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Development/Plasticity/Repair

Human Immunodeficiency Virus Type 1 Alters Brain-
Derived Neurotrophic Factor Processing in Neurons

Alessia Bachis,' Valeriya Avdoshina,' Luigi Zecca,> Maia Parsadanian,' and Italo Mocchetti'
'Department of Neuroscience, Georgetown University Medical Center, Washington, DC 20057 and 2CNR Institute of Biomedical Technologies, 20090
Segrate, Italy

The molecular mechanisms leading to synaptic simplification and neuronal apoptosis in human immunodeficiency virus type 1 (HIV-
1)-positive subjects are unknown. The HIV protein gp120 reduced the length of neuronal processes similarly to the proneurotrophin
pro-brain-derived neurotrophic factor (proBDNF). Intriguingly, the effects of both proBDNF and gp120 were blocked by inhibitors of the
p75 neurotrophin receptor, suggesting that proBDNF and gp120 share a similar mechanism of neurotoxicity. Therefore, we tested the
hypothesis that gp120 affects the release of proBDNF. Using rat primary neurons, we observed that gp120 promotes a time-dependent
intracellular and extracellular accumulation of proBDNF concomitantly with a decrease in mature BDNF. A similar imbalance in the ratio
proBDNF/mature BDNF was confirmed in postmortem brains of HIV-positive subjects cognitively impaired and motor impaired. There-
fore, it is conceivable to formulate the hypothesis that HIV neurotoxicity includes a gp120-mediated alteration of BDNF processing. To
determine the cellular mechanism whereby gp120 produces an accumulation of proBDNF, we examined the levels of intracellular and
extracellular enzymes that proteolytically cleave proBDNF furin and tissue plasminogen, respectively. In rat neurons exposed to gp120,
intracellular furin levels decreased before cell death, whereas tissue plasminogen changed only during apoptosis. Our data suggest that
HIV, through gp120, reduces proBDNF processing by affecting furin levels, and therefore causes an altered balance between antiapoptotic

and proapoptotic neurotrophins. Our studies identify a new mechanism that may explain how HIV promotes neuronal injury.

Introduction

Various degrees of synaptic pruning and neuronal apoptosis are
seen in human immunodeficiency virus type 1 (HIV-1)-positive
subjects in the late stage of infection of their brain (Ellis et al.,
2007). These abnormalities culminate in neurocognitive deficits
termed HIV-associated neurocognitive disorders, and especially
in their more severe form, or HIV-associated dementia (HAD).
However, the molecular mechanisms leading to these neuro-
pathological features remain unknown.

Much effort is being devoted to understanding how HIV pro-
motes neuronal degeneration and the role played by immune
activation (Gartner and Liu, 2002) combined with the effects of
host cell-derived factors (Kaul et al., 2001) and viral proteins
(Kerr et al., 1997). Nevertheless, atrophy of axons and neuronal
processes often precedes the death of the cell body. Moreover,
synaptodendritic injury is a form of degeneration that occurs in
other neurodegenerative diseases that do not exhibit immune
response, such as Alzheimer’s disease (Masliah, 1995) or neu-
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rotrophic factor withdrawal (Raff et al., 2002). Intriguingly, both
HIV (Avdoshina et al., 2011) and its envelope protein gp120
(Nosheny et al., 2004) have been shown to reduce the levels of
brain-derived neurotrophic factor (BDNF), a potent prosurvival
neurotrophic factor that plays a role in synaptic plasticity includ-
ing modulation of dendritic branching and spine morphology
(Horch, 2004; Tanaka et al., 2008) and neurogenesis (Li et al.,
2008). Thus, it is plausible to suggest that HIV may promote
synaptodendritic degeneration by multiple mechanisms, which
include a reduction of relevant neurotrophic factors. This sugges-
tion would be in line with the theory that reduced expression of
BDNF is involved in neurodegenerative diseases (Zuccato et al.,
2001). Discovering how HIV reduces BDNF should help clini-
cians identify new adjunct therapies.

