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Abstract

Objective—Chronic pain is a common neurological comorbidity of HIV-1 infection, but the
etiological cause remains elusive. The objective of this study was to identify the HIV-1 causal
factor that critically contributes to the pathogenesis of HIV-associated pain.

Methods—We first compared the levels of HIV-1 proteins in postmortem tissues of the spinal
cord dorsal horn (SDH) from HIV-1/AIDS patients who developed chronic pain (‘pain-positive’
HIV-1 patients) and HIV-1 patients who did not develop chronic pain (‘pain-negative’ HIV-1
patients). Then, we used the HIV-1 protein that was specifically increased in the ‘pain-positive’
patients to generate mouse models. Finally, we performed comparative analyses on the
pathological changes in the models and the HIV-1 patients.

Results—We found that HIV-1 gp120 was significantly higher in ‘pain-positive’ HIV-1 patients
(vs. “pain-negative’ HIV-1 patients). This finding suggested that gp120 was a potential causal
factor of the HIV-associated pain. To test this hypothesis, we used a mouse model generated by
intrathecal injection (i.t.) of gp120 and compared the pathologies of the model and the “pain-
positive’ human HIV-1 patients. The results showed that the mouse model and ‘pain-positive’
human HIV-1 patients developed extensive similarities in their pathological phenotypes, including
pain behaviors, peripheral neuropathy, glial reactivation, synapse degeneration and aberrant
activation of pain-related signaling pathways in the SDH.
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Interpretation—Our findings suggest that gp120 may critically contribute to the pathogenesis of
HIV-associated pain.

INTRODUCTION

HIV-1 infection is associated with a spectrum of neurological disorders that disturb the
senosory, motor and cognitive functions HIV-1/AIDS patients 1. These HIV-associated
neurological disorders (neuroAIDS) often remain significantly prevalent even after highly
active anti-retroviral treatment (HAART). Chronic pain is one of the most common
neuroAIDS, affecting over 60% of HIV-1-infected patients 24. Patients with the HIV-
associated pain syndromes may suffer headache, somatic pain and visceral pain 2. Chronic
pain dramatically deteriorates the quality of life of HIVV-1/AIDS patients and is one of the
primary reasons for them to seek medical assistance. Concomitant with pain manifestation,
about 30% of HIV-1/AIDS patients develop clinically detectable peripheral neuropathy®.
These neuropathological findings show that HIV-1 infection impairs the pain transmission
pathways. Clinical interventions currently available provide only symptomatic relief, rather
than a cure. The understanding of how HIV-1 infection leads to chronic pain is essential for
the development of effective therapy.

To elucidate the pathogenic mechanism of HIV-associated pain, it is critical to identify the
causative HIV-1 agents. Several HIV-1 proteins have been shown to induce pain behaviors
when introduced into animal models. The tested HIV-1 proteins include gp120 7-14 and
Vpr 15, Some models were created by exposing either the sciatic nerve 7: 913, 14,16 or the
spinal cord 8 10 to HIV-1 proteins. Others were created by transgenic expression of HIV-1
proteins 1215, Gp120 can cause axonal injury of sensory neurons in culture 17-1°, Together
with antiretroviral drugs, gp120 also induce cutaneous denervation in the transgenic mouse
model 12 and in the sciatic nerve exposure model 7- 13, In vitro studies suggest that HIV-1
trans-activator of transcription (Tat) can also stimulate sensory neurons in culture 20,
Although these studies suggest the sufficiency of multiple HIV-1 proteins in causing pain
pathology in animals, the relevance of these proteins to the HIVV-associated pain in human
patients is unclear. We currently lack HIV-1 patient-based studies that can establish the
etiological relevance of any HIV-1 protein. This caveat presents a significant barrier to the
mechanistic understanding of HIV-associated pain

To address this deficiency, we have compared HIV-1 proteins in the spinal cord dorsal horn
(SDH) of the “pain-positive’ and ‘pain-negative’ HIV-1 patients. We found that HIV-1
gp120 was approximately 10 fold higher in the SDH of the ‘pain-positive’ HIV-1 patients
than in the ‘pain-negative’ HIV-1 patients. To further test the relevance of gp120, we
administered gp120 perispinally in mice via intrathecal injection (i.t.) and compared the
pathological phenotypes of this mouse model with the pathologies in HIV-1 human patients.
The results revealed extensive pathological similarities, at the behavioral, neurological, glial,
synaptic and molecular levels, between the mouse model and the ‘pain-positive’ HIV-1
patients. Our findings provide evidence for the relevance of gp120 in causing HIV-
associated pain.
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MATERIALS AND METHODS

Animals

Materials

Adult C57BI6 mice (female, 18-23g) and adult Sprague-Dawley rats (160-230g) were used.
Animals were housed in cages with soft bedding under a 12 hr-reverse light/dark cycle.
Animal procedures were performed following protocols that were reviewed and approved by
the University of Texas Medical Branch Animal Care and Use Committee. Every attempt
was made to reduce the number of animals used in these studies.

