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Neurobiology of Disease

Axonal Transport of Human Immunodeficiency Virus Type 1
Envelope Protein Glycoprotein 120 Is Found in Association
with Neuronal Apoptosis

Alessia Bachis,' Sadia A. Aden,' Rachel L. Nosheny,! Peter M. Andrews,? and Italo Mocchetti'
Departments of 'Neuroscience and 2Cell Biology, Georgetown University Medical Center, Washington, DC 20057

Patients infected by human immunodeficiency virus type 1 (HIV-1) develop acquired immune deficiency syndrome-associated dementia
complex (ADC), a disorder characterized by a broad spectrum of motor impairments and cognitive deficits. The number of cells in the
brain that are productively infected by HIV-1 is relatively small and consists predominantly of macrophages and microglia, yet HIV-1
causes widespread neuronal loss. A better understanding of the pathogenic mechanisms mediating HIV-1 neurotoxicity is crucial for
developing effective neuroprotective therapies against ADC. The HIV-1 envelope glycoprotein 120 (gp120), which is shed from the virus,
is one of the agents causing neuronal cell death. However, the cellular mechanisms underlying its neurotoxic effect remain unclear. We
report that gp120 injected into the rat striatum or hippocampus is sequestered by neurons and subsequently retrogradely transported to
distal neurons that project to these brain areas. Cleaved caspase-3 and terminal deoxynucleotidyl transferase-mediated biotinylated UTP
nick end labeling, hallmarks of apoptosis, were seen in neurons internalizing and transporting gp120. The retrograde transport of gp120
and apoptosis were mediated by the chemokine receptor CXCR4 because AMD3100, a selective CXCR4 inhibitor, blocked both events.
Furthermore, colchicine or nocodazole, two inhibitors of intracellular trafficking, abolished gp120-mediated apoptosis in distal areas.

These results indicate that axonal transport of gp120 might play a role in HIV-1-mediated widespread neuronal cell death.
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Introduction

Acquired immune deficiency syndrome-associated dementia
complex (ADC) is frequent in human immunodeficiency virus
(HIV)-positive patients in the late phase of infection and is char-
acterized by neuronal cell death and neurological symptoms
(Price, 1996; Masliah et al., 1997). HIV-infected cells consist al-
most exclusively of perivascular macrophages and microglia (Lee
etal., 1993; Persidsky and Gendelman, 2003), and viral load does
not always correlate with the clinical manifestation of the disease
(Kureetal., 1991). Thus, an intriguing and yet unresolved issue in
the neuropathogenesis of HIV is how relatively few infected cells
can produce pronounced neuronal dysfunction and cause wide-
spread neuronal atrophy.

HIV-1 infects macrophages and lymphocytes after binding of
the envelope glycoprotein 120 (gp120) to several chemokine re-
ceptors in conjunction with CD4 (Berger et al., 1999). M-tropic
HIV-1 strains use CC-chemokine receptor 5 (CCR5), whereas
T-tropic strains use CXC-chemokine receptor 4 (CXCR4).
CCR5-using viruses predominate in the initial stage of infection,
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whereas a switch from CCR5- to CXCR4-using viruses occurs in
the late stages of infection in a subset of patients (for review, see
Everall et al., 2005). In the brain, expression of CCR5 (Ghorpade
et al., 1998; Albright et al., 1999; Klein et al., 1999) occurs pre-
dominantly in microglia. CXCR4, initially identified as the recep-
tor for stromal cell-derived factor 1 a (SDF or CXCL12), is a
member of the G-protein-coupled receptor superfamily (for re-
view, see Rossi and Zlotnik, 2000) widely expressed in the CNS in
glial cells and neurons (Lavi et al., 1997; Hesselgesser and Horuk,
1999; van der Meer et al., 2000). CXCR4 has multiple functions. It
participates in neuronal injury and inflammation (Stumm et al.,
2002), as well as in the migration of neuronal progenitors (Ma et
al., 1998; Zou et al., 1998; Bagri et al., 2002; Lazarini et al., 2003).
Intriguingly, CXCR4 binds to gp120 T-tropic strains (Deng et al.,
1996; Tarasova et al., 1998) and causes neurotoxicity even in the
absence of CD4 (Meucci et al., 1998; Klein et al., 1999; Zheng et
al., 1999; Biard-Piechaczyk et al., 2000; Bezzi et al., 2001). More-
over, SDF, which is present at high levels in the brain of HIV-
infected individuals, induces neuronal apoptosis in rodent brain
(Zhang et al., 2003) as well as in vitro (Hesselgesser et al., 1998;
Zheng et al., 1999; Bachis and Mocchetti, 2004). Similarly, over-
expression of gp120 in transgenic mice (Toggas et al., 1994) or
intracerebroventricular infusion of this glycoprotein in rat brain
(Bagetta et al., 1996; Bansal et al., 2000; Maccarrone et al., 2000;
Acquas et al., 2004) promotes degeneration of neurons, loss of
dendritic markers, ventricular enlargement, and other severe
neuronal abnormalities that are commonly seen in ADC patients.
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These data suggest that T-tropic strains that appear late in the
course of infection might cause neuronal apoptosis and demen-
tia. However, how the interaction between gp120 and CXCR4
that occurs at the cellular surface leads to neuronal cell death
remains to be established.

In vitro gp120 induces neuronal damage only when internal-
ized and transported to neuronal soma (Bachis et al., 2003), sug-
gesting that in vivo the internalized envelope protein may travel
along axons to distal neurons. This cellular mechanism, if
proven, will give insight into the mechanism by which T-tropic
HIV-1 causes cognitive impairment and neuronal loss without
infecting neurons. Thus, in this study, we investigated the hy-
pothesis that neuronal internalization and transport of gp120 is
crucial for its neurotoxic effect.