Mature BDNF (mBDNF) is synthesized as a larger glycosy-
lated precursor, proBDNF (Mowla et al., 2001), which can be
released from neurons (Yang et al., 2009b). When proBDNF is
not cleaved, it mediates biological effects that are opposite of
those of mBDNEF, including neuronal apoptosis (Teng et al.,
2005) and presynaptic terminal retraction (Yang et al., 2009a).
These events are initiated by proBDNF binding to the low-
affinity p75 neurotrophin receptor (p75NTR) in concert with the
coreceptor sortilin (Teng et al., 2005). Thus, neuronal survival/
death depends on whether proBDNF rather than mBDNF is re-
leased. ProBDNF is proteolitically processed to mBDNF by
plasmin or metalloproteases (Pang et al., 2004). HIV has been
shown to alter metalloproteases within the CNS (Conant et al.,
1999); therefore, HIV might reduce mBDNF by modifying the
processing of proBDNF which, in turn, could promote axonal
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degeneration via a p75NTR-mediated mechanism. In this study,
we used rodent neuronal cultures as well as postmortem brains of
HIV-positive subjects to characterize whether proBDNF is in-
volved in the primary mechanism of HIV-mediated neuronal
loss. We observed a decrease in the levels of mBDNF accompa-
nied by an increase in proBDNF in rat neurons exposed to gp120
as well as in the brain of HIV subjects. Our studies identify a new
mechanism to explain HIV-mediated neurotoxicity and provide
experimental data to suggest a novel therapeutic use of BDNF for
the neurodegenerative pathology seen in HIV subjects.

Materials and Methods

Primary neuronal cultures. Cerebellar granule cells (CGCs) were prepared
from 7-day-old Sprague Dawley rat pups as described previously (Bachis
et al,, 2006, 2009). Rat cortical neurons were prepared from embryonic
day 17 (E17) embryos as described previously (Avdoshina et al., 2010).
Cells were maintained at 37°C in 5% CO,/95% air for 7-8 d before
adding any compound.

Reagents. Human T-lymphotropic virus IIIB (HTLV-IIIB or
HIV-1,;,5) was obtained through the AIDS Research and Reference Re-
agent Program (from Dr. R. Gallo, Division of AIDS, NIAID, NIH)
(Popovicetal., 1984; Ratner et al., 1985) and was used at a concentration
of 1.5 ng/ml of p24. Gp120I1IB and tat were obtained from Immunodi-
agnostics and were used at a concentration of 5 and 100 nm, respectively.
proBDNF was purchased from Alomone Labs, and BDNF was a gift from
Regeneron Pharmaceuticals. TAT-Pep5 was purchased from EMD4 Bio-
sciences. p75NTR antibody (clone 192-I1gG) was from Santa Cruz
Biotechnology.

Neuronal processes. Cortical neurons were grown on coverslips, fixed,
and stained with class III B-tubulin antibody (1:5000; Covance) at 4°C.
Coverslips were then incubated for 1 h at room temperature with the
corresponding secondary antibody as described previously (Avdoshina
et al., 2010). Cells were imaged using an FV300 laser confocal scanning
system attached to an Olympus IX-70 upright microscope. The length of
neuronal processes per coverslip was calculated on 25 neurons randomly
selected by 2D Sholl analysis (Image]).

Cell survival. Cell survival was determined by Hoechst 33342/propidium
iodide staining and 3(4,5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium
bromide (MTT) assay. These analyses were performed as described previ-
ously (Bachis et al., 2003).

Human tissue. Brain tissues/sections of either sex were obtained from
the National NeuroAIDS Tissue Consortium (NNTC) and the Section of
Legal Medicine and Insurances of the University of Milan (Milan, Italy).
Frozen tissue was homogenized using gentle sonication in lysis buffer
composed of 1X Tris-buffered saline (TBS), 1% NP-40, 1% Triton
X-100, 1 mm PMSF, 10% glycerol, and protease inhibitor cocktail
(Sigma) on ice. The homogenates were incubated for 5 to 10 min on ice
and then centrifuged at 14,000 X gfor 5 min. Supernatants were collected
and stored at —80°C. Total protein content was determined by Bradford
Coomassie blue colorimetric assay.

ELISA. BDNF, nerve growth factor (NGF), and furin levels were de-
termined using ELISA from Promega or R&D, respectively, according to
the manufacturer’s instructions. The assay was performed as described
previously (Nosheny et al., 2004). The ELISA for BDNF has a negligible
cross reactivity with proBDNF (~2.5%) as determined by running in
parallel a standard curve with proBDNF.