HIV-1 gp120 protein (HIV-1 gp120;g, Cat # 11784; gp120gy, Cat # 4961) and antibodies
against HIV-1 proteins were obtained through the NIH AIDS Research and Reference
Reagent Program, Division of AIDS, NIAID, NIH. Antibodies for immunoblotting: anti-
HIV-1 gp120 antibody (1:1000, Cat # 4091), anti-HIV-1 Tat (1:1000, Cat # 4672), anti-
HIV-1 P24 (1:500, Cat # 6458) and anti-HIV-1 Vpr (1:500, Cat # 11836), anti-GFAP
(1:5000, Cat # 04-1062, Millipore), anti-lbal (1:2000, Cat # 016-20001, Wako), anti-TNFa
(1:1000, Cat # ab1793, Abcam), anti-I1L-15 (1:1000, Cat # sc-7884, Santa Cruz), anti-PSD95
(1:2000, Cat # 2507, Cell Signaling), anti-Synapsin | (1:2000, Cat # AB1543, Millipore),
anti-NR1 (1:2000, Cat # 06-311, Millipore), anti-phospho JNK (1:1000, Cat # 9251, Cell
Signaling), anti-phospho-ERK1/2 (1:1000, Cat # 4370, Cell Signaling), anti-phospho-
CaMKIlla (1:1000, Cat # sc-12886-R, Santa Cruz) and anti-p-actin (1:1000, Cat # sc-1616-
R, Santa Cruz). Antibody for fluorescent immunostaining: anti-PGP 9.5 (1:500, Cat #
7863-0504, AbD). Antibody for DAB staining: anti-PGP9.5 (1:4000, Cat # AB1761,
Millipore).

Human postmortem tissues

Fifteen human patients were selected from the autopsy archive of the Texas NeuroAIDS
Research Center, which is one unit of The National NeuroAIDS Tissue Consortium
(NNTC) 21, The patients included three groups that were age-matched males (average ages:
~43 years), and the detailed patient information was previously described 22. Group 1 (#1-5)
consisted of five HIVV-1 seronegative subjects, with no known history of peripheral
neuropathy, myelopathy or chronic pain (HIV- Pain”). Group 2 (#6-10) consisted of five
HIV-positive subjects with no clinically evident HIV-associated distal sensory neuropathy
(HDSPN), clinical or neuropathological myelopathy, or clinical pain syndrome (i.e. ‘pain-
negative’ HIV patients; HIV* Pain”). Group 3 (#11-15) consisted of five HIV-positive
subjects with HDSPN and clinically documented pain syndrome (i.e. ‘pain-positive’ HIV
patients; HIV* Pain™). For all 15 subjects, complete autopsies were performed, including the
diagnosis of peripheral neuropathy in postmortem sural nerve biopsies. The spinal cord
tissues were sectioned into 1.0 mm slices and stored at -80°C.

Gp120 intrathecal injection (i.t.)

Mice or rats were initially anaesthetized by inhaling 3% isoflurane. After the animals were
sedated for 1-2 min, the isoflurane concentration was reduced to 2.5%. For mice, a 30%
gauge stainless-steel needle attached to a 10 pl luer tip syringe (Hamilton, Reno, NV) was
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used for i.t. injections. To perform the i.t. injection, the experimenter used the left index
finger to locate the intervertebral space between L5 and L6, and used the right hand to insert
the syringe needle into the intervertebral space from a 45° angle. A correct intrathecal
placement of the needle tip was judged by a tail twitch 23. Gp120 protein was dissolved with
0.1% bovine serum albumin (BSA) in 0.1 M phosphate buffered saline (PBS) at a final
concentration of 15ng/pl, and 7 pl of gp120 solution was injected. For i.t. injections in rats,
20 pl of the gp120 (300 ng) solution was administered with a 27G1Y4 needle attached to 50
ul Luer tip syringe (Hamilton, Reno. Nevada).

Measurement of mechanical sensitivity

Paw withdrawal thresholds (PWT) were measured by von Frey testing on the plantar surface
of the hind paw. Prior to testing, mice were habituated to the testing surroundings, by
restraining them in a 5% x 2 x 134" plexi-glass box on a metal mesh floor for one hour per
day in three consecutive days. On the testing day, mice were first restrained in the plexi-
glass box for 15 minutes. Then, calibrated von Frey filaments (Stoelting, Wood Dale, IL)
were applied perpendicularly to the central area of the hind paw (when the hind paw plantar
surface was flat on the metal mesh floor) until the filament started to bend. Positive
nocifensive responses were counted when the behaviors of vertical or horizontal
withdrawing, shaking, lifting, licking and/or biting the stimulated paw were observed. The
animals were allowed to completely recover before the next test. Testing was done only
when the animal was in a resting and alert state, avoiding the states when the animal was
sleeping, exploring or grooming 24. The experimenter was blinded to the treatment of each
animal. The PWT was determined using the Dixon up/down method and plotted with
GraphPad Prism 5 (mean + SEM).

Measurement of visceromotor response to colorectal distension

Visceral hypersensitivity in rats was recorded by electromyographical (EMG) measurements
of the visceromotor response (VMR) to colorectal distention (CRD) as previously

reported 2°. Bipolar electrodes were implanted in the external oblique abdominal muscle and
exteriorized in the subscapular region in rats under general anesthesia with 2.5% isoflurane
inhalant. One week post-surgery, again under transient anesthesia with 2.5% isoflurane, a
balloon (5 cm) made from a latex surgical glove finger connected to a length of Tygon
tubing was placed inside the descending colon and rectum via the anus and held in place
with tape to the tail. Rats were placed in Lucite cubicles (11x3 2/4 x3 2/4”) to adapt for 30
min. On recovery from anesthesia, CRD was applied by steadily inflating the balloon to
constant pressure with a sphygmomanometer linked to a pressure transducer. The balloon
was inflated to graded pressures (10, 20, 40, 60 and 80 mm Hg) for a 20s duration, with a 2-
min interval between tests. EMG signals were recorded on a Biopac System EMG 100 C
(Biopac Systems Inc., Goleta, CA, USA). EMG signals were amplified (5000X), filtered
with a 1-Hz high-pass filter, a 500-Hz low-pass filter and digitized using Acknowledge
(Biopac Systems, Inc.). To define the area under the curve (AUC) for each distension
period, the difference between integrals of the curve 20s before and after the distension
period was calculated.
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Immunohistochemistry staining

Mice were anaesthetized with ketamine (80 mg/kg) and xylazine (5 mg/kg) and
transcardially perfused with PBS containing heparin (1000 unit/ml), followed with ice-cold
fixative solution (4% paraformaldehyde in 0.1M PB). The glabrous skin biopsies were
excised from the plantar area of the hind paw. The skin was kept in the same fixative at 4°C
overnight and then in 30% sucrose/0.1 M PB for 48 hr. The skin biopsies were imbedded in
optimum cryostat temperature (OCT) mounting medium (Sakura Finetek, USA) and frozen
in methylbutane on dry ice/100% alcohol bath. Sagittal cryostat sections (14 um) of hind
paw skin were cut and mounted on glass slides pre-coated with poly-L-Lysine (Fisher).

