved. One hemibrain was cut and used for RNA and protein extrac-
tions, as described above. The other hemibrain was immersed in 10%
formaline and then paraffine-embedded. Coronal sections (6 μm
thick) were cut at the level of the dorsal hippocampus, mounted
onto poly-lysine-coated slides and analyzed by immunohistochem-
istry as previously described (Paradiso et al., 2009; Zucchini et al.,
2008). Briefly, sections were deparaffinized (2 washes in xylol
10 min, 5 min in ethanol 100%, 5 min in ethanol 95%) and then
rehydrated in distilled water for 5 min and in PBS 1× for 10 min.
After incubation in H2O2 3 V for 15 min at room temperature, they
were rapidly rinsed in distilled water and washed again in PBS,
then incubated with Ultra V Block (Ultra Vision Detection System;
Lab Vision Corporation) for 5 min at room temperature, to block
nonspecific background staining. After washing in PBS 1× for
5 min, sections were incubated overnight at 4 °C in a humid atmo-
sphere with the primary antibody against VGLUT (rabbit polyclonal;
1:500 dilution; Synaptic Systems). After rinsing in PBS 1×, they were
incubated with biotinylated goat anti-polyvalent serum (Ultra Vi-
sion Detection System) at room temperature for 10 min, washed
in PBS 1× for 5 min and then incubated in Streptavidin Peroxidase
(Ultra Vision Detection System) at room temperature for 10 min. The
reaction product was detected as a brown substrate using a 3,3-
diaminobenzidinetetrahydrochloride (DAB) substrate kit for peroxidase
(Vector Laboratories). Finally, sections were washed three times in
PBS 1× (5 min each), counterstained with hematoxylin for 2 min
and washed again in PBS 1× (5 min). Coverslips were mounted
using Gel/mount (Biomeda). The specificity of immunolabeling
was verified in all experiments by controls in which the primary an-
tibody was omitted (Supplementary Fig. S1). All tissues were processed
identically and side-by-side, using the same solutions and reagents.

Kainate treatment and seizure classification

Kainate (Sigma-Aldrich) was administered i.p. (15 mg/kg), and the
behavior of animals was observed for 2 h thereafter. This dose was
chosen because it produces approximately half-maximal seizure
responses in CC animals. Seizures were classified as follows (Bregola et
al., 2002; Janumpalli et al., 1998): 1, chewing and drooling; 2, head
nodding; 3, unilateral forelimb clonus; 4, bilateral forelimb clonus; 5,
bilateral forelimb and hindlimb clonuses with falling; 6, running or
jumping seizure; 7, tonic hindlimb extension; 8, death. A previously de-
scribed scoring system, the cumulative seizure score, was employed to
estimate seizure susceptibility (Bregola et al., 2002). Seizure severity
was rated as the sumof the scores recorded in each 5-min interval during
the 2 h following kainate injection. The latency to the first severe (class 4
or higher) seizure was also recorded. The cumulative seizure score was
statistically evaluated by using theMann–Whitney U test and the latency
to the first severe seizure was evaluated by ANOVA and post-hoc
Newman–Keuls tests.