Western blot. Lysates were prepared by homogenization of human
samples or rat neurons in lysis buffer as described above. Medium from
cells was collected, centrifuged at 10,000 rpm for 10 min and concen-
trated using Centricon tubes. Media and lysate samples were subjected to
immunoprecipitation. Samples were precleared using precipHen (Aves
Labs) or protein A-Sepharose beads (Sigma), and the supernatant was
then incubated with anti-BDNF Ab (Promega) or an anti-tPA Ab (Mil-
lipore) for 18 h at 4°C. Immunoprecipitates were collected by centrifu-
gation for 5 min at 5000 rpm. Beads were washed in lysis buffer and
immune complexes were resolved by SDS-PAGE. Proteins were trans-
ferred onto a PVDF membrane and blocked with TBS-T (25 mm Tris and
1% Tween) containing 5% milk powder. Blots were then incubated over-
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Figure 1. gp120 increases proBDNF. CGCs were exposed to gp120 for the indicated times,
and levels of mBDNF and proBDNF were determined by ELISA and Western blot, respectively, in
the medium and cell lysates. A, Representative Western blot analysis of CGC medium immuno-
precipitated with an anti-BDNF antibody. The blot was analyzed with a BDNF antibody that
recognizes either BDNF species (left) or proBDNF only (right). B, Semiquantification of the 34
kDaband by densitometricanalysis. C, Levels of BDNF as determined by ELISA. Data expressed as
mean = SEM represent the average of three experiments (n = 6 each experiment). “p << 0.05,
*p <0.001 vs control (ANOVA and Sheffe’s test).
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Figure2. gp120alters the release of mBDNF/proBDNF in cortical neurons. Cortical neurons,
prepared as described previously (Avdoshina et al., 2010), were exposed to gp120 for the indi-
cated times. The levels of mBDNF and proBDNF in the medium were determined by ELISA and
Western blot, respectively, as described in Figure 1. Data are expressed asmean == SEM (n = 6
each time point). p << 0.05, *p << 0.001 vs control (ANOVA and Sheffe’s test).
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reaction was visualized by using TBS with
0.05% 3,3’-diaminobenzidine and 0.01%
H,O0,. Sections were then rinsed, dehydrated,
and coverslipped.

Results

Gp120 increases proBDNF in neurons
Postnatal rat CGCs in culture produce and
release mBDNF in an activity-dependent
manner (Marini et al, 1998), release
proBDNF (Xuetal,, 2011), and are sensitive
to the neurotoxic action of both HIV and
gp120 (Bachis et al., 2009). Thus, we first
used these neurons to examine whether

G H gp120 alters proBDNF processing.
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night with an anti-proBDNF Ab (dilution, 1:500; Alomone Labs) or an
anti-BDNF antibody (dilution, 1:1000; Promega) or anti-tPA Ab (Milli-
pore). After three washes with TBS-T, the blots were incubated with
peroxidase-conjugated anti-rabbit secondary antibody (dilution, 1:1000;
Santa Cruz Biotechnology) for 1 h at room temperature. Immunoreac-
tivity was detected by enhanced chemiluminescence (Thermo Scientific).

Immunohistochemistry. Sections from the human cortex were ob-
tained from the NNTC. After removal of paraffin, sections were incu-
bated with 0.3% H,O, at room temperature to block endogenous
peroxidase, and then rinsed and blocked in TBS with 0.25% Triton X-100
and 3% normal goat serum. Sections were incubated with a rabbit anti-
proBDNF antibody (Alomone Labs) overnight at 4°C, rinsed in TBS, and
incubated with a biotinylated anti-rabbit secondary antibody for 1 h at
room temperature. Sections were then rinsed and incubated with ABC
Elite solution (1:400; Vector Labs) for 1 h at room temperature. The

Distance from soma (um)

gp120-induced neurite simplification is p75NTR dependent. A-F, Cortical neurons were exposed to boiled gp120 (4)
ormedium (D), gp120 (B), and proBDNF (50 ng/ml; E) alone or in combination with TAT-Pep5 (100 nm; C, F) for 6 h. Cells were then
fixed and stained for class lll B tubulin. G, H, Quantification of neurite processes was then done as described in Materials and
Methods. Data are the mean == SEM of 25 neurons. #p << 0.05, *p << 0.01 vs control (ANOVA and Sheffe's test). Scale bar, 50 um.