For fluorescent immunostaining, sections were blocked with 5% bovine serum albumin
(BSA) in 0.1M PBS with 0.3% Triton X-100. The sections were immunostained with rabbit
anti-PGP9.5 antibody (AbD; 1:500 diluted with 2.5% BSA/0.1M PBS with 0.3% Triton
X-100. The secondary antibody was goat anti-rabbit Alexa 488 (Invitrogen) diluted at 1:250
in the same antibody diluent. Stained sections were mounted with Vecta-Shield with DAPI
(Vector). All digital images were obtained using a Bio-Rad Radiance Confocal microscope
coupled to a Nikon E800 camera with Lasersharp 2000 imaging software.

For diaminobenzidine (DAB) staining, sections were blocked with the buffer as used in
immunofluorescent staining. Rabbit anti-PGP9.5 antibody (Millipore, 1:4000) and
biotinylated goat anti-rabbit secondary antibody (Vector, 5 ug/ml) were used. DAB staining
was done with the ABC system (Vector). Sections were counter-stained with hematoxylin
and mounted with Acrymount (StatLab). Digital images were obtained using an Olympus
BX51 microscope.

Intraepidermal nerve fiber density

To determine the intraepidermal nerve fiber density (IENF) in the plantar area of the hind
paw, PGP9.5-positive fibers in randomly selected areas along the junction between dermis
and epidermis were imaged (60x magnification). IENF quantification was performed as
described!2. Fibers penetrating the dermis/epidermis junction were counted. Images from
5-6 animals were included for each group. For each animal, 8 glabrous sections were
included in staining and 5 images of randomly picked areas along the epidermis/dermis
junction were obtained from each section for IENF quantification.

Western blotting analysis

The lumbar SDH of human postmortem cases and mouse spinal cords were dissected out
and homogenized in RIPA lysis buffer (1% Nonidet P-40, 50 mM Tris-HCI, 0.25% Na-
deoxycholate, 150 mM NaCl, 1 mM EDTA, pH 7.4) containing a protease inhibitor cocktail
(Sigma). After centrifugation (12,000g; 10 min), the supernatant was collected and the
protein concentration was determined using the BCA Protein Assay Kit (Pierce). Equal
amounts of protein (50 ug) were separated on SDS-PAGE gels, followed by transfer to
Polyvinylidene fluoride (PVDF) membranes. After protein transfer, the membranes were
washed once in TBST buffer (50 mM Tris, 150 mM NacCl, 0.05% Tween 20, pH 7.6) and
then incubated in blocking buffer (TBST buffer with 5% non-fat milk powder). The
membranes were then incubated sequentially with primary and secondary antibody. Protein
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bands were visualized using the Enhanced Chemiluminescence kit (Pierce), and quantified
in NIH ImagelJ. B-actin was included as loading controls.

HIV-1 infections and cell lysate preparations

U373-MAGI-CCRS target cells (5X10* cells/flask; obtained from NIH AIDS Research and
Reference Reagent Program, and contributed by Drs. Michael Emerman and Adam
Geballe). U373-MAGI-CCR5 cells express CD4 and human chemokine receptor CCR5 on
the cell surface, which allows infection by HIV-1 R5 strains. These cells were infected with
HIV-1gx, which is a chimeric R5-tropic virus encoding the majority of the HIV-1 JRFL
envelope protein in an HIV-1NL4-3 backbone. Forty-eight hours post-infection, cells were
washed with distilled PBS and then prepared for lysis using lysis reagent according to the
manufacturer's protocol (Cat # E1531, Promega). Cell lysates were harvested from HIV-
infected or non-infected cells and used for Western blot analysis. HIV-1gx was purchased
from the Virology Core Facility, Center for AIDS Research at Baylor College of Medicine,
Houston, TX.

Statistical analysis

RESULTS

Statistical analysis was performed with GraphPad Prism 5. Information of specific statistical
tests and animal numbers is provided in figure legends. Data were expressed as means +
standard error of the mean (SEM).

Comparison of the HIV-1 viral loads and protein levels in the SDH of ‘pain-positive’ and
‘pain-negative’ HIV-1/AIDS patients

To identify the causative factor of HIV-associated pain, we first examined the potential
contribution of HIV-1 viral load. We compared the copy numbers of the HIV-1 gag/pol
RNA in the brain, cerebrospinal fluid (CSF) and blood plasma between the ‘pain-positive’
and ‘pain-negative’ HIV-1 infected patients. HIV-1 viral loads, as assessed by gag/pol RNA
copy numbers, varied greatly in both patient groups. Nonetheless, we did not observe an
obvious segregation of viral loads between the two groups (Fig. 1A). To directly measure
the correlation between the viral loads and the pain status, we performed linear regression
analysis. The correlation was not significant when viral loads from brain, CSF and plasma
were either analyzed as a pool (r=0.209, p=0.538) or separately (brain viral load, r=0.047,
p=0.97; CSF viral load, r=0.438, p=0.562; plasma viral load, r=0.34, p=0.66). We also
performed immunoblotting analysis on HIV-1 p24, a molecular marker commonly used to
gauge HIV-1 viral proliferation. The results showed that p24 did not significantly differ
between the “pain-positive’ and ‘pain-negative’ HIV-1 patient groups (Fig. 1B, 1C). Thus,
we did not observe increased HIV-1 replication or viral load in the ‘pain-positive’ HIV-1
patients.