Analysis of neurodegeneration

For the analysis of seizure-induced neurodegeneration, mice were
killed 24 h after kainate administration, and their brains were fixed in
10% formaldehyde. First, the fixed brains were subjected to standard
histological procedures and stained with hematoxilin and eosin to accu-
rately identify the regions of interest. Damaged neurons were then
detected using the Fluoro-Jade B (FJ) (Schmued and Hopkins, 2000), on
coronal sections cut at the level of the dorsal hippocampus (Paxinos
and Franklin, 2001). FJ analysis was conducted using a Leica microscope
(DMRA2, Leica). The degree of cell damage was quantified blinded by
two investigators, based on two distinct approaches. The first was a
previously described scoring system named “neurodegeneration score”
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(Zucchini et al., 2002). The score range spanned from 0 (absence of
FJ-positive neurons) to 7 (maximal neurodegeneration pattern). A
score of 1 was given for the observation of fluorescent neurons either
in the hilus, in the CA3 pyramidal layer, or in the CA1 pyramidal layer.
Whenever a very intense neurodegeneration was observed in the CA3
or CA1 pyramidal layer (many positive cells with confluent fluores-
cence), the score related to that subarea was increased by 0.5. Another
0.5 score was added when interneuronal fluorescence was detectable
in the stratum oriens and/or radiatum. Therefore, the score related to
CA3 and to CA1 could reach a maximal value of 2. Finally, when damage
was observed in extra hippocampal regions (thalamus and cortex), the
neurodegeneration score was further increased by 2 points. Thus, the
maximal neurodegeneration score was 7: CA1 score 2 plus CA3 2 plus
dentate gyrus 1 plus extra-hippocampal regions 2. The second quantifi-
cation method was based on the thresholding of FJ digital images
(Paradiso et al., 2009; Zucchini et al., 2008). Images of the hippocampus
were captured using a Leica DFC300FX camera and transformed into
gray levels. Using Photoshop CS5, the hippocampus was cut out and
the mean ± standard deviation gray level was calculated. FJ-positive
pixels were identified by thresholding at the gray level corresponding
to the mean plus three standard deviations. Using this approach, only
those pixels that were significantly above background (that is, positive
to FJ) were selected. Data were then expressed as percent of FJ-positive
pixels over total hippocampal pixels. Four regularly spaced sections
(100 μm interval) were examined for each animal, and the score used
for statistical analysis was the average of these multiple estimates.
Alternatively, the mean percent of FJ-positive pixels in the 4 sections
examinedwas calculated for each animal and used for statistical analysis.

NeuroTrace 594 red fluorescent (NT; Molecular Probes, Inc., Eugene,
OR, USA) staining has been performed in a subset of brain sections
after FJ staining, to identify degenerating neurons. After rehydration in
0.1 M PBS, (pH 7.4), sections were treated with PBS plus 0.1% Triton
X-100 10 min, washed twice for 5 min in PBS then stained by NT
(1:100), for 20 min at room temperature. Sections were washed in PBS
plus 0.1% Triton X-100, twice with PBS, then let stand for 2 h at room
temperature in PBS.

Statistical analysis

For neurotransmitter release data, comparisons between experimen-
tal groups were performed by using ANOVA and post hoc the Dunnett's
test. For in vivo data, ANOVA and post-hoc Newman–Keuls test were
used for the analysis of latency and the Mann–Whitney U test for the
analysis of the cumulative seizure score. Differences between groups
were considered significant when P b 0.05.

Results

Expression of Tat in TT mice brain

Male TT mice were monitored for the development of Kaposi's
sarcoma-like skin lesions in the back. Based on the severity of the lesions,
mice were divided in two groups, characterized, respectively, by low
grade skin phenotype, TT(L), with lesion scores between 0 and 2, and
high grade skin phenotype, TT(H), with lesion scores between 3 and 6.

Expression of the tat gene in the brain of TT mice was then analyzed
by real time RT-PCR analysis. No PCR amplification has been observed
with RNA samples not transcribed into DNA (data not shown). The
results reported in Fig. 1A show that tat mRNA is expressed in the
brain of all TT mice. However, tat gene expression was higher in the
brain of TT(H) mice as compared to TT(L) mice. Accordingly, expression
of the Tat protein was detected in the brains of TT mice byWestern blot
analysis (Fig. 1B). In agreement with the results of real time RT-PCR, Tat
protein expression differed between TT(H) and TT(L) mice, because it
was clearly detectable only in mice displaying the high skin phenotype.
These results confirm our previous data on tat gene expression in the
tissues of TTmice (Altavilla et al., 1999; Corallini et al., 1993) and suggest
that the skin phenotype can be used as a surrogate marker of tat gene
expression in the brain, allowing to stratify the animals in the two
subgroups for the subsequent experiments. Confirmation of the correct
subgroup allocation of each mouse was obtained by RT-PCR at the end
of the experiments.