Materials and Methods

Animal treatment. All surgical procedures were performed in strict accor-
dance with the Laboratory Animal Welfare Act, with National Institutes
of Health Guide for the Care and Use of Laboratory Animals, and after
approval from the Georgetown University Animal Care and Use Com-
mittee. Details of injection procedures have been described previously
(Nosheny et al., 2004). Coordinates for injecting gp120 strain IIIB (Im-
munodiagnostics, Woburn, MA) or other compounds into the striatum
[anteroposterior (AP), +0.7 mm; mediolateral (ML), £3.0 mm; dorso-
ventral (DV), —6.0 mm from bregma], hippocampus (AP, —3.8 mmy;
ML, +3.8 mm; DV, —3.8 mm from bregma), or fimbria (AP, —3.8 mm;
ML, £4.6 mm; DV, —5.2 mm from bregma) were according to Paxinos
and Watson (1998). Compounds were delivered by a microperfusion
pump (0.2 ul/min for 15 min). After completion of each injection, the
needle was left in place for an additional 4 min to accomplish quantitative
diffusion of the volume delivered. Animals were then returned to their
cages. At the appropriate survival times, animals were deeply anesthe-
tized with ketamine/xylazine (80 and 10 mg/kg, i.p., respectively), fol-
lowed by intracardiac perfusion of 4% paraformaldehyde in 0.1 M PBS,
pH 7.4, for immunohistochemical analyses.

Immunohistochemical analyses. For gp120 and cellular markers, brain
sections (16 wm) were incubated overnight at 4°C with a gp120IIIB-
specific antibody (1:200; Immunodiagnostics) and either microtubule
associated protein-2 (MAP2) or neuronal-specific nuclear protein
(NeuN) (1:250 and 1:500, respectively; Chemicon, Temecula, CA) to
visualize neurons, or CD68 (1:500; Serotec, Raleigh, NC) or glia fibrillary
acidic protein (GFAP) (1:200; Chemicon) to visualize microglia or astro-
cytes, respectively. Sections were then incubated with Alexa-Fluor 488
(1:2000; Invitrogen, Carlsbad, CA) and Alexa-Fluor 594 secondary anti-
bodies (1:2000; Invitrogen) to visualize gp120 and cellular markers,
respectively.

For gp120 and CXCR4, sections were incubated overnight with an
antibody against gp1201IIIB along with a specific CXCR4 antibody (1:50;
Chemicon). Sections were then incubated with Alexa-Fluor 488 and
Alexa-Fluor 594 secondary antibodies to visualize gp120 and CXCR4.
For tyrosine hydroxylase (TH) and gp120, sections were incubated with
an anti-TH antibody (1:200; Chemicon) for 48 h and then overnight with
gp120I1IB antibody. Sections were then incubated with Alexa-Fluor 594
and Alexa-Fluor 488 secondary antibodies to visualize TH and gp120,
respectively.

For caspase-3 and gp120, after incubation with 5% normal goat serum,
sections were incubated with a cleaved caspase-3 antibody (1:150 dilu-
tion; Cell Signaling Technology, Beverly, MA) for 48 h at 4°C. Sections
were then incubated overnight with gp120IIIB antibody. After three
washes, sections were incubated with Alexa-Fluor 488 and Alexa-Fluor
594 secondary antibodies to visualize gp120 and caspase-3, respectively.
For in situ terminal deoxynucleotidyl transferase-mediated biotinylated
UTP nick end labeling (TUNEL) and gp120, sections were incubated
with gp120 antibody overnight at 4°C, and then TUNEL was performed
as described previously (Bachis et al., 2003; Acquas et al., 2004). All
sections were then mounted using Vectashield mounting medium (Vec-
tor Laboratories, Burlingame, CA).
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Histological analysis. Sections were analyzed with a Zeiss (Thornwood,
NY) fluorescence microscope Axioplan2. Positive cells were counted us-
ing a 20X objective and MetaMorph Imaging software (Universal Imag-
ing Corporation, Downingtown, PA). The number of gp120- and/or
caspase-3-positive cells in the striatum was assessed in an area of 250
wm? in each section after excluding the sections with the needle tract
(~40 wm). The entire striatum was analyzed. Similarly, positive cells in
the hippocampus were counted in an area of 150 wm?, up to 160 um
rostral and 160 wm caudal to the injection site. In the substantia nigra
(SN) and septum, positive cells were counted along the entire length of
these areas. Cells were counted only based on staining, not shape, size, or
other measurable quantities.

Cerebellar granule cells. Cerebellar granule cells (CGCs) were prepared
from 8-d-old Sprague Dawley rat pups (Taconic Farms, Germantown,
NY) as described previously (Brandoli et al., 1998; Bachis et al., 2003).
Briefly, CGCs were grown on glass coverslips in Basal Medium Eagle
(Invitrogen) containing glutamine (2 mm), fetal calf serum (10%), KCI
(25 mm), gentamicin (100 ug/ml), and penicillin-streptomycin (10,000
U/ml). Cytosine arabinoside (10 um) was added 24 h after cell plating to
inhibit glial proliferation. At the time of the experiments, these cultures
were composed of ~96% neurons and ~4% non-neuronal cells, such as
astrocytes, oligodendrocytes, and endothelial cells. Compounds were
added at 8 d in vitro.