Next, we tested whether the pain pathology was relevant to specific HIV-1 toxins. To this
end, we compared the levels of neurotoxic HIV-1 proteins in the SDH of the *pain-positive’
and ‘pain-negative’ HIV-1 groups. HIV-1 envelope glycoprotein gp120 mediates the
interaction between HIV-1 viral particles and target cells 26 and is one of the best
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characterized HIV-1 neurotoxic proteins. Therefore, we first determined the levels of gp120
in the SDH by Western blot analysis. The results showed that gp120 protein in the SDH of
‘pain-positive’ HIV-1 patients was ~10 fold higher than in ‘pain-negative’ HIV-1 patients
(Fig. 2A, B). This gp120 difference was significant in student's t-test (p<0.05; Fig. 2B).
Because gp120 levels were drastically different in different patients, we also performed non-
parametric comparison (Wilcoxon-Mann-Whitney test), which is less sensitive to the
contribution of outliers. The gp120 difference between the “pain-positive’ and ‘pain-
negative’ HIV-1 patients was significant in this test as well (p<0.05). In contrast, Tat, the
HIV trans-activator of transcription that is implicated in HIV-1 associated

neurotoxicity 27+ 28, was markedly lower in the SDH of ‘pain-positive’ HIV-1 patients
compared to “pain-negative’ HIV-1 patients (Fig. 2A, B). The specificity of the anti-gp120
and anti-Tat antibodies was confirmed using lysates from cells with or without HIV-1
infection (Fig. 2C). To estimate gp120 concentration in tissues, we performed semi-
quantitative western blotting, including a series of purified gp120 on the same gel for
generating a standard curve. Based on this analysis, we estimated that the levels of gp120
proteins in SDH were 0.13 and 1.29 pg per Jg of total protein in ‘pain negative’ and ‘pain-
positive” HIV-1 patients, respectively. We also measured the level of another HIV-1
neurotoxic protein Vpr, and observed that Vpr did not significantly differ between the two
groups (Fig. 2A, B). These results revealed that the development of the HIV-related pain is
specifically associated with a higher level of gp120 protein in the SDH.

Characterization of pain behaviors in rodents after intrathecal injection of gp120

Based on the finding of higher gp120 levels in the SDH of ‘pain-positive’ HIV-1 patients
(Fig. 2), we reasoned that introducing gp120 into the SDH in mice might create a relevant
animal model. We used the approach of intrathecal injection (i.t.) to administer gp120, and
then characterized pain behavior development in the mice. To test the development of
mechanical allodynia, which is commonly manifested in HIV-1-infected patients, after i.t.
gp120 administration mice were stimulated with von Frey filaments on the hind paws to
measure paw withdrawal thresholds (PWT). Animals injected with equal amount of heat-
inactivated gp120 were used as controls. Based on observations from preliminary studies
using different protein amounts and the measurement of gp120 concentration in the SDH of
HIV-1 patients described above, we chose a gp120 dose of 100ng/i.t. injection, which was
estimated to give rise to a gp120 concentration of 10 pg/ug spinal protein, with the
assumption of a final even diffusion of the protein throughout the spinal cord. Both gp120g,
(from HIV-1g5 envelope) and gp120y;,g (from HIV-1x,4 envelope) were tested, and they
showed similar potency in inducing mechanical allodynia (Fig. 3). The allodynia induced by
a single injection lasted for at least 3 days before the PWT gradually returned to baseline
(data not shown). As shown in Fig. 3, three injections of gp120 on days 0, 3 and 6 induced
long-lasting allodynia that was clearly detectable at day 21. These data suggest that mice
injected with either gp120g, or gp120,;,g developed mechanical allodynia. For subsequent
experiments, we used gp120g,), Unless indicated otherwise.

Because visceral pain is common in HIV-1 patients 2 2%, we further tested if i.t. gp120
caused visceral hyperalgesia. Adult rats were used in this study. Visceral hyperalgesia was
measured by electromyography (EMG) of visceromotor response (VMR) induced by
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colorectal distension 2% 30, We observed that, in comparison to control animals receiving
vehicle (baseline) or heat-inactivated gp120, colorectal distension induced drastically higher
EMG activity in experimental animals with gp120 injection (24 hr post injection),
suggesting the development of robust visceral hyperalgesia in these animals (Fig. 4A). A
detectable but non-significant increase in EMG was observed in animals that were injected
with heat-inactivated gp120 (Fig. 4A). Intriguingly, the gp120-induced visceral hyperalgesia
was very long-lasting. Even though a progressive decrease occurred, a clear manifestation of
the visceral hyperalgesia continued at least 2 weeks after a single gp120 injection (Fig. 4B).