The toxic effect of gp120 is p75NTR mediated. A-D, Cortical neurons were exposed to gp120 (4, B) or proBDNF (50 ng/ml; €,
D) alone orin the presence of K252a (100 nm), TAT-Pep5 (100 nw), or p75ba (10 reg/ml). In A and B, BDNF (50 ng/ml) was added 3 h before
gp120. Neuronal survival was determined 18 h later by cell count (4, €) or MTT (B, D) as described previously (Bachis et al., 2003). Data are
expressed as the mean = SEM.n = 18. *p << 0.05 vs proBDNF or gp120; *p << 0.001 vs control (ANOVA and Sheffe’s test).

more proBDNF than control (Fig. 1A, left).
The increase in proBDNF was confirmed with
an antibody that recognizes proBDNF only
(Fig. 1A, right). Time course analyses revealed
that gp120 elicited a time-dependent accumu-
lation of proBDNF in the medium starting at
1 h as well as in cell lysates by 6 h (Fig. 1B).
Furthermore, mBDNF levels were deter-
mined by an ELISA that exhibits negligible
(~2.5%) cross-reactivity with proBDNEF. This
assay confirmed that gp120 elicits a temporal
decrease in mBDNF (Fig. 1C).

Cortical neurons in culture also release
BDNF (Ghosh etal., 1994) and undergo ap-
optosis in the presence of HIV or gp120
(Bachis et al., 2009). Thus, we used these
neurons to confirm that gp120 promotes
the release of proBDNF. Cells were exposed
to gp120 for various time points, and both
proBDNF and mBDNF levels were deter-
mined in the medium. As for CGCs, gp120
induced an increase in proBDNF starting at
1 h. This effect was followed by a decrease in
mBDNF levels starting at 3 h (Fig. 2). Thus,
it appears that gp120 affects the release of
mBDNF and proBDNF in an opposite
manner in different neuronal populations.
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HIV, gp120, and proBDNF reduce the length of

neuronal processes

Activation of p75SNTR by proBDNF evokes apoptosis (Teng et al.,
2005). CGCs and cortical neurons express both Trk and p75NTR
(Courtney et al., 1997; Yaar et al., 1997). To examine the contri-
bution of these receptors in the toxic action of gp120 through
proBDNEF, cortical neurons were exposed for various time points
to gpl20 or to a mutated form of proBDNF that cannot be
cleaved into mBDNF (Koshimizu et al., 2009), in the presence or
absence of TAT-Pep5, an intracellular inhibitor of p75NTR (Ya-
mashita and Tohyama, 2003). Neurotoxicity was then deter-
mined by measuring the length of neuronal processes (axons and
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Figure 5.  p75NTR-dependent reduction of neuronal survival. 4, B, CGCs were exposed to

gp120 (A) or proBDNF (50 ng/ml; B) alone or in the presence of K252a (100 nm), TAT-Pep5 (100
nm), or p75ba (10 wg/ml). In A, BDNF (50 ng/ml) was added 3 h before gp120. Neuronal survival
was determined 18 h later as described in Figure 4. Data are expressed as the mean = SEM.n =
18. 5 << 0.05 vs proBDNF or gp120; *p << 0.001 vs control (ANOVA and Sheffe’s test).

dendrites) as well as cell survival. An antibody against neuron-
specific cytoskeletal protein class III B-tubulin was used to iden-
tify neuronal processes. Neurons exposed for 6 h to either gp120
(Fig. 3B) or proBDNF (Fig. 3E) exhibited shorter neuronal pro-
cesses than controls (Figs. 3A,D,G,H). The effect of gp120 was
reproduced by HIV-IIIB but not by the trans-activator of tran-
scription tat (data not shown), another viral protein that is neu-
rotoxic (Eugenin et al., 2007). Shortening of neuronal processes
mediated by gp120 and proBDNF was inhibited by TAT-Pep5
(Figs. 3C,F-H ), suggesting that p75NTR activation plays a role in
gp120 neurotoxicity.

To determine whether gp120-mediated pathology of synapses
culminates in neuronal loss, cortical neurons were exposed to
gp120 (Figs. 4A,B) or proBDNF (Fig. 4C,D) in the absence or
presence of TAT-Pep5. Both proBDNF and gp120 promoted, by
18 h, a significant decrease in neuronal survival as determined by
neuronal counts (Figs. 4A, C) as well as MTT assay (Fig, 4B,D).
TAT-Pep5 but not the Trk tyrosine kinase inhibitor K252a inhib-
ited the toxic effect of both proBDNF and gp120 (Fig. 4), suggest-
ing that the toxic effect of proBDNF occurs through the p75NTR
(Teng et al., 2005). The results (Fig. 4) were confirmed by a
p75NTR blocking antibody (p75ab). Nevertheless, TAT-Pep5
was less potent than recombinant BDNF in preventing gp120
toxicity (Fig. 4), supporting previous data that TrkB activation
could also be a valid therapeutic tool to limit neuronal loss in
HAD (Bachis et al., 2003).