Effects of exogenous Tat administration on glutamate and GABA release

It has been previously shown that exogenous Tat, while not affecting
basal release, exerts opposite effects on glutamate and GABA overflow
evoked by mild depolarization from nerve terminals isolated from the
cortex of adult mice (Musante et al., 2010). These findings were con-
firmed in the present study. Acute Tat failed to affect the spontaneous re-
lease of both glutamate (1 nM Tat: 92.7 ± 6.8% of control, data from 3
experiments run in triplicate) and GABA (1 nM Tat: 94.8 ± 6.6%, data
from 3 experiments run in triplicate) in CC mice. Again consistent with
the previous findings (Musante et al., 2010), Tat (0.03–3 nM) facilitated
12 mM KCl-induced glutamate overflow in a concentration-dependent
manner but inhibited GABA overflow from CC cortical nerve endings
(Figs. 2A and B). Facilitation of glutamate as well as inhibition of
GABA overflow could not be observed when exposing synapto-
somes to a heat shock denatured protein (for glutamate: control:
294 ± 22 pmol/mg prot; 1 nM denatured Tat: 344 ± 52 pmol/mg
prot, n.s.; for GABA: control: 294 ± 22 pmol/mg prot; 1 nM denatured
Tat: 314 ± 37 pmol/mg prot, n.s; data from 3 experiments run in
triplicate).

We then extended these data to hippocampal synaptosomes. In CC
hippocampal synaptosomes, Tat had no effect on the spontaneous
release of endogenous glutamate (1 nM Tat: 95.8 ± 4.3% of control,
data from 3 experiments run in triplicate) and GABA (1 nM Tat:
111.3 ± 6.7% of control, data from 3 experiments run in triplicate).
However, Tat (0.03–3 nM) concentration dependently facilitated the
12 mM K+-evoked glutamate overflow (Fig. 2C), while failing to
modify that of GABA (Fig. 2D), at variance with the inhibition ob-
served in the cortex. Again, Tat-induced changes in high K+-evoked
glutamate overflow were prevented by protein heat shock denatur-
ation (control: 189 ± 18 pmol/mg prot; 1 nM denatured Tat:
225 ± 31 pmol/mg prot; n.s., data from three experiments run in
triplicate).

Glutamate and GABA release from nerve terminals isolated from TT mice

The spontaneous and the depolarization-evoked release of endoge-
nous glutamate and GABA was then investigated in cortical and hippo-
campal glutamatergic and GABAerigic nerve terminals isolated from CC,
TT(L) and TT(H) mice. In both brain areas, the basal, spontaneous
release of glutamate and GABA from TTmice did not significantly differ
from that fromCCmice (Fig. 3). However, the 12 mMK+-evoked gluta-
mate overflow from cortical synaptosomes isolated from TT(L) was
significantly increased compared with that from CC mice, and that
from TT(H) was further and significantly increased compared with
TT(L) mice (Fig. 3A), indicating that this effect correlates with the
level of Tat expression in the brain. Similarly, the endogenous glutamate
release induced by high K+ from hippocampal terminals was increased
in TT mice, and in TT(H) significantly more than in TT(L) (Fig. 3C). In
contrast, the high K+-evoked release of GABA from TT cortical synapto-
somes was significantly reduced when compared with CC mice, the
maximum inhibition being observed in TT(H) mice (Fig. 3B), and that
from hippocampal synaptosomes was not modified (Fig. 3D). Because
of the features of the experimental approach we employed (the up–
down superfusion of synaptosomal monolayers) indirect effects due
to residual endogenous Tat released by the nerve terminals could not
account for changes in neurotransmitter release. In fact, the technique
of superfusion ensures the immediate removal of released endogenous



Fig. 1. Analysis of tat gene expression in the brain of TT mice. (A) tat mRNA levels in the brains of TT(L) and TT(H) mice, as measured by real time RT-PCR. Controls were wild-type
BDF mice (CC). Results were normalized to the housekeeping gene Rpl13 and are expressed as relative RNA levels: a TT(L) sample was used as reference and all data were divided
by that reference value. Data are the means of at least three independent determinations. (B) Tat protein expression in the brain, as estimated using Western blot analysis. Equal
amounts of brain lysates from CC and TT mice (one CC and one TT mouse per experiment) were electrophoresed, transferred to membranes and probed with antiserum direct
against the Tat protein. The level of Tat protein was compared to the internal standard β-actin, and specificity was verified using lanes with recombinant Tat. The blot is represen-
tative of the five blots of homogenates separately obtained from 5 CC and 5 TT mice, run in different days.
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compounds, preventing indirect effects on the neighboring synapto-
somes (Musante et al., 2011; Raiteri and Raiteri, 2000).