Peripheral neuropathy in the i.t. gp120 mouse model

Peripheral neuropathy is a hallmark of the neurological pathology that is commonly
observed with the manifestation of HIV-associated chronic pain 223132 Thus, it was
relevant to determine whether the i.t. gp120 mouse model developed peripheral neuropathy.
Preliminary studies with single i.t. gp120 injection indicated the development of neuropathy
in the plantar skin of the hind paw. To robustly induce neuropathy, we injected gp120 three
times with two-day intervals. The animals were sacrificed on day 7, 14 or 21 after the first
injection, and the plantar skin of the hind paw was collected for PGP9.5 immunostaining.
Similar to naive animals, animals with injections of heat-inactivated gp120 showed
abundant PGP9.5-stained nerve fibers in the epidermis and fiber bundles in the dermis; these
fibers were intact (Fig. 5A1). Mice injected with gp120 displayed progressive degeneration
of the PGP9.5-labelled nerves. Fragmented nerves were first observed on day 7 (Fig. 5A2).
On day 14, many nerve fibers in the epidermis had undergone morphological fragmentation
(Fig. 5A3). On day 21 intact PGP9.5-labelled intraepidermal nerve fibers (IENF) were
sparse (Fig. 5A4). Similar to previous reports 33 34, the density of IENF in the hind paw
plantar skin from control mice that received i.t. boiled gp120 on day 21 was 35 + 2.74.
Repeated i.t. injections of gp120 resulted in a progressive decrease of IENF in the epidermis
(Fig. 5B); the IENF at 1, 2, or 3 weeks were 31.25 + 3.82, 11.0 + 2.92 or 8.75 + 1.12,
respectively.

The i.t. gp120 injections also caused degeneration of the nerve fibers innervating eccrine
glands in the dermis of the hind paw. In control animals, the PGP9.5-labbled nerve fibers in
eccrine glands were neatly organized around the gland cells (Fig. 5C1, C2). Onday 7, a
combination of normal, swollen and atrophied axons were found in the eccrine glands (Fig.
5C3, C4). On day 14, only swollen and atrophied axons were visible in the glands (Fig. 5C5,
C6). On day 21, fibers labeled by PGP9.5 largely disappeared, leaving only sparse fragments
with faint labeling (Fig. 5C7, C8).

These findings illustrate that the i.t. gp120 treatment in mice produced distal sensory and
sudomotor nerve fiber damage, and indicate that gp120 induces neuropathy in different
peripheral innervations. The nerve atrophy may model the peripheral neuropathy developed
in HIV-1 infected patients 35-37,
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Comparison of the glial activation profiles in the SDH of ‘pain-positive’ HIV-1 patients and
the i.t. gp120 model

We recently reported astroglial reactivation in the SDH of ‘pain-positive’ HIV-1 patients?2.
Hence, we carried out comparative analyses to test if there were similarities in the
expression profiles of glial markers in the SDH of the ‘pain-positive’ HIV-1 patients and the
i.t. gp120 model. As shown in Fig. 3, we used the model of repeated i.t. gp120 injection and
performed analyses on the SDH at day 7, 14 or 21. Similar to the SDH of the ‘pain-positive’
HIV-1 patients, the SDH of the i.t. gp120 model at all of time points showed significant up-
regulation of glial fibrillary acidic protein (GFAP), an astrocytic marker (Fig. 6A, B). As we
reported previously?2, microglial markers such as Ibal were not significantly up-regulated in
the *pain-positive’ HIV-1 patients (Fig. 6A, C). However, compared with control animals
that were i.t.-injected with heat-inactivated gp120, the microglial/macrophage marker Ibal
was markedly increased at all of the examined time points in the SDH of the i.t. gp120
model (Fig. 6A, C).

Glial activation is often coupled to the up-regulation of pro-inflammatory cytokines 38,
Indeed, both TNF-a and IL-1p were up-regulated in the SDH of the “pain-positive’ HIV-1
patients (Fig. 6A, D, E). TNFa and IL-1f were also up-regulated in the SDH of the i.t.
gp120 model (Fig. 6A, D, E).

Synapse loss in the SDH of the ‘pain-positive’ HIV-1 patients and the gp120 model

Next, we investigated whether synapses in the SDH were affected in the “pain-positive’
HIV-1 patients and the i.t. gp120 mouse model (with repeated i.t. injections as in Fig. 3).
Immunoblot analysis showed that the level of PSD-95, a post-synaptic marker, was
decreased by 48% in the SDH of ‘pain-positive’ HIV-1 patients, compared with non-HIV
patients (Fig. 7A, B). By contrast, the PSD-95 level in the SDH of “pain-negative’ HIV-1
patients was not significantly different from non-HIV controls (Fig. 7A, B). In the i.t. gp120
model, the PSD-95 levels did not decrease at days 7 and 14 (Fig. 7A, B). However, the level
dropped to 47% of the control at day 21 (Fig. 7A, B). These data suggest the degeneration of
post-synaptic structures in both the “pain-positive’ HIV-1 patients and the i.t. gp120 model
at day 21. The pre-synaptic component was also analyzed, using the pre-synaptic marker,
synapsin I. Similar to PSD-95, we observed a specific decrease of synapsin | in the SDH of
‘pain-positive’ HIV-1 patients compared with non-HIV controls (Fig. 7A, C). Again, in the
i.t. gp120 model, synapsin | decreased only at day 21 but not at days 7 and 14 (Fig. 7A, C),
indicating pre-synaptic degeneration. To assess the potential abnormalities of the synaptic
transmission in the HIV-1 patients and the i.t. gp120 model, we determined the protein level
of subunit 1 of the NMDA receptor (NR1), a major glutamate receptor that is critical for
synaptic plasticity. Consistent with the findings for PSD-95 and synapsin I, we found that
NR1 is markedly (78%) decreased in the “pain-positive’ HIV-1 patients, compared with non-
HIV controls (Fig. 7A, D). NR1 decrease was not observed in “pain-negative’ HIV-1
patients (Fig. 7A, D). In the i.t. gp120 model, the protein level of NR1 also decreased on day
21 but not on days 7 and 14 (Fig. 7A, D). Thus, there was a striking similarity between the
down-regulation of synaptic markers in the SDH of the ‘pain-positive’ HIV-1 patients and
the i.t. gp120 model at day 21.
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Dysregulation of central sensitization-related signaling pathways in the ‘pain-positive’
HIV-1 patients and the gp120 model