For immunocytochemistry, cells were fixed with 4% paraformalde-
hyde and incubated with antibodies against MAP2 and gp120 overnight
at 4°C. Cells were washed and then incubated with Alexa-Fluor 488 and
Alexa-Fluor 594 secondary antibodies to visualize gp120 and MAP2,
respectively. To detect activated caspase-3, neurons were fixed and incu-
bated with a cleaved caspase-3 antibody (1:500; Cell Signaling Technol-
ogy), followed by Alexa-Fluor 488 secondary antibody. Coverslips were
then mounted using Vectashield mounting medium containing 4’,6'-
diamidino-2-phenylindole (DAPI). Immunofluorescence was analyzed
with Axioplan2. Positive cells were counted using a 20X objective and
MetaMorph Imaging software.

Electron microscopy. CGCs were exposed to gp120 HIV-1 IIIB conju-
gated to colloidal gold (25 nm mean particle size; Immunodiagnostics).
Neurons were fixed by the addition of 4% phosphate-buffered glutaral-
dehyde directly to an equal amount of culture media. After overnight
immersion fixation at room temperature, neurons were removed from
the culture wells by scrapping and transferred to conical centrifuge tubes.
The glutaraldehyde-fixed CGCs were rinsed in phosphate buffer and
postfixed for 45 min in 1% phosphate-buffered osmium tetroxide. The
postfixed cells were rinsed in water, stained en bloc in 2% uranyl acetate
for 2 h (in the dark), dehydrated through graded acetones, and embedded
in Spur low viscosity embedding medium (Polysciences, Warrington,
PA). Thin sections (40—60 nm) were cut using a diamond knife (Dai-
tome, Biel, Switzerland) mounted on a Powertome XL ultramicrotome
(Boeckeler Instruments, Tucson, AZ). The ultrathin sections were
mounted on nickel grids and examined and photographed using a Hita-
chi (Pleasanton, CA) model 7600 transmission electron microscope op-
erating at 80 kV.

Statistical analysis. Data were evaluated by ANOVA with post hoc
Holm-Sidak test (SigmaStat software; Systat Software, Point Richard,
CA).

Results

gp120 is internalized by neurons

To determine whether gp120 is internalized in vivo, adult male
rats received an acute injection of vehicle control comprising
heat-inactivated gp120 in 0.1% bovine serum albumin (BSA)
(referred to as VEH throughout this study) or 400 ng of gp120
(strain I1IB) in 0.1% BSA into the striatum (Fig. 1a) as described
previously (Nosheny et al., 2004). This concentration of gp120
was used because it causes a confined neuronal apoptosis without
eliciting neurological impairments (Nosheny et al., 2004). Rats
were then killed 24 h after the injection. Serial sections from the
striatum were double stained with an antibody against gp120I11B
and NeuN, a specific neuronal marker, GFAP, a marker for as-
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a

Figure 1.
previously (Nosheny et al., 2004). Animals were killed 24 h later. gp120-IR was examined by immunohistochemistry in serial
sections from the striatum. b- d, Higher magnifications of boxed area in a. Sections were stained with a gp120 antibody (green),
followed by NeuN (b, red), GFAP (c, red), or (D68 (d, red). Yellow is green plus red. Note that gp120-IR in d follows the needle track.
Scale bar, 100 m.

trocytes, or CD68, a marker for microglia. VEH-treated rats
showed no evidence of gp120 immunoreactivity (IR), supporting
previous findings that boiling gp120 inactivates its activity as well
as its antigenicity (Bachis et al., 2003). In gp120-treated rats,
gp120-IR was confined in an area of ~250 wm? in several sec-
tions of the striatum. The majority (~98%) of gp120-positive
cells exhibited colocalization with NeuN (Fig. 1b), whereas none
of the GFAP-positive cells were also gp120 positive (Fig. 1c). A
small fraction of microglia cells (~2%) were gp120 positive (Fig.
1d), but, unlike neurons, these cells were localized along the nee-
dle tract. Thus, it is likely that inflammatory and/or mechanical
events triggered by the needle may aid gp120 entry into non-
neuronal cells.

Neuronal internalization of gp120 is mediated by CXCR4
The strain of gp120 (IIIB) used in the present study binds to
CXCR4. Most of our knowledge concerning the mechanism of
gp120 internalization originates from in vitro evidence obtained
in non-neuronal cells expressing CXCR4 (Tarasova et al., 1998;
Orsini et al., 2000). Therefore, to initially define the role of neu-
ronal CXCR4 in the internalization process, we examined
whether neurons accumulating gp120 were also CXCR4 positive.
Sections from the striatum were double stained for gp120 and
CXCR4. A distinct immunostaining pattern of gp120-IR was ob-
served around CXCR4-positive cells and was characterized by a
diffuse fine-granular distribution resembling presynaptic bou-
tons (Fig. 2a). Although both GFAP- and NeuN-positive cells
expressed CXCR4, only neurons were positive for both gp120 and
CXCR4 (Fig. 2b), supporting previous in vitro data that gp120
internalization occurs only in neurons and requires CXCR4 (Ba-
chis et al., 2003).