We showed previously that CGCs are more sensitive to the
toxic effect of gp120 than cortical neurons (Bachis et al.,
2009). Therefore, we used CGCs to examine the reproducibil-
ity of the data obtained in cortical neurons. TAT-Pep5 but not
K252a prevented both gp120- and proBDNF-mediated neuro-
nal loss (Fig. 5), further supporting the role of p75NTR in
gp120 neurotoxicity.

mBDNF and proBDNF levels in HIV subjects

To establish whether HIV changes mBDNF/proBDNF levels in
humans, we determined the content of mBDNF and proBDNF in
postmortem human frontal cortex (CX), hippocampus (HP),
and caudate/putamen (ST). Samples were from HIV-negative
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subjects, HAD subjects, HIV * subjects with normal neurocogni-
tive diagnosis, and HIV * subjects with one or more opportunis-
tic infections but no dementia (Table 1). We observed a
reduction in the levels of mBDNF in HAD compared to HIV with
no dementia in all brain areas examined by ELISA (Fig. 6A). We
also determined the levels of another neurotrophin, NGF, in the
same brain areas to examine the specificity of this finding. There
was no significant difference in NGF levels between HAD versus
non-HAD subjects (Fig. 6 B).

To determine whether proBDNF levels are altered in HAD, we
analyzed with Western blot the lysates from postmortem CX. In
HAD subjects, the immunoreactivity corresponding to mBDNF
decreased (Fig. 6C), supporting the data obtained with the ELISA,
whereas the 34 kDA immunoreactive band increased (Fig. 6C),
suggesting an accumulation of proBDNF. The data were con-
firmed by using an antibody that recognizes proBDNF only. In
fact, this antibody revealed an increase in the 34 kDa species in
HAD over HIV-negative individuals (Fig. 6 D). The intensity of
this band was increased in CX, ST, and HP of HAD subjects when
compared to HIV subjects without dementia (Fig. 6 E).

To establish which cells express proBDNF, sections from the
CX of HIV-positive subjects with no dementia and HAD subjects
were stained with the proBDNF antibody. ProBDNF immunore-
activity in non-HAD subjects was mainly localized in cell bodies
and processes (Fig. 7A), suggesting a neuronal localization.
Moreover, we observed an increase in the number of cells positive
for proBDNF in HAD subjects (Fig. 7B) when compared to non-
HAD subjects. In fact, cells positive for proBDNF per section
were 22 = 3 and 32 £ 4 SEM in control and HAD subjects,
respectively (*p < 0.05 vs control; n = 3). Together, these data
suggest that HIV reduces the processing of proBDNF. This event
might contribute to synaptodendritic injury (Ellis et al., 2007)
and synaptic dysfunction (McArthur et al., 2005) seen in HIV-
associated neurocognitive disorders.

Gp120 and HIV alter furin levels

ProBDNEF is cleaved by furin in the endoplasmic reticulum and
Golgi to produce C-terminal mature neurotrophins (Mowla et
al., 2001). Decreasing furin activity/synthesis may therefore have
a central role in the ability of HIV/gp120 to increase proBDNF.
To test this hypothesis, we determined intracellular levels of furin
in CGCs exposed to gp120. We observed a time-dependent de-
crease in intracellular furin levels starting at 15 min (Fig. 8A).
Thus, it appears that gp120 may increase proBDNF by reducing
furin levels. To support this finding, we first analyzed furin con-
tent in brain tissue from HAD subjects. There was a decrease in
furin in several areas of HAD brains (Fig. 8 B). On the other hand,
extracellular proBDNF is also proteolytically processed by plas-
min to mBDNF. Plasminogen, the precursor to plasmin, is
cleaved by tissue plasminogen activator (tPA), a protease that is
also released from presynaptic vesicles. Therefore, we examined
whether gp120 changes the levels of tPA. CGCs were exposed to
gp120 for various time points. A decrease in tPA levels was ob-
served only starting at 3 h after gp120 (Figs. 8C,D). Therefore, this
temporal delay on tPA cannot explain the gp120-mediated accu-
mulation of proBDNF which occurs within 1 h.