Previous studies on animal models revealed critical signal transduction pathways in the SDH
for the development of central sensitization, a maladaptive neural plasticity implicated in the
pathogenesis of chronic pain. One of these pathways is the MAPK signaling pathway 3942,
Therefore, we sought to compare the activity of MAP kinases, including ERK and JNKSs in
the SDH of the “pain-positive’ HIV-1 patients and the i.t. gp20 model. We found that
phosphorylated INK (p-JNK, Thr183/Tyr185; active JNK) was increased 1.6 fold in the
SDH of “pain-positive’ but not the ‘pain-negative’ HIV-1 patients, compared to non-HIV
control patients (Fig. 8A, B). Recent work indicated that JNKs are activated in reactive
astrocytes in the SDH of chronic pain models 43. The increase of p-JNKSs is consistent with
the activation of astrocytes in the SDH of the “pain-positive’ HIV-1 patients (Fig. 6A, B).
We also observed a p-JNK increase in the i.t. gp120 mice, from days 7 to 21 (Fig. 8A, B).
Similar to the profiles of INK activation, p-ERK (Thr202/Tyr204) specifically increased in
the SDH of ‘pain-positive” HIV-1 patients (~7 fold compared to non-HIV control patients)
(Fig. 8A, C), as well as in the i.t. gp120 mice (compared to i.t. heat-inactivated controls, Fig.
8A, C). In addition to MAPK signaling, CaMKI|I signaling also plays an important role in
central sensitization signaling 44 4°. We found that p-aCaMKII (p-T286) was increased in
the “pain-positive’ HIV patients but not in ‘pain-negative’ HIV patients (compared to non-
HIV control patients) and the i.t. gp120 model (compared to i.t. heat-inactivated gp120
controls) (Fig. 8A, D). Taken together, these data suggest that the changes in signaling
pathways critical for central sensitization found in pain-positive HIV-1 patients are mirrored
in the i.t. gp120 mouse model.

DISCUSSION

The pathogenic mechanisms of HIV-associated pain remain to be elucidated. To understand
these mechanisms, it is critical to identify the HIV-relevant factor(s) that cause chronic pain.
The present study reveals that in the SDH, the first CNS pain processing center, HIV-1
gp120 is approximately 10-fold higher in the HIV-1 patients with chronic pain, compared to
the ‘pain-negative’ HIV-1 patients. Importantly, this pain-associated difference in the gp120
level does not appear to be associated with an increase of viral load in plasma or CSF. This
finding suggests that the higher gp120 levels do not require an enhancement of systemic
and/or CNS viral replication. Instead, it suggests that the synthesis of pathogenic gp120 is
independent of viral assembly. Consistent with this interpretation, the levels of other HIV-1
proteins, including Tat, Vpr and P24, were not associated with the chronic pain status. The
relatively low expression of Tat in the SDH of “pain-positive’ HIV-1 patients is particularly
interesting because this HIV-1 protein is a transactivator of transcription that functions in the
early stages of the HIV-1 life cycle. Its apparently low level in the ‘pain-positive” HIV-1
patients provides a mechanistically relevant indicator that further supports the concept that
the development of HIV-associated chronic pain and the up-regulation of gp120 are not
caused by increased HIV-1. Taken together, our results suggest that gp120 is a potential
viral agent that may critically contribute to the pathogenesis of HIVV-associated chronic pain
in human patients.
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The gp120 is a late structural protein in viral replication. It is unclear how the level of this
late protein can be selectively increased in the SDH of “pain-positive’ HIV-1 patients when
Tat is low. One may envision potential mechanisms of increased stability or synthesis of this
protein. Considering the possibility of increased synthesis of gp120, it is interesting to note
that the env gene is located near the downstream end of the HIV-1 pro-viral genome.
Because of the essential role of Tat in HIV-1 transcription, when Tat is at a low level, one
would expect that the elongation of many viral transcripts may stop prematurely and thus
may not contain the env RNA. The counter-intuitive findings of the combination of high
gp120 and low Tat protein levels suggest a potential intriguing mechanism(s) that
selectively stimulates gp120 synthesis from full-length viral transcripts. Although the cause
responsible for the lower level of Tat in the ‘pain-positive’ HIV-1 patients is unclear, in
theory, it could result from either an increase of protein degradation or a reduction of protein
synthesis. Interestingly, in “pain-negative’ HIV patients, Tat was relatively high while gp120
was low (Fig. 2A, 2B). Among other possibilities, it would be intriguing to know if this was
a result of HIV-protease inhibitors, which act downstream of Tat and suppress gp160 (the
gp120 precursor protein) processing.

The finding of higher levels of gp120 in the SDH of HIV-1 patients with chronic pain
suggests that gp120 is a candidate of causative HIV-1 agents. This idea is supported by
further studies on the mouse model with i.t. injection of gp120 to mimic the increased gp120
in the SDH of human patients. We compared the behavioral, neurological, glial, synaptic
and molecular phenotypes in the i.t. gp120 mouse model and the HIV-1 patients. The results
revealed extensive similarities between the patients and the animal model. Consistent with
previous reports 8: 10 the mouse model developed mechanical allodynia, which is a common
pain symptom that develops in HIV-1 patients 29 46, Furthermore, similar to many HIV-1
patients who develop visceral pain 2 29, the i.t. gp120 model also developed visceral
hyperalgesia.