To provide evidence that the CXCR4-mediated internaliza-
tion process plays a crucial role in gp120 neurotoxicity, rats re-

Neuronal internalization of gp120. a, VEH or gp12011IB was injected into the striatum (see boxed area) as described
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ceived gp120 (400 ng) in the striatum
alone or in combination with AMD3100
(1 wgin 0.1% BSA). AMD3100 is a selec-
tive antagonist of CXCR4 (Donzella et al.,
1998) that has been shown to inhibit
gp120I1IB toxicity (Bezzi et al., 2001). An-
imals were killed 4 d later, and brain sec-
tions from the rostrocaudal extension of
the striatum were stained with gp120 and
activated caspase-3 antibodies. Caspase-3
is a proapoptotic protease that has been
shown to be crucial for gp120 toxicity in
neurons (Garden et al., 2002; Bachis et al.,
2003). AMD3100 inhibited gp120 accu-
mulation in striatal neurons (Fig. 2¢), as
well as the activation of neuronal
caspase-3 (Fig. 2d), further indicating that
binding to CXCR4 and internalization of
gp120 are key events implicated in its neu-
rotoxic effect.

gp120 is transported to distal neurons
The role of CXCR4 in neuronal matura-
tion has been established (Klein et al.,
2001). Our discovery that CXCR4 medi-
ates gpl20 internalization into neurons
and consequently apoptosis adds a new
concept in the neurobiology of this recep-
tor. Nevertheless, it is crucial to demon-
strate whether gp120 is axonally trans-
ported after internalization.

To determine whether gp120, once internalized, is retro-
gradely transported from synaptic terminals to cell bodies, gp120
was injected into the striatum, and gp120-IR was examined in
neurons of the SN pars compacta, which gives rise to one of the
major afferent projections to the striatum. Dopaminergic neu-
rons and fibers of the SN were visualized by an antibody against
TH (Fig. 3a), the rate limiting enzyme for dopamine synthesis. To
provide a temporal profile of gp120 transport, animals were
killed at different time points 1, 2, 4, 7, and 15 d after the injec-
tion. gp120-IR was undetectable in the SN in control rats at any
time (data not shown) or by 1 d in gp120-treated rats (Fig. 3e). In
these animals, by 48 h, only few gp120-positive cells were de-
tected in the SN (Fig. 3e). However, by 4 d (Fig. 3a,b) and up to
15 d (Fig. 3e), several TH-positive cells in the SN pars compacta
were also gp120 positive. No gp120-IR was observed around the
lateral ventricle or in areas adjacent to the striatum such as the
corpus callosum and basal forebrain (data not shown), suggest-
ing that gp120-IR seen in the SN is attributable to active transport
and not to diffusion.

The cerebral cortex is another major source of projections to
the striatum. In particular, pyramidal glutamatergic neurons in
layer V provide the main cortical projections, with additional
input coming from layers III and VI. Therefore, a portion of
gp120 injected in the striatum could be retrogradely transported
to the cerebral cortex. To determine whether gp120 axonal trans-
port is specific only to the nigrostriatal system, sections through-
out the cerebral cortex were stained for gp120 and neurofilament.
A number of neurofilament-positive cells were also positive for
gp120 (Fig. 3c—e). Most gp120-IR was localized in the somato-
sensory cortex in neurons of layer 5 (Fig. 3¢,d). These results
indicate that retrograde axonal retrograde transport is a common
way by which gp120 can reach distal brain areas and help explain
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Figure2.  AMD3100 reduces apoptosis. Rats received VEH (1), AMD3100 (2), gp120 alone (3)

or in combination with AMD3100 (4) into the striatum and were killed 24 h (a, b) or 4 d (c, d)
later. a, b, Representative striatal sections of rats treated with gp120 incubated overnight with
anantibody against gp120 (green) along with a specific CXCR4 antibody (red). Yellow is red plus
green. Scale bars: a, 30 m; b, 50 wm. The number of cells positive for gp120-IR (c) and
caspase-3-IR (d) were counted in sections throughout the striatum in an area 250 um > Data,
expressed as the mean == SEM of four animals (at least 10 sections both caudal and rostral to the
injection site per animal), represent the average number of positive cells per section. *p << 0.01
versus gp120.

the spread of neurodegeneration seen in ADC despite the poor
correlation between viral load and neuronal atrophy in these in-
dividuals (Kure et al., 1991).

Retrograde transport of gp120 occurs in different

neuronal populations

To determine whether retrograde transport of gp120 occurs in
other neuronal subtypes, rats were injected with VEH or gp120 in
the dorsal hippocampus and were killed 1 and 4 d after the injec-
tion. Serial sections throughout the hippocampus were analyzed
for gp120-IR. Double stainings with NeuN or GFAP were also
performed. In control rats, no gp120-IR was observed. In gp120-
treated rats, several neurons in the CA3 region exhibited
gp120-IR (Fig. 4a) by 24 h, suggesting that gp120 may diffuse
from the injection site to the adjacent CA3 region. No GFAP-
positive cells were also gp120 positive by 24 h (Fig. 4b) and 4 d
(data not shown). The majority of gp120-positive neurons were
also CXCRA4 positive (Fig. 4¢), confirming that this receptor may
play a crucial role in gp120 internalization. No gp120-IR was
observed in the contralateral hippocampus (Fig. 4¢) by 24 h.
However, by 4 d, several MAP2-positive cells, indicative of neu-
rons, were positive for gp120 in the contralateral hippocampus
(Fig. 4d,g). The envelope protein was localized not only in the cell
bodies but also in neuronal processes (Fig. 4d, arrows), strongly
indicating a neuronal transport of gp120.