Discussion

The severity of cognitive impairment in HIV-positive subjects
correlates with synaptodendritic degeneration (Ellis et al., 2007).
The present work was undertaken to provide insight into novel
molecular mechanisms by which HIV promotes synaptic simpli-
fication. Here we show that neurons exposed to gp120 exhibit
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Table 1. Characteristics of study samples
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Sample CSFVL
number HIV-Tstatus Age Gender ARVuse Drugabuse (NS pathologies Neurocognitive diagnosis (copies/ml)

1 + 34 F Y None Hypoxic/ischemic damage HAD 76

2 + 57 M N None Atherosclerosis of the brain HAD 2747

3 + 5 M Y None NA HAD 50

4 + 40 M N None NA HAD 400

5 + 34 M Y NA Minimal abnormalities HAD NA

6 + 4 M N None Minimal abnormalities HAD NA

7 + 40 M N NA Minimal abnormalities HAD NA

8 + 35 M Y NA Minimal abnormalities HAD NA

9 + 30 M Y None Microglial nodule encephalitis CMV encephalitis 9627
10 + 43 F Y Past cocaine, opiate  Bacterial parenchymal infection, contusion Neuropsychological impairment due to other causes 50
1 + 61 M NA NA CMV encephalitis, Optic nerve atrophy Neuropsychological impairment due to other causes 2617
12 + 46 F Y Cocaine No known pathology Neuropsychological impairment due to other causes 27400
13 + 35 M Y NA (MV encephalitis, aseptic leptomeningitis Neuropsychological impairment due to other causes 50
14 + 49 M Y None (MV encephalitis, microglial nodule encephalitis  Neuropsychological impairment due to other causes 841
15 + 4 M Y Past cocaine (MV encephalitis, focal infarct, HIVE Neuropsychological impairment due to other causes 100000
16 + 46 M Y Past cocaine No known pathology Neurocognitive normal 2355
17 + 45 M Y None Focal infarct, contusion Neurocognitive normal 11405
18 + 51 M NA Past cocaine Bacterial parenchymal infection Neurocognitive normal 53215
19 + 37 M Y NA Cryptococcus Neurocognitive normal 400
20 + 47 M Y None Other noninfectious path Neurocognitive normal NA
21 + 34 F Y NA Other noninfectious path Neurocognitive normal 50
22 + 39 M Y NA Minimal abnormalities Neurocognitive normal NA
23 - 18 M None None NA Neurocognitive normal None
24 - 37 M None None NA Neurocognitive normal None
25 - 52 M None None NA Neurocognitive normal None

F, Female; M, male; Y, yes; N, no; NA, not available; CMV, cytomegalovirus; VL, viral load; ARV, antiretroviral; HIVE, HIV encephalitis.
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human CX, HP, and ST. Samples were from HIV-negative subjects, HIV-positive subjects with normal neurocognitive diagnosis (HIV
but not HAD), HIV-positive subjects with HAD, and HIV-positive subjects with one or more opportunistic infections, such as
encephalitis [HIV+ 0l (opportunistic infections)]. Data are the mean = SEM of subjects described in Table 1. *p << 0.005; *p <
0.07vs control (ANOVA and Sheffe’s test). , D, Representative Western blots of cortical lysates from HIV and HAD subjects analyzed
with an anti-BDNF antibody or an anti-proBDNF antibody, respectively. E, Relative levels of proBDNF in the indicated areas as
determined by densitometric analysis of the 34 kDa band. Data are expressed as the mean = SEM (n = 7). *p << 0.05 vs HIV but

not HAD (ANOVA and Sheffe’s test).

lower concentrations of mBDNF and higher levels of proBDNF
than controls. Most importantly, these data were reproduced in
human subjects. In fact, proBDNF levels in HAD subjects were
higher than those in HIV-negative as well as HIV-positive sub-
jects without dementia. mBDNF plays a key role in axonal
branching, whereas proBDNF reduces synaptic plasticity (for re-

view, see Greenberg et al., 2009). Thus, the
altered mBDNF/proBDNF ratio in HIV
subjects could compromise synaptic con-
nections and neuronal survival. Overall,
our data suggest that the neurotoxic ef-
fects of HIV may encompass a reduction
of the neurotrophic factor environment.
Understanding how HIV inhibits the
availability of mBDNF is crucial for the
development of new therapies.