VGLUT expression

The observation that endogenous expression of Tat leads to the po-
tentiation of glutamate release in a preparation inwhich nerve terminals
are isolated (thus, not directly exposed to Tat at the time of the experi-
ment) is puzzling. Possible interpretations of this finding may be that
Tat can induce long-term increases in the amount of releasable
Fig. 2. Effects of Tat on 12 mM K+-evoked release of glutamate (A, C) and GABA (B, D) f
KCl-evoked release in the absence of Tat. Gray bars: 12 mM KCl-evoked release in the pre
and correspond to the 12 mM K+-induced overflow. Data are means ± SEM of 3–7 experi
*P b 0.05 vs. control; **P b 0.01 vs. control; ANOVA and post hoc Dunnett's test.
glutamate, either by increasing the number of glutamatergic terminals
or the density of glutamatergic vesicles within each terminal. The former
hypothesis seems less likely because the basal (Ca2+-independent,
non-vesicular) release of glutamate should increase if the number of
glutamatergic terminals increases (Muzzolini et al., 1997), and this was
not the case in TT synaptosomes. To further investigate this idea, immu-
nohistochemistry was used to assay expression of the glutamatergic
vesicular transporter VGLUT1, a marker of glutamate release vesicles
(Fadda et al., 2007). VGLUT1 immunoreactivity is normally abundant in
many cortical and hippocampal areas, most prominently in the deeper
rom mouse cortical (A, B) and hippocampal (C, D) synaptosomes. Open bar: 12 mM
sence of Tat (concentrations as indicated). Results are expressed as pmol/mg protein
ments run in triplicate (three superfusion chambers for each experimental condition).
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Fig. 3. Spontaneous and high K+-evoked release of glutamate and GABA from nerve endings isolated from control (CC) and Tat transgenic (TT) mice. (A) Spontaneous (left, hatched
bars) and 12 mM K+ evoked (right bars) release of endogenous glutamate from cortical synaptosomes isolated from CC (open bars), TT(L) (gray bars) and TT(H) (black bars) mice.
(B) Spontaneous (left, hatched bars) and 12 mM K+ evoked (right bars) release of endogenous GABA from cortical synaptosomes isolated from CC (open bars), TT(L) (gray bars)
and TT(H) (black bars) mice. (C) Spontaneous (left bars) and 12 mM K+ evoked (right bars) release of endogenous glutamate from hippocampal synaptosomes isolated from CC
(open bars), TT(L) (gray bars) and TT(H) (black bars) mice. (D) Spontaneous (left bars) and 12 mM K+ evoked (right bars) release of endogenous GABA from hippocampal syn-
aptosomes isolated from CC (open bars), TT(L) (gray bars) and TT(H) (black bars) mice. Results are expressed as pmol/mg protein. Data are means ± SEM of 3–8 experiments
run in triplicate (three superfusion chambers for each experimental condition). **P b 0.01 vs. CC; •P b 0.05 vs. TT(L); ANOVA and post hoc Newman–Keuls test.

115S. Zucchini et al. / Neurobiology of Disease 55 (2013) 110–119
layers of the cortex and in the stratum oriens and radiatum of CA1, in the
stratum oriens, lucidum and radiatum of CA3, and in themolecular layer
and hilus of the dentate gyrus in the hippocampus. A clear enhancement
of VGLUT1 immunoreactivity was observed both in the fronto-temporal
cortex and in the hippocampus of TT, compared with CC mice (Fig. 4).
Moreover, in keeping with the above findings on glutamate release,
TT(H)mice displayed a stronger VGLUT-1 signal than TT(L)mice (Fig. 4).
Susceptibility of TT mice to kainate-induced seizures and to seizure-induced
damage

The increased ratio between excitatory and inhibitory neurotrans-
missions in TT mice may implicate a greater susceptibility to seizures
and to seizure-induced damage. To examine this possibility, animals in
the three experimental groups were treated with the convulsant agent
kainate. TT(H) mice displayed increased susceptibility to kainate-
induced seizures, compared with CC mice and with TT(L) mice, because
1) latency to generalized seizure onset was significantly reduced
(Fig. 5A), 2) seizure severity (cumulative seizure score) was significantly
increased (Fig. 5B), and 3) mortality rate was dramatically increased
(Fig. 5C). TT(L) mice were susceptible to kainate seizures like CC mice,
but their mortality rate was higher (Fig. 5C).