Peripheral neuropathy is common in HIV-1 patients who manifest chronic pain 647, We
observed that i.t. gp120 induced progressive degeneration of nerve fibers in the plantar skin
of hind paws. Thus, the i.t. gp120 mouse model recapitulates the phenotype of peripheral
neuropathy in ‘pain-positive’ HIV-1 patients. Consistent with our results, previous studies
showed that gp120 in transgenic mice or gp120 applied to sciatic nerves facilitated
antiretroviral agent-induced neuropathy 7- 9 12. Our results suggest that i.t.-injected gp120 is
sufficient to cause degeneration of peripheral axons. This finding implies that the gp120
from residual infected cells in the CNS may still cause peripheral nerve damage. One way
by which gp120 may cause peripheral neuropathy is to directly stimulate sensory neurons
(e.g. via their central termini). Gp120 can stimulate neurons via an HIV-1 co-receptor (e.g.
CXCR4), which functionally couples to the NMDA receptor8-52, Neuron stimulation by
gp120 was shown to cause Ca2* overloading-mediated neurotoxicity which ultimately leads
to axonal damage of sensory neuronsl’: 33, Both Ca2* influx and Ca?* release from
intracellular stores elicited by gp120 could contribute to the neurotoxicityl’: 52, In addition,
gp120 may also elicit detrimental factors from nearby cells to cause neurotoxicity. For
instance, studies from Weswani et al. reveal that gp120 stimulates CXCR4 on Schwann cells
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to elicit the release of RANTES, which in turn induces neurotoxic autocrine secretion of
TNF-a from DRG neurons®4.

We previously described the astroglial activation and up-regulation of TNF-a and IL-1p in
the SDH of “pain-positive’ (but not ‘pain-negative’) HIV-1 patients 22. We confirmed these
findings in this study (Fig. 6, p>0.05). Many studies have suggested important roles of
astrocyte reactivation?3 5561 TNF-a%2 and IL-18%2 in pathological pain. Similarly, GFAP
up-regulation was observed in the i.t. gp120 model. Because of the proposed roles of
activated astrocytes in the pathogenesis of chronic pain 43 55-61 the i.t. gp120 model may
provide an HIV-associated pain-relevant in vivo system to study the mechanism and
pathogenic significance of astrocyte activation in the SDH. By contrast, although we did not
detect microglial activation (as judged by the Ibal level) in the SDH of ‘pain-positive’
HIV-1 patients 22, a marked increase of Ibal protein was observed in the i.t. gp120 model,
indicating the activation of microglia/macrophages. In considering this discrepancy, it is
worth noting that the characterization of microglial activation in the i.t. gp120 model in this
study was restricted within 3 weeks after 15t gp120 administration. The gp120-stimulated
microglial activation may return to a resting state later, as suggested by previous studies 1°.
Because the human postmortem tissues were likely taken from patients long after the initial
HIV-1 infection, the microglia that reacted to initial HIV-1 infection may have returned to a
resting state.

We also compared the profiles of synaptic markers in the SDH of HIV-1 patients and the
gp120 model. Our data revealed a striking similarity between the ‘pain-positive’ HIV-1
patient and the i.t. gp120 model three weeks after gp120 administration. We observed a
decrease of pre- and post-synaptic markers and NMDARSs in the SDH of the i.t. gp120
model at day 21. These findings indicated that i.t. gp120 induced synaptic degeneration.
Because the decrease of synaptic markers was not detected before day 14 in the model, the
gp120-induced synaptic degeneration in vivo is a chronic process, although in primary
neuron cultures gp120 can cause synapse loss in a shorter time frame 64, Synapse loss was
also observed in gp120 transgenic mice 8% 86 In agreement with our findings, previous
studies reported cortical synapse loss in the HIV-1 patients 67: 68,

Central sensitization is thought to be a spinal cellular basis of chronic pain . Indeed, we
observed that several signaling pathways, including JNK %6: 70 ERK 71. 72 and

CaMKII 44 45 signaling, which are important for the expression of central sensitization in
animal models, were activated in the SDH of the “pain-positive’ (but not in the “pain-
negative’) HIV-1 patients. These data provide support for the involvement of central
sensitization in the pathogenesis of human chronic pain. Similarly, we also observed
activation of these signaling pathways in the i.t. gp120 model.

In summary, our analysis on the postmortem specimens of HIV-1/AIDS patients revealed,
for the first time, the pain-associated increase of gp120 in the SDH. In addition, our
systematic comparative analyses reveal remarkable similarities between the *pain-positive’
HIV-1 patients and the i.t. gp120 mice. The results provide evidence for gp120 as a potential
pathogenically relevant factor of HIV-associated neuropathic pain.
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Comparison of HIV-1 viral loads in the ‘pain-positive’ and ‘pain-negative’ HIV-infected
patients. A. HIV-1 viral loads as measured by the copy number of gag/pol RNA. Shown are
the copy numbers of individual patients. B. Immunoblotting of P24 protein in the SDH in
‘pain-positive’ and ‘pain-negative’ HIV-infected patients. C. Quantitative summary of B.
Error bars: SEM (#, p>0.05, n=5/group, student's t test).
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] HIV* Pain”