To further examine axonal transport of gp120, we took advan-
tage of the ability of the septohippocampal pathway to transport
proteins from the target area, the hippocampus, to the basal fore-
brain. Rats received an injection of gp120 in the fimbria and were
killed at various times after the injection. By 4 d, gp120-IR was
found in NeuN-positive cells of the septum, mainly in the medial
septal nucleus (Fig. 4e) and the nucleus of the diagonal band of
Broca (Fig. 4f). Accumulation of gp120 into septal neurons and
contralateral hippocampus continued at least up to 15 d after the
injection (Fig. 4¢). These data further indicate that gp120 is ac-
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Figure 3. Retrograde axonal transport of gp120. Rats received gp120 into the striatum and

were killed at different days after the injection. a, b, Representative sections from the SN of
gp120-treated rats (killed 4 d after the injection) stained with TH (red) and gp120 (green)
antibodies. b, Higher magnification of the boxed area in a. Yellow is green plus red. ¢, d,
Representative sections from the somatosensory cortex of animals treated with gp120, stained
with neurofilament (red) and gp120 (green) antibodies. d, Higher magnification of boxed area
in ¢. gp120-IR is present mainly in neurofilament-positive cells in layer V. Yellow is green plus
red). Scale bars: @, 60 wm; b, 50 um; ¢, 100 wm; d, 30 wm. e, Time course analysis of gp120
accumulation in the SN and cerebral cortex. Rats received gp120 into the striatum and were
killed at 1, 2, 4, 7, and 15 d after the injection. Analysis of gp120-IR was performed in the
indicated areas in a total of 15 sections per animal (8 rats each time point), one every 100 um.
Data are the mean = SEM.

tively internalized by axonal terminals and retrogradely trans-
ported to neuronal cell bodies.

gp120-positive neurons exhibit apoptosis

To examine whether retrogradely transported gp120 induces ap-
optosis, gp120 or VEH was delivered in the hippocampus or the
striatum, and animals were killed 4 d later. Brains were removed
to obtain sections that include the entire SN, septum, and hip-
pocampus. Sections were stained for gp120 and cleaved caspase-3
or gp120 followed by TUNEL to confirm apoptosis. By 4 d, sev-
eral gp120- and caspase-3-positive cells were seen in the SN (Fig.
5a,d) and in the septum (Fig. 5d). Moreover, gp120 elicited a
time-dependent increase in apoptotic neurons (Fig. 5¢,d) that
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Figure 4.  Hippocampal gp120 is retrogradely transported to distal neurons. Rats received

gp120 (400 ng) into the dorsal hippocampus or fimbria and were killed 1,2, 4,7, and 15 d later.
a- ¢, Sections throughout the ipsilateral hippocampus of gp120-treated rats (killed 1 d after the
injectioninto the hippocampus), contralateral hippocampus (d) (4 d after the injection), medial
septum (e), and diagonal band of Broca (f) (4 d after the injection into the fimbria), were
stained for gp120 (green), NeuN (red, a, e, f), GFAP (red, b), MAP2 (red, d), and CXCR4 (red, ¢).
Yellow is red plus green. Scale bars: a, ¢, f, 125 um; b, d, e, 100 ,m. g, gp120-positive neurons
were quantified in the septum and contralateral hippocampus at the indicated days after the
injection. Data, expressed as the mean == SEM of eight animals (13 and 16 sections through the
septum and hippocampus each, respectively, 1 every 100 .m, per animal), represent the aver-
age number of cells per section.

correlated with the temporal profile of gp120 accumulation in
cell bodies and processes (Fig. 4¢). In fact, colocalization of gp120
and TUNEL (Fig. 5¢) or caspase-3 (Fig. 5d) was seen in more
neurons by 7 d and up to 15 d. By 7 d in the contralateral hip-
pocampus, both cell bodies and processes (Fig. 5b, arrows) exhib-
ited caspase-3-IR. Thus, our data indicate that gp120 accumula-
tion inside neurons and apoptosis are two related phenomena.
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Figure 5.  Neurons transporting gp120 are TUNEL and caspase-3 positive. Rats received

gp120 (400 ng) into the striatum or hippocampus and were killed at 1, 2,4, 7, and 15 d after the
injection. Representative sections from the SN (a) or contralateral hippocampus (b) taken from
animals 7 d after the injection, stained with cleaved caspase-3 (red) and gp120 (green) anti-
bodies. aand b show that gp120-positive neuronsin the SN and contralateral hippocampus are
also caspase-3 positive. Scale bars: a, 30 um; b, 50 wm. ¢, d, Time course analysis of gp120-IR
colocalization in TUNEL- or caspase-3-positive cells, respectively, in the indicated regions. Data
represent the mean = SEM of eight rats per group (at least 10 sections each area, each animal).

gp120-mediated apoptosis in distal areas is blocked

by colchicine

One approach to study the role of axonal transport in gp120-
mediated toxicity is to block gp120 transport and examine cell
death in distal areas. To block neuronal transport, we selected
colchicine, a blocker of all axonal transport that does not alter
basal neuronal activity. Moreover, this microtubule-disrupting
agent inhibits cellular processes that require an intact and func-
tional microtubule network. Rats received VEH or gp120 (400
ng) in the striatum, alone or in combination with colchicine (10
uM). To evade colchicine toxicity, animals were killed 3 d after the
injection. Brain sections throughout the striatum and SN were
examined for gp120- and caspase-3-IR as well as for markers of
different cellular phenotypes. Control and colchicine-treated an-
imals receiving VEH exhibited a similar number of caspase-3-
positive cells in the SN (Fig. 6d), indicating that this dose of
colchicines does not cause neuronal damage per se. However,
colchicine inhibited retrograde transport and accumulation of
gp120 in TH-positive neurons (Fig. 6a—c), as well as the ability of
the glycoprotein to activate neuronal caspase-3 in the SN (Fig.
6d). In the striatum, colchicine did not prevent gp120 internal-
ization (Fig. 6¢) or gp120-mediated apoptosis (Fig. 6f), support-
ing the hypothesis that gp120 axonal transport is crucial for neu-
ronal damage only at a distal site. To further prove this
hypothesis, AMD3100 (1 um), a CXCR4 antagonist (Donzella et
al., 1998), and gpl20 were injected into the striatum, and
gp120-IR and apoptosis were analyzed in the SN. AMD3100 in-
hibited both gp120 accumulation (Fig. 7a) and apoptosis of do-
paminergic neurons (Fig. 7b), supporting the role of CXCR4 in
gp120 internalization and apoptosis.