Seizure-induced neurodegeneration was then analyzed in a sub-
set of mice using Fluoro-Jade B (FJ), an anionic fluorescein derivative
staining neurons undergoing degeneration (Schmued and Hopkins,
2000) and NeuroTrace (NT) to identify neurons. Numerous FJ-positive
cells were observed in the brain of kainate-treated mice with high
score seizures, while they were virtually absent in the brain of
saline-treated mice or of mice showing low score seizures after
kainate administration (Fig. 6). These degenerating cells were neurons,
because they all double-labeledwithNT (Supplementary Fig. S2). The de-
gree of degeneration was related to the severity of seizures, i.e. with the
cumulative seizure score, in all experimental groups. Thus, although
TT(H) mice displayed higher scores both in terms of seizure severity
and neurodegeneration, no significant difference in the degree of
neurodegeneration was observed following similar grade seizures
in TT(H) compared with CC mice (Fig. 7).
Discussion

The pathologicalmechanism(s) of HAND-associated brain lesions are
still uncertain, but several lines of evidence suggest that Tat may play a
key role. Tat is released by HIV-1 infected cells of many organs (Chang
et al., 1997), is present at detectable levels in serum (Westendorp et al.,
1995) and is capable of crossing the blood–brain barrier (Schwarze et
al., 1999). Thus, peripherally-generated Tat may enter the CNS. More-
over, the Tat protein is produced directly in the brain of HIV-1-infected
patients by cells of the glial and macrophage systems (Hudson et al.,
2000).

The effects of Tat in the brain have been studied using several
approaches. First, intraventricular injection in the rat brain has been
reported to cause oxidative modification of proteins (Aksenov et al.,
2001; Flora et al., 2003), as well as inflammation, gliosis, neuronal
apoptosis and ventricular enlargement (Jones et al., 1998; Sabatier et
al., 1991). Although Tat-induced apoptosis in the brain was confirmed
in other studies (Gavriil et al., 2000; Zauli et al., 2000), the pathological
relevance of these results may be called into question, considering the
relatively high amounts inoculated (10 to 25 μg), that greatly exceed
the concentrations of Tat (0.1 to 1 ng/ml) found in the sera of HIV-1
infected patients (Westendorp et al., 1995). Evidence of apoptosis
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Fig. 4. VGLUT1-like immunoreactivity (LI) in the dorsal hippocampus (A–C) and cortex (D–F) of CC (A, D), TT(L) (B, E) and TT(H) (C, F) mice. Shown are representative coronal
brain sections at the level of the dorsal hippocampus, exhibiting DAB-labeled VGLUT1-LI. Omitting the primary antibody to estimate nonspecific signal yielded completely negative
labeling (data not shown). Note a widespread increase in VGLUT1-LI in TT, and especially in TT(H), mice.
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after inoculation in the striatum of the amounts of Tat (10 ng) that bet-
ter approximate its levels in pathology has beenmore recently reported
(Agrawal et al., 2007, 2012).

A second approach has been testing the effects of bath-applied Tat on
neural cells. It has been found that Tat activates calcium release from
IP3-sensitive intracellular stores (Haughey et al., 1999), and induces cal-
cium influx in neural cells (Cheng et al., 1998) increasing cell death. Fur-
thermore, Tat enhances glutamate-mediated excitotoxicity in neurons
through the activation of NMDA receptors (Haughey et al., 2001; Li et
al., 2008; Prendergast et al., 2002). Importantly, these latter effects were
demonstrated at subtoxic concentrations, i.e. at concentrations close to
those found clinically in serum. One intriguing implication of these obser-
vations is that, at clinically relevant concentrations, Tat per se may not
produce neuronal damage, but increase the effects of neurotoxic agents
that stimulate the release of glutamate, ultimately leading to the excessive
activation of NMDA receptors.