Most of the neurotoxic properties of
HIV have been attributed to the com-
bined effect of the virus and viral proteins,
and/or host immune responses (Kaul et
al., 2001). In this study we show that HIV-
infected individuals with HAD exhibit
lower BDNF levels than nondemented
HIV-positive individuals in the CX, ST,
and HP. BDNF is made in the cerebral
cortex and delivered to the striatal neu-
rons where it is particularly important for
their survival and for the activity of the
corticostriatal synapses (Zuccato and Cat-
taneo, 2007). Conversely, loss of BDNF
has been suggested to be a risk factor in
chronic diseases of the basal ganglia such
as Parkinson’s (Nagatsu et al., 2000) and
Huntington’s diseases (Zuccato et al.,
2001). BDNF is also abundant in the HP,

where it is important in maintaining dendritic morphology and
synaptic function (Horch and Katz, 2002), as well as the survival
of neurons and their connections (Xu et al., 2000). Indeed, evi-
dence has shown a strong correlation between reduction of
BDNF and decrease in hippocampal neuronal survival and mem-
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Figure7.  Neuronal localization of proBDNF in human brains. 4, B, Sections from the cortex
of HIV-positive subjects without (4) and with HAD (B) were processed as described in Materials
and Methods. Sections were incubated with a rabbit anti-proBDNF antibody (Alomone Labs),
rinsed in TBS, and incubated with a biotinylated anti-rabbit secondary antibody. Sections were
thenrinsed and incubated with ABC Elite solution. The reaction was visualized by using TBS with
0.05% 3,3'-diaminobenzidine and 0.01% H,0,. Sections were then rinsed, dehydrated, and
coverslipped. Scale bar, 200 ... Note the higher number of proBDNF-positive neurons in the
HAD section.
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Figure 8.  HIV and gp120 decrease furin levels. A, Intracellular and extracellular furin levels

were measured by ELISA in cortical neurons exposed to gp120 for the indicated times. Data are
the means == SEM of six samples (*p << 0.001 vs control, ANOVA and Sheffe’s test). B, Furin
levels were measured in the indicated human brain areas by ELISA. Data are the means = SEM
of five samples. “p << 0.05; *p << 0.001 vs HIV negative (ANOVA and Sheffe’s test). €, Example
of a Western blot analysis of medium of neurons exposed to gp120 for the indicated times. D,
Relative levels of tPA in the medium as determined by densitometric analysis of a 63 kDa band.
Data expressed as mean == SEM represent the average of three experiments (n = 4 in each
experiment). *p << 0.05, **p << 0.001 vs control (ANOVA and Sheffe's test).

ory (Erickson et al., 2010). Pathological features consistent with
lack of BDNF in these brain areas have also been described in
HAD subjects. In fact, cortical neurons of HAD subjects are char-
acterized by axonal injury (Ellis et al., 2007) as well as apoptosis
(Garden et al., 2002). Hippocampal dysfunction has also been
described in HIV-positive women (Maki et al., 2009). In addi-
tion, HIV promotes pathological changes in the basal ganglia.
Abnormalities include neuronal loss in the putamen (Everall et
al., 1995) and globus pallidus (Fox et al., 1997), loss of nigrostri-
atal dopamine neurons (Reyes et al., 1991; Itoh et al., 2000), and
dysfunctional dopaminergic transport (Wang et al., 2004). These
correlations allow us to speculate that the decrease in BDNF
evoked by HIV contributes to the development of synaptic sim-
plification and neuronal damage seen in HAD.