Time-dependent internalization of gp120

A great proportion of cultured rat CGCs internalize gp120
(Bachis et al., 2003). These neurons undergo apoptotic cells
death during exposure to gp120 in a CXCR4-dependent manner
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Figure6.  Colchicine blocks gp120 retrograde transport and apoptosis. Rats received VEH (1),
gp120(2), colchicine (3), or colchicine plus gp120 (4) into the striatum and were killed 3 d later.
Representative sections from the SN of rats treated with gp120 (a) or gp120 plus colchicine (b)
showing colocalization of gp120-IR (green) in TH (red)-positive neurons. Note that colocaliza-
tion occurs only in a. Scale bar, 50 m. Semiquantitative analysis of TH- and gp120-positive
neurons (¢) and caspase-3- and TH-IR (d) in sections from the SN. Number of gp120-IR neurons
(e) and caspase-3-positive neurons (f) in the striatum. Data, expressed as the mean == SEM of
four animals per group (at least 10 sections per animal), represent the average number of
positive cells per section. *p << 0.001 versus gp120.
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Figure7.  AMD3100 blocks gp120-mediated activation of caspase-3 in the SN. Rats received
VEH (1), gp120(2), AMD3100 (3), or AMD3100 plus gp120 (4) into the striatum and were killed
4d later. Semiquantitative analysis of TH/gp120 (a) and TH/caspase-3-positive neurons (b) in
the SN. Data, expressed as the mean == SEM of four animals per group (at least 10 sections per
animal), represent the average number of positive cells per section. *p << 0.001 versus gp120.

(Bachis et al., 2003). To examine retrograde transport and sub-
cellular compartmentalization of gp120, CGCs were exposed to 5
nM gp120 conjugated to colloidal gold for 5, 15, 30, and 60 min.
Cells were then fixed and processed for electron microscopy. At 5
min, the majority of gold particles were localized around synaptic
terminals (Fig. 8A). By 15 min, several gold particles were ob-
served inside synaptic terminals surrounded by synaptic vesicles
(Fig. 8B). At 15 and 30 min, gold particles were observed on
microtubules (Fig. 8C), suggesting axonal transport. By 1 h, the
majority of particles were inside lysosomes (Fig. 8 D). This is
consistent with their role in recycling and intracellular digestion
of glycoproteins. Overall, these data support the hypothesis that
gp120 is internalized and transported to the cell body (Bachis et
al., 2003).
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Figure 8.  Subcellular localization of gold-labeled gp120 in cerebellar granule cells. Repre-
sentative electron microscopic images of CGCs taken at 5 (A), 15 (B), 30 (€), and 60 (D) min after
gp120 incubation. The gold-labeled gp120 (arrows) is first seen attached to apparent receptor
sites outside synaptic endings (4) and after internalization into synaptic terminals (B). At 30
min (), the gold-labeled gp120 can be seen in association with microtubules within neuronal
processes and at 60 min (D) within lysosomes in the cell body. Scale bars: 4, B, D, 500 nm;
(,200 nm.

gp120 neurotoxicity and microtubules

The role of microtubules in gp120 retrograde axonal transport
was further tested in CGCs. Neurons were exposed to gp120 (5
nM) for 30 min and 6 h alone or in combination with nocodazole
(5 ng/ml), an agent that depolymerizes the microtubule network
(Cid-Arregui et al., 1995). By 30 min, in gp120-treated cells with-
out nocodazole, gp120-IR was localized both in the soma and
processes (Fig. 9a). By 6 h, gp120-treated neurons exhibited re-
traction of processes (Fig. 9¢). In nocodazole-treated CGCs,
gp120-IR was mostly distributed in the soma at both time points
(Fig. 9b,d), suggesting that nocodazole does not block gp120 in-
ternalization but inhibits its axonal transport. Moreover, no-
codazole inhibited the ability of gp120 to induce retraction of
processes (Fig. 9).

To further confirm the importance of axonal transport in
gp120-mediated cell death, CGCs were exposed to nocodazole
alone or in combination with gp120. The number of caspase-3-
positive neurons was then measured 30 min and 6 h after gp120
treatment. Cleaved caspase-3-IR was seen in a very small number
of CGCs exposed to gp120 for 30 min (Fig. 9¢). By 6 h, ~40% of
neurons treated with gp120 alone were casapse-3 immunoreac-
tive. Nocodazole, which has very little effect on caspase-3 activa-
tion after 6 h per se, prevented gp120-mediated apoptosis (Fig.
9e). These data strengthen the hypothesis that axonal transport of
gp120 is crucial for its toxic effect.