Thus, these findings should be integrated with the analysis of possi-
ble effects at a presynaptic level. Again, initial studies have been
conducted using acute, “pharmacological” administration, and proved
that Tat can deeply influence central neurotransmission (Brailoiu et
al., 2008; Eugenin et al., 2003; Feligioni et al., 2003; Ferris et al., 2009;
Longordo et al., 2006; Musante et al., 2010; Zhu et al., 2009). These
findings have been extended in the present study. We found that the
Fig. 5. Latency to generalized seizure onset (A), seizure severity, expressed as cumulative se
in CC, TT(L) and TT(H)mice. The latency to the first severe (class 4 or higher) seizure is reported.
the 2 h following kainate injection. Types of seizures have been classified as described in Materia
Newman–Keuls tests were used for the statistical analysis of latency and the Mann–Whitney U
effect of exogenous Tat is neurotransmitter- and area-specific. Tat did
not affect the release of glutamate and GABA under basal condition,
i.e. in the absence of depolarizing stimuli (Feligioni et al., 2003;
Musante et al., 2010), but increased stimulus-evoked glutamate exocy-
tosis in the hippocampus and cortex in TTmice, while GABA exocytosis
was unchanged in the hippocampus and even decreased in the cortex.

As stated above for other kinds of studies, however, these findings are
based on the acute administration of relatively high concentrations of
Tat, andmay not reflect the situation of chronic exposure to low concen-
trations as during HIV infection. In this sense, the TTmodel may bemore
predictive of the actual situation in human HAND patients. Consistent
with the observation that acutely applied Tat does not affect the basal,
unstimulated release of glutamate and GABA, its constitutive expression
in TT mice also failed to affect the spontaneous release of both neuro-
transmitters. However, high K+-evoked glutamate overflowwas signifi-
cantly increased in the cortex and hippocampus of TT, as compared with
control mice, while GABA overflow was reduced in the cortex and not
altered in the hippocampus. These findings are perfectly coherent with
those with acute Tat. Importantly, the intensity of all significant alter-
ations in the release of glutamate and GABA correlated with tat gene
expression levels and with the skin phenotype, suggesting that a direct
relationship exists between the amount of Tat in the brain and functional
alterations.
izure score (B) and mortality rate (C) after systemic administration of kainate (15 mg/kg)
Cumulative scorewas rated as the sum of the scores recorded in each 5-min interval during
ls andmethods. Data are themean ± SEM of 19mice per group. The ANOVA and post-hoc
test for the analysis of the cumulative score. *P b 0.05.
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Fig. 6. Anatomical distribution of kainate-induced neurodegeneration. The dorsal hippocampal FJ-stained sections prepared from saline-treated (A, B) and from kainate-treated
(C, D) CC (A, C) and TT(H) (B, D) mice are shown. After saline treatment, FJ-positive neurons were not observed in CC (A) and TT(H) (B) hippocampi. After kainate treatment, the
degree of neurodegeneration correlated with the severity of seizures in both groups, although a tendency to greater neurodegeneration was observed in TT mice. (C) Represen-
tative FJ staining in a CC mouse killed 24 h after kainate administration. This animal experienced seizures with a cumulative score of 93 (a relatively high seizure score for CC
mice). Note the FJ-positive neurons in CA3 and CA1 pyramidal layers (neurodegeneration score: 5). (D) Representative FJ staining in a TT(H) mouse killed 24 h after kainate
administration. This animal experienced seizures with a cumulative score of 63 (an average seizure score for TT mice). Note the numerous FJ-positive cells in CA3 and CA1
pyramidal layers (neurodegeneration score: 5).
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It cannot be predicted if the Tat-induced changes in neurotransmit-
ter exocytosis depend on the Tat interactionwith cell membrane recep-
tors or it implies its cellular translocation to the nucleus andmodulation
of gene expression. The first hypothesis is attractive because Tat is
known to act as a promiscuous agonist at different receptors
(mGluR1, NMDA, CCR2) most of which are differently located on
glutamatergic and GABAergic nerve terminals (Brailoiu et al., 2008;
Fig. 7. Relationship between the severity of seizures (cumulative seizure score) and
neurodegeneration (neurodegeneration score—similar results were obtained calculat-
ing the percentage of FJ-positive pixels). The linear regressions for control (CC, open
circles, dashed line) and transgenic (TT(H), solid circles, solid line) mice are shown.
Note that some TT(H) mice could not be included in the analysis because they died
during the period of observation post-kainate injection.
Musante et al., 2010). In line with this hypothesis, chronic drug treat-
ments influencing presynaptic receptor-mediated functions have been
reported to cause neuronal adaptations that may be retained ex vivo,
in isolated nerve terminals, where they emerge as changes in neuro-
transmitter exocytosis (Pittaluga et al., 2007). Changes in the exocytotic
machinery in terms of the number of release vesicles or in terms of the
efficiency of vesicular storagemight account for these adaptive changes.
This hypothesis is supported by our observation, consistent with the re-
lease data, that a marker of glutamate synaptic vesicles, GLUT1, is in-
creased in the hippocampus and cortex of TT mice, in a Tat
expression-dependent manner. This increased density of glutamate
synaptic vesicles is likely to account for the observed increase in
depolarization-evoked release.