An important finding reported here is the effect of HIV and its
soluble envelope protein gp120 on proBDNF. ProBDNF was de-
tected in the medium of rodent neurons, consistent with the
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notion that mature neurons are capable of producing and releas-
ing proBDNF (Peng et al., 2005; Yang et al., 2009b). Secreted
proBDNF has an opposite effect of mBDNF on neuronal plastic-
ity (Pang et al., 2004; Woo et al., 2005). In fact, BDNF promotes
neuronal survival and maintenance of synaptic spines through
the high-affinity receptor TrkB (Dorsey et al., 2006), whereas
through sortilin, proBDNF binds to p75NTR and induces apo-
ptosis (Teng et al., 2005). We have observed that proBDNF re-
duces the survival of cortical neurons and CGCs. In addition,
proBDNF reduced the length of neuronal processes in these neu-
ronal cultures. These toxic properties of proBDNF were inhibited
by blocking p75NTR activity, either by TAT-Pep5 or by a p75ab.
On the contrary, K252a, an inhibitor of Trk signaling (Berg et al.,
1992; Ohmichi et al., 1992) failed to reverse proBDNF toxicity. In
contrast, BDNF prevented gp120 activity, confirming previous
results (Bachis et al., 2003). Thus, our data support the notion
that mBDNF and proBDNF elicit opposite effects through the
activation of two distinct receptors, Trk and p75NTR. Most im-
portantly, a similar neurotoxic profile was elicited by gp120 (or
HIV). In fact, TAT-Pep5 but not K252a reduced significantly the
ability of gpl120 to promote neuronal injury. Intriguingly,
whereas TAT-Pep 5 inhibited the ability of gp120 to reduce the
length of neuronal processes, this p75NTR antagonist could not
completely reverse gp120-mediated cell death. This could be due
a number of mechanisms. For instance, two studies have showed
that the DR6 receptor, which like p75NTR is a member of the
tumor necrosis factor receptor family, causes axonal degenera-
tion (Nikolaev et al., 2009; Park et al., 2010). Thus, a blockade of
p75NTR may be insufficient to fully protect against gp120 be-
cause it does not prevent DR6 activation. In addition, the loss of
BDNF combined with an increase of proinflammatory cytokines
(Medders et al., 2010) might exacerbate the neurotoxic profile of
gp120. Thus, we cannot exclude that gp120 promotes cell death
via more than one mechanism. Overall, our data support the
hypothesis that HIV, most likely through gp120 (Bachis et al.,
2009), causes a change in the ratio of proBDNF to mBDNF that
ultimately results in an increased release of proBDNF. This al-
tered ratio promotes an environment that is conducive to activa-
tion of p75NTR. This could be a risk factor for the development
of synaptic simplifications and neuronal apoptosis seen in HAD.

ProBDNF can be converted into mBDNF intracellularly in the
trans-Golgi by endoproteases such as furin or in the immature
secretory granules by proprotein convertases (Mowla et al.,
2001). However, proBDNF can also be cleaved to mBDNF extra-
cellularly by proteases including tPA. Reduced tPA release has
been shown to enhance proBDNF signaling through p75NTR,
leading to loss of spines and synapses and subsequently neuronal
loss (Head et al., 2009). Therefore, we examined the levels of tPA
and furin to reveal the molecular mechanisms underlying the
effect of HIV on proBDNF processing. Our data show that gp120
reduces the release of tPA. However, this reduction does not
temporally correlate with the gpl20-mediated increase in
proBDNF, which occurs as early as 15 min after exposure of
neurons to the envelope protein. Contrary to tPA, furin levels
were reduced as early as 15 min after gp120, suggesting that furin
is a key enzyme in gp120-mediated effect on proBDNF. How
gp120 reduces furin levels is still under investigation. Furin
mRNA levels did not change up to 3 h (data not shown), suggest-
ing that gp120 may not affect furin transcription. On the other
hand, furin has been shown to localize in early endosomes to be
recycled to cell surface or trafficked to the trans-Golgi network
(Molloy et al., 1998). Gp120 is internalized within minutes by
axons and transported in endosomes (Bachis et al., 2006). Thus,
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gp120 might change furin trafficking and help promote furin
degradation, perhaps through ubiquitination. This could be con-
sistent with the rapid (15 min) effect of gp120 on furin and the
consequent increase in the levels of unprocessed (within 1 h)
proBDNEF. Regulation of furin activity/synthesis might therefore
have a central role in determining which neurons die even if they
are not productively infected. However, this hypothesis must be
proven.

In conclusion, our data suggest that gp120 shed by the virus
can inhibit the appropriate processing of proBDNF into mature
BDNF by reducing furin levels. proBDNF, in turn, initiates neu-
ronal damage which, in combination with other neurotoxins
such as glutamate or TNFe, can lead to apoptosis and neuronal
loss. Our data provide support for new pharmacological agents
against HIV-mediated neuronal toxicity that are able to increase
mBDNF as well as promote the processing of proBDNF or inhibit
proBDNF activity.
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