Discussion

Productive HIV-1 infection does not occur in neurons; rather, it
is confined to macrophages and related microglia (Lee et al.,
1993; Persidsky and Gendelman, 2003). Nonetheless, one of the
characteristics of ADC is neuronal loss. This apparent discrep-
ancy has led to the consensus that HIV-1 viral proteins, including
gp120, contribute to the neuronal dysfunction in ADC patients
(Kaul et al., 2001). However, the issue of whether gp120 is neu-
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Figure 9.  Nocodazole blocks gp120-mediated axonal transport and retraction. CGCs were
exposed to gp120 (5 nm) for 30 min (a), nocodazole (5 wug/ml) plus gp120 for 30 min (b), gp120
for 6 h (c), or nocodazole plus gp120 for 6 h (d). Nocodazole was added to the cultures 15 min
before gp120. Neurons were fixed and stained for gp120 (green), DAPI (blue), or MAP2 (red).
Note in @ gp120-IR in neuronal processes (arrows). Scale bar, 20 m. e, Caspase-3-positive
neurons were determined 30 min and 6 h after gp120 and nocodozole (noc) alone or in combi-
nation. Values are the mean == SEM (n = 8). *p << 0.001 versus control; “p << 0.005 versus
gp120.

rotoxic by interacting directly with neurons or by inducing the
release of endogenous soluble toxins is still contentious. Our dis-
covery that gpl120IIIB is internalized by neurons expressing
CXCR4 and then transported to the soma before inducing apo-
ptosis adds a new theory for the pathogenesis of HIV-1 T-tropic
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strains. Combined with previous data showing widespread neu-
ronal apoptosis after injection of gp120IIIB into the rat lateral
ventricle (Acquas et al., 2004), these findings indicate that, in the
late phase of infection, T-tropic gp120 strains or other viral pro-
teins released from HIV or infected microglia can induce apopto-
sis by directly interacting with neuronal receptors. gp120, in turn,
is internalized by neurons and activates caspase-3 or accumulates
in cell bodies of distal neurons, in which it activates proapoptotic
signal transduction cascades. The latter appears to require axonal
transport. Thus, we provide the new hypothesis that CXCR4-
mediated gp120 neuronal endocytosis and trafficking may con-
tribute to neuronal loss observed in ADC (James et al., 1999;
Petito et al., 1999; Garden et al., 2002). It remains to be estab-
lished whether axonal transport may also be involved in the neu-
rotoxic property of M-tropic strains of gp120 (e.g., BaL), which
predominate in the early phase of infection and use CCR5 as a
coreceptor (rev in Gonzalez-Scarano and Martin-Garcia, 2005).
However, it is important to note that CCR5-using gp120 may
have a different neurotoxic mechanism because the M-tropic
gp120Bal is less neurotoxic than gp120I1IB in vitro (Bachis and
Mocchetti, 2005) and RANTES (regulated on activation normal
T-cell expressed and secreted), the natural ligand of CCRS5, is
neuroprotective against gp120 (Meucci et al., 1998; Kaul and
Lipton, 1999; Bachis and Mocchetti, 2005).

Our results support a model of HIV-1 neurotoxicity in which
HIV proteins are taken up by neuronal membranes and trans-
ported to the soma in a biologically active form (Liu et al., 2000;
Bruce-Keller et al., 2003). In fact, colchicine, a microtubule-
disrupting agent that inhibits cellular processes that require an
intact and functional microtubule network, significantly reduced
gp120 transport and accumulation in distal areas. Likewise, col-
chicine prevented the gp120-mediated activation of caspase-3,
indicating that trafficking of gp120 along the axon is crucial to its
neurotoxic effect in distal neurons. Nevertheless, caspase-3-
positive neurons were observed at the site of injection despite
colchicine treatment. Therefore, we cannot exclude that gp120
may activate an apoptotic pathway after being internalized but
before being axonally transported. Conversely, colchicine was
administered concomitantly to gp120 to avoid its intrinsic toxic-
ity. This may indicate that neuronal protection against gp120 at
the injection site could be achieved only if colchicine is adminis-
tered before gp120. To further test our hypothesis, we investi-
gated gp120 axonal transport in CGCs using colchicine or no-
codazole, another cytoskeletal transport disrupting agent before
gp120. Both colchicine (data not shown) and nocodazole blocked
gp120-mediated apoptosis, supporting our hypothesis that ax-
onal transport is involved in the toxic effect of gp120.

CXCR4 appears to be the chief molecular mediator of the
membrane-associated endocytosis of gp120 because the CXCR4
antagonist AMD3100 blocked both gp120 internalization and its
neurotoxic effect. Once gp120 is internalized, its transport along
the axon may occur as a ligand-receptor complex, as has been
demonstrated for other G-protein-coupled receptors (Claing et
al,, 2002). Indeed, CXCR4 undergoes internalization during ex-
posure to SDF via an arrestin-mediated pathway in non-neuronal
cells (Orsini et al., 2000). Alternatively, gp120 transport may oc-
cur in a CXCR4-independent manner and may involve low-
density lipoprotein-receptor-related proteins, which have been
shown to translocate HIV-1 transactivator protein to neuronal
nuclei (Liu et al., 2000). Future studies will characterize in more
detail the cellular mechanism(s) of gp120 axonal transport.