é B HIV* Pain®

Comparison of the levels of toxic HIV-1 protein in the ‘pain-positive’ and ‘pain-negative’
HIV-infected patients. A. Immunoblots of gp120, Tat and Vpr in the SDH of postmortem
tissues. Gp120 protein (but not Tat or Vpr) specifically increased in the SDH of “pain-
positive’ HIV patients. No specific bands of these proteins were detected in the non-HIV
patients. B. Quantitative summary of gp120, Tat, Vpr and Tat. C. Immunoblots of lysates of
cultured cells with or without HIV-14y infection. Error bars: SEM (*, p<0.05; #, p>0.05;

n=5/group, student's t test).
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Figure 3.
Intrathecal injection (i.t.) of gp120 caused mechanical allodynia in mice. Threshold of

mechanical pain in the hind paw was measured by von Frey testing. Numbers of animals
used in each group: boiled gp120;;;g, 11 mice; gp120g,: 6 mice; gpl20;g, 6 Mice (*,
p<0.05, ***, p<0.001, #, p>0.05, all vs. the control group; two-way ANOVA; outliers that
were larger than 2 standard deviations were excluded). i.t. injections were indicated by
arrows.
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Figure4.
i.t. gp120 caused visceral hyperalgesia in rats. A. Gp120 significantly increased

electromyographic (EMG) activity induced by rectal distention at 24 hrs post i.t. injection (n
= 6 rats, ***p<0.001, two way ANOVA vs. baseline). Heat-inactivated gp120 did not cause
a significant increase of EMG activity. B. i.t. gp120-induced visceral hyperalgesia
maintained on day 2, 7 and 14 post i.t. gp120 injection (n = 6, ***, p<0.001, two way
ANOVA vs. baseline). Representative EMGs from the boxed distension pressure are shown
to the right of each group.
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Figure5.
i.t. gp120 caused peripheral neuropathy. To model chronic gp120 exposure in patients,

gp120 was applied 3 times (days 0, 2 & 4). PGP9.5 staining is shown at 1, 2 and 3 weeks
(wk) post the 1st i.t. control (CTR): i.t. of boiled gp120 did not cause a detectable effect. i.t.
gp120 injections were performed following the paradigm indicated in Fig. 2B. A.
Immunofluorescent images of PGP9.5-positive nerve fibers in the epidermis and dermis of
plantar footpads of mouse hind paws. Al. Skin of control mice (i.t. boiled gp120). Smooth
fibers innervating in the epidermis (arrows) and nerve bundles in the dermis (arrowheads)
were clearly seen. DAPI staining: blue. A2. One week post 15t i.t. gp120 injection. Nerve
fibers innervating in the epidermis were detected with swollen or fragmented regions
(arrows). A3. Two weeks post 15t i.t. gp120. Prominent fragmentation of nerve fibers was
seen in the epidermis (arrows). Nerves in the dermis also started to show swollen or
fragmented regions (arrowheads). A4. Three weeks post 15 i.t. gp120. Reduced PGP9.5-
positive fibers were seen in both epidermis and dermis. B. Intra-epidermal nerve fiber
(IENF) density. Fibers with a clear morphology that crossed the dermis/epidermis junctions
were counted (48 sections from 6 mice/group; ***, p<0.001; **, p<0.01; one-way
ANOVA). C. Diaminobenzidine (DAB) staining PGP9.5-positive nerve fibers innervating in
eccrine glands in the plantar hind paw. Low-magnification images: C1, C3, C5 and C7.
Higher magnification of the boxed areas: C2, C4, C6 and C8. The plantar eccrine glands
were normally innervated with fine and compact PGP9.5-positive fibers (red arrowheads)
with a few branches (red arrows) in control mice (C1, C2). At 1-week post i.t. gp120
administration (as in A), dense and dark-stained innervating fibers were observed around the
eccrine glands (C3, C4). Swollen fibers (red arrowheads) and more disorganized branches
(red arrows) appeared. Some fibers began to degenerate (green arrows) (C4). At 2 weeks
(C5 and C6), evident swelling (red arrowheads) and degeneration (green arrows) were seen
(C6). At 3 weeks, PGP9.5-positive fibers were greatly reduced. Only few dark-stained
fragments (red arrowheads) and degenerated fibers (green arrows) were seen (C7, C8).
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Figure®6.

Glial activation in the SDH of ‘pain-positive’ HIV-1 patients and i.t. gp120 mice. A.
Immunoblots of GFAP, Ibal, TNFa and IL-1p in the SDH of human patients (left panel) and
i.t. gp120 mice at day 7 (7D), 14D or 21D (right panel). GFAP was increased both in the
‘pain-positive’ HIV patients and i.t. gp120 mice. Ibal was not increased in the ‘pain-
positive” HIV-1 patients but was up-regulated in the i.t. gp120 mice. TNFa and IL-1f were
significantly increased in the “pain-positive’ HIV-1 patients and i.t. gp120 mice. B-E.
Quantitative summary (human patient specimens: 5/group; mice: 6/group. The same sample
sizes were used in Fig. 7 and Fig. 8) of GFAP (B), Ibal (C), TNFa (D) and IL-1f (E). For
mice used in this and subsequent figures, i.t. injection of gp120 was performed following the
paradigm indicated in Fig. 3. (*, p<0.05; **, p<0.01; ***, p<0.001; One-way ANOVA).
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Figure7.
Synaptic abnormalities in the SDH of “pain-positive” HIV-1 patients and i.t. gp120 mice. A.

Immunoblots of PSD95, Synapsin | and NR1 in the SDH of human patients (left panel) and
i.t. gp120 mice at day 7 (7D), 14D or 21D (right panel). B-D. Quantitative summary of
PSD95 (B), Synapsin | (C) and NR1 (D). (*, p<0.05; **, p<0.01; One-way ANOVA)
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Figure8.
Comparison of signaling pathways in the SDH of “pain-positive’ HIV-1 patients and i.t.

gp120 mice. A. Immunoblots of phosphorylated INK (p-JNK), phosphorylated ERK (p-
ERK) and phosphorylated CaMKIlla (p-CaMKIlla) in the SDH of human patients (left
panel) and i.t. gp120 mice at day 7 (7D), 14D or 21D (right panel). B-D. Quantitative
summary of p-JNK (B), p-ERK (C), and p-CaMKlla (D). (*, p<0.05; **, p<0.01; ***
p<0.001; One-way ANOVA)
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