Interestingly, the data obtained with low concentration Tat (includ-
ing those reported here in TT mice) support the notion that its effects
are stimulation-dependent: in the nervous tissue exposed to Tat, gluta-
mate release is not altered under resting conditionswhereas,when stim-
ulation occurs, more glutamate than the normal is released (present
data), allowing the activation of NMDA receptors that are phosphorylat-
ed (Haughey et al., 2001) and will elicit currents much greater than the
normal, to a potentially dangerous level. Thus, the increased bioavailabil-
ity of extracellular glutamate may represent a mechanism through
which Tat exerts detrimental effects on neurons (Nath and Geiger,
1998). It should also be kept in mind that neurons do not represent the
unique source of anomalous glutamate outflow, because Tat has been
reported to increase glutamate spillover from astrocytes (Eugenin et
al., 2003) and microglial cells (Gupta et al., 2010). Whether these events
could be affected in TT mice remains to be established.
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The reduced stimulus-evoked GABA release at the cortical level
also deserves some comments. It is well known that glutamate and
GABA reciprocally modulate their release. In particular, GABA exerts
a negative feedback on glutamate by activating presynaptic inhibito-
ry GABAB heteroreceptors (Bonanno and Raiteri, 1993). The de-
creased stimulus-evoked GABA release in the TT cortex will
attenuate this presynaptic mechanism of heteroregulation, further
facilitating glutamate release and increasing the susceptibility to
excitotoxicity. Based on our results, the cortex should be particularly
exposed to neurotoxic events.

Taken together, these data strongly suggest that the balance be-
tween excitatory (glutamate) and inhibitory (GABA) neurotransmis-
sions is highly unstable in the Tat-exposed brain, with a strong risk to
lean pathologically towards hyper-excitation. This situation is
expected to favor seizure susceptibility and seizure-related damage.
In fact, seizures are often observed in HIV-1 infected patients (Dore
et al., 1996) also in the absence of opportunistic infections
(Bartolomei et al., 1999; Modi et al., 2002). Accordingly, Tat was
reported to be epileptogenic when administered i.c.v. (Sabatier et
al., 1991). Analysis of the susceptibility to kainate-induced seizures
and neurodegeneration in the TT model seems particularly well suit-
ed to challenge this hypothesis, in that: 1) Tat concentration in the
brain is very likely low and subtoxic, since we did not detect any
overt neurological symptom or neuronal cell damage in TT mice
under normal conditions, i.e. in the absence of excitatory stimuli;
2) the neurotoxic effect of kainate is largely dependent on the activa-
tion of NMDA receptors, being prevented by NMDA receptor antago-
nists (Virgili et al., 1992; Zucchini et al., 2002).

In linewith expectation, we found that TTmice are highly susceptible
to the effect of kainate and are predisposed to develop convulsive
seizures leading to cell damage. The intensity of the seizures and of the
neurodegeneration correlated with the levels of Tat in the brain and
with the severity of the skin lesions, suggesting that both the brain
syndrome and the skin phenotype are due to the expression of Tat in
the different organs of TT mice. These observations are consistent with
the concept that Tat facilitates excitotoxicity in vivo. Most likely, Tat
alone cannot account for all aspects of HAND, but these results support
its role as a key pathogenetic cofactor. As such, Tat may represent a
molecular target for the prevention of HAND development in AIDS
patients.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.nbd.2013.02.004.
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