gp120I1IB uptake and accumulation in axons is reminiscent of
a “suicide transport” observed for other glycoproteins, such as
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the cellular prion protein (Borchelt et al., 1994), or viral proteins,
such as the tegument proteins of the herpes virus (Bearer et al.,
2000). However, unlike the prion glycoprotein, gp120 is not ex-
pressed by neurons because HIV-1 replication occurs mainly in
non-neuronal cells such as microglia and macrophages. The ret-
rograde transport of herpes virus occurs mainly in the peripheral
nervous system and appears to require fusion with the mem-
brane. gp120 axonal transport and apoptosis instead take place in
various CXCR4-expressing neuronal populations, including do-
paminergic neurons of the SN, neocortical neurons in layer V,
hippocampal pyramidal and granule neurons, and septal neu-
rons. The entry of gp120 in these neurons is consistent with a
receptor-mediated mechanism because AMD3100 inhibited
both gpl120 internalization and neurotoxicity, suggesting that
gp120I1IB uses the host-endocytic machinery of CXCR4 to enter
neurons. Interestingly, gp120 was not internalized by astrocytes,
which are known to clear various byproducts and neurotransmit-
ters through active uptake (Nedergaard et al., 2003). Moreover,
we did not observe apoptosis in astrocytes. However, astrocytes
express CXCR4, are sensitive to gp120 (Toggas et al., 1994; Bezzi
et al., 2001), and can support limited viral CD4-independent
infection and replication (Tornatore et al, 1994; Kramer-
Hammerle et al., 2005). Therefore, it appears that CXCR4 bind-
ing without internalization may not be sufficient to induce cell
damage. gp120 transgenic mice exhibit widespread neuronal ap-
optosis, reactive astrocytosis, and an increased number of micro-
glia cells, which is reminiscent of the earliest changes found in
ADC patients (Toggas et al., 1994). In this and previous studies
(Nosheny et al., 2004), we did not observe alterations in the num-
ber of glial cells, and neuronal apoptosis was confined to a por-
tion of the striatum, SN, and basal forebrain. However, these data
do not conflict with those of Toggas et al. (1994) because neuro-
degeneration in our rodent model is obtained with a single injec-
tion of gp120 in discrete regions of the brain, whereas transgenic
mice are continuously exposed to gp120 for a prolonged time.
Conversely, astroglial alterations observed in transgenic mice
could be induced by signals from damaged neurons. Therefore, it
may represent a secondary response to the initial insult caused by
gp120. Intriguingly, we observed retrograde degeneration of ni-
grostriatal fibers and retraction of neuronal processes in CGCs
treated with gp120, which is consistent with a decrease in synap-
todendritic complexity observed in brains of gp120 transgenic
mice (Toggas et al., 1994). Therefore, despite the fact that a single
gp120 injection does not produce astroglial alterations, this ex-
perimental model produces early signs of neuronal damage seen
in ADC.

How internalized and axonally transported gp120 causes neu-
ronal apoptosis is still under investigation. Neurons depend on
axons and dendrites, which mediate communication between
distant cells. These far-reaching processes require extensive intra-
cellular transport, which is primarily mediated by cytoskeletal
filaments, including microtubules (Lee et al., 2003). Electron mi-
croscopy studies have revealed that, after endocytosis, gp120-IR
associates with microtubules. By preventing cytoskeletal trans-
port of gp120 with colchicine or nocodazole, gp120 loses its neu-
rotoxic activity on distal neurons despite the fact that internaliza-
tion is not prevented. Because in macrophages and other cell
types gpl20 activates cytoskeleton-associated protein kinases
such as the focal adhesion-related kinases Pyk2 and FAK (Avra-
ham et al., 2000), we hypothesize that gp120 induces neuronal
degeneration by disrupting axonal cytoskeleton. Conversely, we
observed accumulation of gp120 inside lysosomes. When lyso-
somes cannot recycle/degrade efficiently, an excess storage of var-
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ious molecules within the cells is created. This abnormal accumu-
lation of undigested material within neurons can lead to cell
death (Zhang et al., 2001). In particular, there is evidence that
abnormal ceramide metabolism in relation to aberrant lysosomal
function can cause neurodegenerative diseases (Ditaranto-
Desimone et al., 2003). ADC patients have high levels of ceramide
(Haughey et al., 2004), and gp120 increases ceramide levels in
cultured cells (Haughey et al., 2004). Thus, gp120 may kill neu-
rons by entering lysosomes and disrupting the metabolism of
sphingolipids. Future experiments will test these hypotheses.

The goal of the present report was to reveal potentially new
cellular and molecular mechanisms causing ADC. We repro-
duced neuronal apoptosis seen in ADC by using gp120IIIB, and
we postulated a theory of how T-tropic HIV-1 can cause neuronal
injury at a distance. Our experimental model, however, poses
some limitations if extrapolated to the human situation. ADC
occurs late during the course of systemic infection when neurons
have been exposed to HIV-1 for many years. The evidence ob-
tained in this report is derived from an acute toxic effect of gp120.
Acute injection of gp120 in rat brain does not elicit a robust
inflammatory effect (Nosheny et al., 2004), which is believed to
participate in the neurotoxic effect of HIV-1 (Albright et al.,
2003). Indeed, infection of perivascular macrophages and micro-
glia can produce neuronal damage by releasing inflammatory
cytokines or chemokines (for review, see Gonzalez-Scarano and
Martin-Garcia, 2005). However, our data do not exclude the the-
ory of an indirect mechanism because gp120 by damaging neu-
rons may trigger a cascade of inflammatory processes that then
lead to widespread neuronal damage. Finally, apoptotic signals
induced by gp120IIIB may render neurons more sensitive to
CCR5-using strains or activate metalloproteinase to cleave SDF,
which is known to be 10-fold more toxic to neurons than the
uncleaved form (Zhang et al., 2003). Thus, in the clinical situa-
tion, a variety of indirect and direct mechanisms may contribute
to the neurotoxicity associated with ADC. The data presented
here demonstrating a direct neurotoxic mechanisms of
gp12011IB help elucidating the dynamic interplay between host
neurons and viral proteins in ADC.
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